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Abstract

Microbial a-amylases have been identified and characterized to understand their progressive role in industrial applica-
tions. Computational biology tools are employed in various in-silico studies for finding out the ways to improve the titre of
this enzyme with improved stability and specificity. This study includes detailed evolutionary analysis and comparison of
a-amylase amino acid sequences found in a wide spectrum of microorganisms like algae, bacteria, fungi, cyanobacteria, and
plants. We analysed the conservation patterns and signature modules in molecular architectures to study the phylogenetic
relationship among various microbial and plant taxa. Additionally, efforts were made to identify signal peptides responsible
for the secretion of a-amylase protein outside the cell. Our results concluded the presence of different types of domains with
their single or multiple copies, and distinct signal peptides which may alter the overall functioning and secretion efficiency of
enzyme. Collectively, overall molecular diversity leads to adaptive evolution of a-amylase in different microbes and plants.
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1 Introduction

Enzymes are biocatalysts that can enhance the reaction
rate by decreasing the free energy of the transition phase
(Choudhury 2020; Robinson 2015). Enzymes are highly
specific to uniquely recognize their substrate which makes
them suitable for sophisticated biological reactions (Bhatia
2018). Enzymes play a crucial role in various industries;
they are used in production of diverse valuable products.
Amylases are one of the most explored among the industri-
ally important enzymes; and considered for various kinds
of applications in food, animal feed, detergents, textile,
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pharmaceutical, and brewing industries (Hmidet et al. 2009;
Tiwari et al. 2015). Amino acid sequences for a-amylases
can be identified from a diverse group of organisms like
plants, bacteria, and fungi. However, their functionality and
efficiency depend on the molecular architecture of enzyme.
Microbial a-amylases are extremely valuable because they
are extracellular in nature, relatively easier to produce them
at large-scale and recover them from the fermentation tanks
with minimal economical inputs (Mukherjee et al. 2009;
Paul 2016).

Global industrial production of a-amylases from microbes
comprises up to 30% of the enzyme’s market (Balakrishnan
et al. 2021). According to the grand view research report,
global baking a-amylase market is projected to reach around
USD 320.1 million by 2024 (https://www.grandviewresear
ch.com/press-release/global-alpha-amylase-baking-enzyme-
market). Ethanol and fructose syrups constitute up to 72%
and 40% of the sugar yields, respectively (http://www.starch.
dk/isi/market/index.asp). a-amylase plays significant role in
different industries such as bakery, textile, paper, and high
fructose corn syrups (HFCS). In textile industry, starch is
hydrolysed and solubilized using a-amylases to provide
stiffness to the clothes (Mehta and Satyanarayana 2016;
Tiwari et al. 2015). Moreover, a-amylases play important
role in sugar and glucose industry due to their ability to
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break polysaccharides in monomers (Nielsen and Borchert
2000). Ethyl alcohol is also manufactured from the conver-
sion of starch present in grain and potatoes with the activity
of a-amylases and subsequently converted to ethanol via
co-cultivation of yeast (Kumar and Singh 2016). They also
play important role in biofuel production (Kumar and Singh
2016).

Amylases belong to the class of hydrolases and are
of different kinds with diverse mechanism of action.
Amylase can be divided into two groups; endo-amylase
and exo-amylase. Endo-amylase includes a-amylase
(a-1,4glucan-glucanohydrolase, EC 3.2.1.1) that hydrolyses
a-1,4-glycosidic bonds of starch randomly at the interior
sites and forms oligosaccharides of various lengths. Exo-
amylase includes the B-amylase and y-amylase which hydro-
lyses starch at non-reducing ends. a-amylases are metallo-
enzymes that depend on the calcium ions for their activity
(de Souza Vandenberghe et al. 2020; El-Enshasy et al.
2013). Cyclodextrins are hydrolysed from a different cat-
egory of enzymes i.e., catalytically flexible carbohydrases.
These are known as maltogenic amylases (EC 3.2.1.133)
which uniquely possess additional 130 residues at N-ter-
minus that are altogether absent in natural amylases. These
are also capable of hydrolysing a-1,4 and a-1,6 glycosidic
linkages present in substrates along with trans-glycosylation
of hydrolytic substances (Li et al. 2011). -amylases (a-1,4-
glucan maltohydrolase, EC 3.2.1.2) act as an exoenzyme that
hydrolyses a-1,4-glycosidic bonds of starch molecules and
produce B-maltose from non-reducing ends. It also cleaves
a-1,4 and a-1,6 glycosidic bonds like amyloglucosidase
and a-glucosidase. Plant and bacterial f-amylases have
some variations; bacterial amylases are capable of binding
and hydrolysing raw starch which is not observed in plant
amylases (Martin et al. 2019). a-glucosidase (E.C.3.2.1.20),
starch hydrolysing enzyme, releases D-glucose units by act-
ing upon a- 1,4 and a- 1,6-oligosaccharide linkages from
non-reducing ends. y-amylase (Glucan 1,4-a-glucosidase,
EC 3.2.1.3) cleaves the terminal a-1,4-glycosidic linkages
to partially hydrolyse the starch after liquefaction. Glucose
is produced as a product after hydrolysis of starch with
y-amylase (Mehta and Satyanarayana 2016; Tiwari et al.
2015).

a-amylase consists of single polypeptide chain with
three domains ‘A’, ‘B’ and ‘C’. The ‘A’ domain is the most
conserved domain consisting of eight parallel p-sheets
surrounded by eight a-helices (p/a)g (Farber and Petsko
1990). The ‘B’ domain is entangled in between the ‘A’ and
‘C’ domains and attached to ‘A’ domain with disulphide
bonds. The ‘C’ domains are quite conserved and consist of
antiparallel B-barrel with unknown function (Bayer et al.
1995). The active site of the a-amylase resides in the cleft
of domains ‘A’ and ‘B’. The binding sites of Ca* ions reside
in the interface of ‘A’ and ‘B’ domains. These ions also
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help in allosteric activation and stabilization of the three-
dimensional structure of a-amylases (Linden et al. 2003;
Muralikrishna and Nirmala 2005).

Among the amylases; a-amylases have been studied in-
depth, a lot of computational research has been done; how-
ever, the probable cause behind their differential functioning
has not been studied yet in detail. a-amylases are the fore-
most amylases and are used extensively in various indus-
trial applications. They have been studied immensely due
to their structural and functional aspects. Three-dimensional
structure of a-amylase revealed about 30% sequence identity
from different organisms and they chiefly belong to the fam-
ily 13 of Glycosyl Hydrolase (GH13) (Henrissat and Bairoch
1993). According to the CAZy database, GHs of a-amylases
are categorized into four-distinct families depending on their
sequence analysis i.e., GH13, GH 57, GH119, and GH126,
respectively. GH13 is the predominant family consisting of
124,300 sequences, chiefly occurring in microbes including
eukaryotes, bacteria, and archaea (Janecek et al. 2014; Lom-
bard et al. 2014). On the other hand, GH57 family is majorly
present in archaea, bacteria, and some of the eukaryotes.
GH119 and GH126 could be predicted in bacterial species
only (Sidar et al. 2020).

In general, GH13 a-amylase is a polyspecific enzyme
that contains a (B/a)g or TIM barrel structure constituting
catalytic site residues. The stability of TIM barrel is main-
tained by seven highly conserved regions (CSRs) present in
primary sequences which consist of catalytic and essential
amino acids. According to CAZy database, GH 13 is asso-
ciated with the GH-H clan comprising of GH70 and GH77
families at higher levels and in a lower hierarchy, it is sub-
divided into 44 curator designed GH13 subfamilies which
are involved in hydrolysis, isomerization, and transglyco-
sylation mechanisms (Janecek and Gabrisko 2016; Janecek
and Svensson 2022; Janecek et al. 2014; Stam et al. 2006).
GH 57 a-amylase family is the second family contain-
ing ~ 900 representatives and each member is identified by
five CSRs that are distinct from the GH13 family (Janecek
et al. 2014). The prime reason for classifying GH57 family
is identification of two distinct amino acid sequences from
two microorganisms i.e. Dictyoglomus thermophilum (bac-
terium) (FUKUSUMI et al. 1988) and Pyrococcus furiosus
(archaea) (Laderman et al. 1993). GH57 family consists of
an incomplete TIM barrel or (f/a); which have fold bearing
catalytic residues where aspartic acid acts as a proton donor
and glutamic acid as a nucleophile (Janecek and Svensson
2022). In CAZy database, GH119 is considered as the third
and smallest GH a-amylase family containing only 38 bacte-
rial representatives. a-amylase IgtZ reported in Bacillus cir-
culans is still the individual represented member of GH119
family which acts on maltotetraose, soluble starch, yielding
glucose and maltooligosaccharides (Watanabe et al. 2006).
Based on an in-silico study of 2012, the structure of GH119
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was predicted to have a partial TIM barrel in the catalytic
domain which is closely related to GH57 family (Janecek
et al. 2014). The fourth a-amylase family is GH126, reported
in 2011, in three- dimensional architecture of CPF_2247
protein found in genome of Clostridium perfringens (Ficko-
Blean et al. 2011). This structure consists of (0/ot);¢,;q barrel
which differs completely from the partial TIM barrels found
in GH13 and GH57 family members (Janecek and Svensson
2022).

Starch binding domains (SBDs) present in different amino
acid sequences of a-amylases are grouped under carbohy-
drate-binding modules (CBMs). SBDs are further catego-
rized into 67 protein families based on sequence similarity
of amino acids and alterations present in the ligand specific-
ity. CBMs are recognized as a large association of protein
domains with no catalytic function. These are generally asso-
ciated with GH enzymes and act as substrate-binding mod-
ules by directing the insoluble substrate towards enzymes,
consequently, enhancing the hydrolysis. It is proposed that
the catalytic function of CAZymes can be enhanced by the
binding ability of CBM; which directs the enzyme towards
the substrate and increases the enzyme—substrate interaction
efficiency (Boraston et al. 2002; Coutinho 1999; Gangad-
haran et al. 2020). Hence, the elimination of CBMs from
enzymes may further lead to minimized enzymatic action
with diminished stability (Bernardes et al. 2019; Cockburn
et al. 2018). Starch hydrolysing enzymes found in CBM are
termed “SBDs” which is a continuous sequence of the pol-
ypeptide chain. Polysaccharides are degraded by carbohy-
drate active enzymes which bind to the carbohydrate-binding
sites present at a distance from the active site of an enzyme.
Additionally, these carbohydrate-binding sites can be present
in CBMs or surface-binding sites (SBSs). The presence of
SBD with a specific module of a protein may not be sig-
nificantly related to the binding of raw starch to amylolytic
enzyme, since; the accumulation of extra aromatic residues
forming SBSs in the enzyme surface could be a possible
reason behind this (Janecek et al. 2019; Nielsen et al. 2009).
SBDs are classified mainly among the seven families namely
CBM20, CBM21, CBM 25, CBM26, CBM34, CBM41,
and CBM48. In most of the a-amylases, SBDs primarily
belong to CBM 20 and CBM 25 families (Gangadharan et al.
2020; Mehta and Satyanarayana 2016; Sidar et al. 2020). A
detailed study about the structure, function, and evolution of
various starch binding domains as CBM modules have been
discussed in a recent study (Janecek et al. 2019).

Molecular evolution among diverse taxa can be inferred
by analysing the inconsistencies in amino acid sequence,
mapping their conserved regions, and analysing their pat-
tern of evolution through phylogenetic studies. It helps to
understand the genetic relationship between diverse taxa.
Evolutionary classification with computational biology

tools is helpful to predict the ancestral history and genetic
relationship of coding amino acid sequences of a functional
protein from diverse taxa with the help of phylogenetic tree,
cladogram and dendrogram (Choudhuri 2014; Podani and
Morrison 2017).

As discussed above, a-amylases are vital in functions for
numerous industries; these enzymes usually show variations
in their catalytic activities among phylogenetically diverse
taxa. In the present study, we analysed the phylogenetically
diverse a-amylases from different taxonomic groups and
tried to find out the variations in conserved domains and
active sites of a-amylases amino acid sequences retrieved
from diverse taxa. Inferences were made to find out the dis-
similarity of amino acids in hydrolytic domains and presence
of mutations or multiple copies of either mutated or original
carbohydrate-binding domains contribute to adaptive radia-
tion of a-amylases in different clades during evolution. It
may be a reason behind their differential efficacies towards
starch degradation.

2 Materials and methods

2.1 Sequence collection, comparison and prediction
of conserved domains

The full-length non-redundant a-amylase amino acid
sequences of photosynthetic and non-photosynthetic
microbes and model plant Arabidopsis thaliana were
retrieved from UniProt KB knowledge database (UniProt:
the universal protein knowledgebase in 2021, 2021). Amino
acid sequences were aligned using Clustal Omega program
(Sievers et al. 2011) to identify the conserved regions and
consensus sequences among diverse taxa of microbes and
model plant Arabidopsis (Madeira et al. 2019). The Clustal
omega aligned amino acid sequence files were further anno-
tated using Jalview 2.11.1.4. (Waterhouse et al. 2009).

All the conserved domains present in a-amylase amino
acid sequences of photosynthetic and non-photosynthetic
microorganisms and higher plants were identified and ana-
lysed using Batch CD Search Tool (Lu et al. 2020); a freely
accessible tool of Conserved Domain Database (CDD) gov-
erned by NCBI (National Center for Biotechnology Informa-
tion Software) (Marchler-Bauer and Bryant 2004; Marchler-
Bauer et al. 2010). A threshold cut-off of 0.01 was used
for identifying various gene super-families. Based on the
observations; conserved domains, functional sites, motifs
and protein super-families were predicted and evaluated.
Furthermore, Superfamily 1.75 server (http://supfam.org)
was used to detect diverse and detailed family and super-
family present in various amino acid sequences of diverse
a-amylases (Gough et al. 2001). The domain architecture
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of 197 amino acid sequences of a-amylase was determined
using Conserved Domain Architecture Retrieval Tool
(CDART) (Geer et al. 2002).

2.2 Prediction of signal peptides

Signal peptide sequences along with cleavage positions were
determined and analysed by PrediSi server (http://www.
predisi.de/) (Hiller et al. 2004). A minimum threshold cut-
off of 0.5 was used to predict the presence of peptides.

2.3 Evolutionary analysis

Multiple sequence alignment of 197 a-amylase amino acid
sequences was done using Clustal W program and phyloge-
netic analysis was performed using Mega 10.2.4 tool (Kumar
et al. 2018). The Neighbour-Joining (N-J) method was used
for creation of bootstrap phylogenetic tree with 500 boot-
strap replications. The results were saved in newick format
from MEGA 10.2.4, which were further annotated using
iTOL v5 (Interactive tree of life) (https://itol.embl.de/login.
cgi) (Letunic and Bork 2021). The amino acid sequence of
endoglucanase of Bacillus subtilis (tr-Q93LD0) was used as
an outgroup member. Another tree was also made for under-
standing signal peptides evolution. For doing so, the amino
acid sequences of various signal peptides were aligned using
Clustal W, and phylogenetic tree was constructed using
Mega 10.2.4 package, and finally, results were annotated
by iTOL v5.

3 Results and discussion

A total of 197 a-amylase amino acid sequences including; 25
sequences from algae, 33 sequences from cyanobacteria, 46
sequences from fungi, 4 from Arabidopsis thaliana and 89
sequences from bacteria were used. The accession numbers
of amino acid sequences with corresponding names of dif-
ferent taxa are listed in Supplementary Table 1. The present
bioinformatics study provides detailed information about
phylogenetically diverse a-amylases consisting of unique
GH13 (chiefly), GH57 and GH119 protein families. These
non-redundant full-length amino acid sequences had diverse
amino acid compositions and showed inconsistencies in their
occurrences. These sequences mainly belonged to three
protein groups i.e. a-amylase, 1,4- alpha glucan branching
enzyme and maltogenic amylase. The a-amylase sequences
having GH57 and GH119 and GH13 were evaluated and
studied the evolutionary relatedness of these sequences in
diverse taxa. The alignment of various a-amylase protein
sequences was performed by taking entire lengths of amino
acid sequences from different taxa. The results from multiple
sequence alignment showed the conservation pattern among
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diverse a-amylase sequences present in various microorgan-
isms. Additionally, it also helped us to identify the internal
mutations present in amino acid sequences at different posi-
tions (Supplementary Fig. 1).

3.1 a-amylase proteins present in microorganisms
and higher plants belong to diverse gene
families

Molecular mechanisms and divergence of a-amylase amino
acid sequences among closely related groups of organisms
can be predicted by categorizing them based on families,
super-families, sequence similarities and structural frame-
work. Moreover, this also helps in recognizing the func-
tional alterations among organisms (Todd et al. 2001).
Protein super-families are described as the combination
of one or more protein families which helps in identifying
the closely related species that emerged separately during
evolution. From the CDD search tool, we identified unique
super-families present in distinct microorganisms (Sup-
plementary table 2). In case of photosynthetic organisms
like algae; majorly three super-families including; cI33494,
cl38930, cl29240 were observed. In Chlorella sorokiniana
(AOA2P6TQG1), three different super-families i.e., c/38930
(AmyAc), cl29240 (Alpha-amyl C2) and cl02663 (Fasci-
clin) were found. In contrary, Trebouxia (AOASI4XVP9)
consisted cl09141. The most common superfamily found
in cyanobacterial species was ¢/38930. In Gloeothece
citriformis (BTK8V9); cl38930 was present along with
additional CBM 20 (cl15347 type) and AmyAc superfam-
ily. Cyanothece sp. (AOA3B8YBI3) consists of AmyAc,
CBM20 and Malt amylase C superfamily. In case of fungal
sequences; c/38930 and cl07771 were most commonly found
super-families. The fungi Rhizoctonia solani had three dis-
tinct super-families including; ¢/38930 (AmyAc), cl15347
(CBM20) and cl02706 (Aamy C). In Ophiostoma floccosum
and Emericella nidulans, the presence of c/38930, cl07771
and cl15347 (CBM 20 glucoamylase) was identified. In
higher plants, like Arabidopsis thaliana, three conserved
domains reported were from the cl38930, cl33494 and
cl33565 families. It was predicted that in most of the bacte-
rial species which were included in this bioinformatics study
consisted of conserved domains such as family c/38930 and
cl2706. An additional alpha-amylase N domain (c/38100)
was found in Bacillus licheniformis (Q04977) whereas,
in Bacillus amyloliquefaciens and Bacillus subtilis con-
served carbohydrate-binding motif; CBM 26 (cl23798) was
detected. In a member of GH57 family, Geobacillus stearo-
thermophilus, the presence of conserved malt amylase C
domain was observed with c/38930 superfamily. Six distinct
domains were found in Bacillus circulans (sp-AOP8XO0) that
consisted of hydrolytic domain GH119 (cl15692 type), two
copies of CBM 25 family (c/23798 type), additional CBM2
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(cl15347 type), unique FN3 (cl21522 type) and TALPID3
superfamily, respectively. A unique type of superfamily
cl30295 was detected in archaea; Saccharolobus solfatari-
cus. Out of eight different a-amylase sequences of distinct
taxa present in Streptomyces; CBM 20 domain was present
only in six amino acid sequences. However, additional mul-
tiple domains like AamyC and AmyAc were present in all
eight sequences. Detailed information about the families and
super-families were extracted from Superfamily 1.75 online
server which predicted different types of protein super-fami-
lies in a-amylase sequences of diverse taxa (Supplementary
Table 3). Functional diversity in super-families is due to
variations present in sequences and domains. Also, substrate
specificity and position of catalytic amino acid residues may
differ among distinct groups of organisms (Gough et al.
2001).

3.2 Molecular architectures of a-amylases
in phylogenetically diverse taxa

Different microorganisms have specific conserved domains
and existence of three to four domains was identified as an
interesting feature that might be contributing to their adap-
tation towards differential degradation of starch. These are
crucial for functioning of enzymes since they are aligned
and distributed at equal intervals within the protein and these
regions are responsible for formation of active sites as well
as substrate-binding sites (Kuriki and Imanaka 1999). Dif-
ferent types of conserved domains and CBM were present in
a-amylase sequences of microbes including bacteria, fungi,
algae, cyanobacteria, and higher plants. Moreover, some
organisms also showed the presence of multiple copies of
CBMs along with unique amylase domains while some con-
sisted of only one type of domain (Supplementary table 4).
The molecular architecture of a-amylase sequences present
in diverse groups of microbes may help us to understand the
evolutionary trends and predict the closely related species.
Among photosynthetic microbes like algae, the
PLN02784 domain family was found in eleven species out of
which Auxenochlorella protothecoides (tr-AOA3SM7KWR6,
tr-AOA1D2AHI16 and tr-AOA087SDV7), Micractinium
conductrix (tr-AOA2P6VLF6), and Chlorella variabilis
(tr-E1ZETO0) had an additional GInD family. Additionally,
PLN02447 family was found in the amino acid sequences of
seven algal taxa (tr-C1FDK3, tr-CIMXZS5, tr-Q6PYZ4, tr-
ASHWS2, tr-A8IHX1, tr-AOA087STK7, tr-A0OA2P6U2U4).
All the members of cyanobacteria possess AmyAc domain
in their molecular design. Non-photosynthetic microbes such
as fungi also consisted of AmyAc domain with some excep-
tions. For instance; PLN02447 family is present in Emeri-
cella nidulans (sp-Q9Y8H3), Saccharomyces cerevisiae
(tr-A6ZQT8 and tr-C7GX32), and Fusarium oxysporum (tr-
AO0A559KXC2). Aspergillus flavus consisted of hydrolytic

domain 28 (GH28) along with PLN02447 and PRK10118
families. The a-amylase sequences present in Arabidopsis
thaliana have different domains like PLN02447, PLN02784,
PLNO00196, and PLN03244. The presence of PLN02447 and
PLNO02784 families depicts that these may share a common
ancestry with algal taxa (Fig. 1). AmyAc superfamily is pre-
sent in a majority of bacterial species except for Bacillus
sp. (tr- AOA328L7B1), Pyrococcus furiosus (sp-P49067),
Pyrococcus abyssi (sp-Q9V298), and Saccharolobus sol-
fataricus (tr- P95869). Interestingly; in Bacillus circulans
(sp-A0P8XO0) two different types of CBM domains i.e., CBM
25 and CBM 20 were identified. Bacillus licheniformis (sp-
Q04977) consisted additional a-amylase domain along with
AmyAc family, whereas, Alicyclobacillus sp. (tr- F2VRZ2)
had multiple Eset_CDase domains and Malt amylase C and
AmyAc super-families, respectively. The presence of dis-
tinct domains in the above bacterial species describes the
phylogenetic trend among the organisms as they evolved
separately without forming clusters (Fig. 1). The presence
of additional Malt amylase C domain was predicted in most
of the bacterial species like Bacillus amyloliquefaciens,
Bacillus subtilis, Geobacillus sp., and Bacillus megate-
rium. Out of nine a-amylase sequences present in different
members of Streptomyces sp., seven sequences consisted of
CBM 20 along with Malt amylase C and AmyAc superfam-
ily. Micromonospora haikouensis (t-AOAODOWST3) and
Micromonospora sp. (tr-AOA3E2YK12) had two copies of
CBM 20.

Higher production of a-amylase protein in certain micro-
organisms may be due to the occurrence of multiple copies
of either identical or dissimilar carbohydrate-binding motifs.
This may be a cause behind the varying substrate-binding
capability of enzymes and probably directed towards adap-
tive evolution. Literature survey showed that different strains
of same species are able to produce variable amounts of
a-amylase like in a study, B. subtilis RSKK96 strain pro-
duced up to 858.6IUmg~! (Akcan et al. 2011) whereas
594 1U g~! of a-amylase was obtained from B. subtilis D19
(Almanaa et al. 2020). B. subtilis IP 5832 was capable in
producing 2.5 TU mL~! of a-amylase (BoZi¢ et al. 2011).
High a-amylase activity was reported in B. subtilis SUNGB2
(22.14 TUmL ™) and Bacillus licheniformis HULUBI1 (18.15
IUmL™Y), respectively (Msarah et al. 2020). Variable pro-
duction efficiencies among diverse organisms maybe due
to distinct amino acids present in the sequences. Mutations
in their catalytic sites and carbohydrate-binding modules
may alter the starch binding and degradation patterns by
different taxa because of their fine-tuned gene expression
profiles. Absence of carbohydrate-binding modules among
organisms can also be a possible reason for functional inac-
tivity of a-amylase.
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Fig. 1 Multiple sequence alignment of different secretory peptides retrieved from a-amylase amino acid sequences of diverse organisms display-
ing mutations present in N and C regions
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3.3 Identification of secretory peptides

Signal peptides are small-sequences of usually positive-
charged amino acids present at N-terminus of secreted
proteins which mediates intracellular to extracellular trans-
port of protein from the cell to outside where they perform
their functions. Several variations among amino termini of
a-amylase sequences and different types of signal peptides
were identified from prokaryotic and eukaryotic microorgan-
isms. Different microorganisms are known to possess dif-
ferent amylolytic potential which may significantly depend
upon the amino acids present in signal peptide sequence of
a-amylase. Positively charged amino acid residues present at
N-terminus are known to interact with translocation mecha-
nisms (Freudl 2018; Wu et al. 2020). Results from MSA
indicate the presence of variations among microorganisms
at N and C regions of secretory peptides (Fig. 1). Thus, the
secretory capacity of amino acid residues may vary depend-
ing on the mutations present. Out of 197 sequences, we
found 85 signal peptides from diverse a-amylase sequences
involved in this study (Supplementary Table 5).

Among a-amylase sequences present in green algae,
we observed signal peptides in two sequences of Chlorella
sorokiniana of dissimilar lengths. In amino acid sequences
of cyanobacteria; two sequences i.e., Chroococcidiopsis
thermalis and Microcystis aeruginosa showed the presence
of signal peptides. Majority of algae and cyanobacteria
included in this study did not possess any secretory pep-
tides. Additionally, CBM was lacking in algae and cyano-
bacteria that alternatively may be a cause to produce inac-
tive a-amylase. Out of 46 a-amylase sequences of fungi,
signal peptides could be predicted in 37 sequences only.
Aspergillus oryzae (sp-POC1B3 and sp-POC1B4), Aspergil-
lus awamori (sp-Q02906 and sp-Q02905), Aspergillus fla-
vus (tr-Q7LV45), and (Aspergillus usamii sp-P30292) have
same secretory peptides. Aspergillus niger (tr-A2QL05) also
have a similar peptide sequence like the above microbes but
lacked a methionine residue when compared to the above
peptides of fungi. In contrast to other Aspergillus sp.; Asper-
gillus niger (tr-G3YCIJO0), Aspergillus fumigatus 7.5 (tr-
AO0AQJ5PU19), and Aspergillus flavus (tr-AOA2P2HPMO)
had different signal peptide residues. Penicillium expansum,
Penicillium chrysogenum, and Penicillium patulum have dif-
ferent signal peptides in a-amylase sequences. In case of
Rhizoctonia solani, we observed four distinct types of signal
peptides and therefore, inferred that alterations in amino acid
residues may cause variations in enzyme secreting capa-
bilities of different organisms. Ophiostoma floccosum and
Saccharomycopsis fibuligera had similar peptides whereas,
in case of Schizosaccharomyces pombe, Schwanniomyces
occidentalis, Lipomyces kononenkoae presence of differ-
ent types of signal peptides with varying lengths could be
predicted. Among four sequences of Arabidopsis thaliana,

only one sequence showed the existence of secretory pep-
tides. Out of 89 bacterial a-amylase sequences, we found
that 43 sequences consisted of secretory peptides. Bacil-
lus sp. and Bacillus amyloliquefaciens have similar types
of peptides consisting of thirty-one amino acid residues. In
case of Bacillus amyloliquefaciens, we found two distinct
peptides of dissimilar lengths. Among Bacillus velezensis
(tr-S6FP36 and tr-A7Z151) and B. amyloliquefaciens (tr-
AOATWSLCN3), we observed that signal peptide sequences
were similar, however, in tr-AOA1WSLCN3; valine was pre-
sent instead of phenylalanine when compared with above
two sequences. Bacillus subtilis have similar patterns of sig-
nal peptide sequences but in tr-I1W750 we found additional
alanine residue whereas in tr-EOU 1MO; glutamatic acid and
glycine were identified instead of two alanine residues. Two
different signal peptide sequences were found in Bacillus
megaterium. In halophilic bacterium, Halomonas meridiana,
similar types of signal peptide sequences were predicted.
However, in case of Geobacillus thermoleovorans and Ther-
mococcus sp. two distinct peptides were found. Three types
of secretory peptides were identified in Bacillus circulans
with variable lengths. Alicyclobacillus sp. had sixty-four
residues secretory-peptide, which was longest in length
among all the peptide sequences identified. In actinobac-
teria, Streptomyces sp., nine secretory peptides were found
out of which Streptomyces limosus (sp-P09794) and Strep-
tomyces albidoflavus (tr-A0A126Y965) had similar peptide
sequence whereas distinct signal peptides were present in
other species. Functionally inactive a-amylase present in
algae, cyanobacteria, certain members of fungi, and bacteria
may be due to the absence of signal peptides or variations in
its secretory-peptide sequences.

Therefore, inferences made from the study showed that
different groups of microbes possessed different kinds of
signal peptides. Interestingly, even in same group or different
organisms of same genus variations were found. As identi-
fied from the published database discussed above for Bacil-
lus strains having different enzymatic activities, however,
they belonged to same genus but they may have different
secretory peptides. Similarly, in our findings even in same
genus variations were found among secretory peptides which
alternatively predict their varying functioning.

3.4 Evolutionary tree

We tried to understand the molecular progression among
organisms with distinct a-amylase sequences through phy-
logenetic analysis. The amino acid residues present in the
sequence were used to interpret the evolutionary relatedness
among a wide range of algae, cyanobacteria, bacteria, fungi,
and plants. Gaps were also included in multiple sequence
alignments because these gaps revealed about the mutations
that happened during evolution. These mutations are referred
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Fig.2 Phylogenetic tree of 197 a-amylase sequences present in diverse group of microorganisms. Construction of tree was done using bootstrap
method with 500 replications. Endoglucanase sequence of Bacillus subtilis (tr-Q93LD0) was used as an outgroup sequence

to as “InDel” mutations because of insertion and deletion of
amino acid residues (Simmons and Ochoterena 2000). The
comprehensive distribution of all 197 a-amylase sequences
is represented in the phylogenetic tree (Fig. 2). In addition,
to study the similarity in various amino acid sequences, an
outgroup sequence of endoglucanase from Bacillus subtilis
(tr-Q93LD0) was included which separated all the organ-
isms into two major clusters. The evolutionary tree is distrib-
uted in two major clusters splitting into smaller sub-clusters
of algae, bacteria, cyanobacteria, fungi, and Arabidopsis
thaliana. The first major cluster contained fewer cyano-
bacteria taxa compared to the second. The second cluster
mainly comprises of bacterial and cyanobacterial species.

@ Springer

Compared to the first cluster, less number of fungal and algal
species were observed in second cluster. First major cluster
have two sub-clusters which was further divided into sub
various smaller clusters. Lyngbya aestuarii (tr--U7QQV8)
shared a common ancestry with Geobacillus stearother-
mophilus (sp-P06279) and Bacillus amyloliquefaciens (tr-
D3Y3H2, tr- AOA650G1I5 and sp- P00692). Arabidopsis
thaliana (sp-Q94A41) shared common ancestral history with
tr-AOA2P6V7M4, tr-AOA2P6UOK9 & tr-C1ECL9 (Fig. 2).

Furthermore, in second cluster, two sub-clusters were
formed which were further divided into smaller sub-clusters
representing evolution in various groups of microorganisms.
In sub-cluster two, we observed that Arabidopsis thaliana
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(sp-023647) shared a similar evolutionary pattern with tr-
A8HWS2, tr-A8IHX1, tr-AOA087STK7 and tr-C1FDK3. It
was found that members of GH57 family, Pyrococcus furio-
sus (sp-P49067) and Pyrococcus abyssi (sp-Q9V298) were
evolved as separate clade apart from major cluster 1 and 2.
Geobacillus stearothermophilus (tr-AOAOK2HA33), another
member of GH57 family was grouped with a-amylase pro-
teins of GH13 family, suggesting common ancestry. The
a-amylase protein of Bacillus circulans (sp-A0P8XO0)
belonging to GH119 family, evolved as separate lineage in
the evolutionary tree (Fig. 2), indicating that instead of hav-
ing a common family (GH119), it must have some unique
sequence pattern than others because of which it evolved
separately.

To study the evolution of signal peptides, all the
sequences were annotated for the presence or absence of
secretory sequences which were later used for phyloge-
netic analysis. The a-amylases have distinct types of secre-
tory peptides present which may influence the secretion
levels of the enzymes. We retrieved signal peptides from

Cluster 1 ,—/

Cluster 2

a-amylase sequences of diverse organisms and aligned
them by multiple sequence alignment. Further, an evo-
lutionary tree was generated to understand the evolution-
ary pattern (Fig. 3). Most of the organisms have varying
secretion capacity when compared to others; therefore, tree
construction may help in understanding their ancestral his-
tory. Organisms that did not possess secretory peptides
were excluded from the study. From the evolutionary tree,
we observed that various clusters were formed whereas
twenty-two signal peptide sequences of various microor-
ganisms evolved as separate lineage. Presence of varia-
tions in the amino acid residues of signal peptides could be
a possible reason for evolution towards differential secre-
tion patterns. The first cluster consisted of eleven mem-
bers of Bacillus sp. and one Geobacillus stearothermo-
philus which depicts that they share a common ancestry.
The second cluster included six members of Aspergillus
sequences. Three sequences of Strepfomyces species and
two of fungi (Schizosaccharomyces pombe and Lipomyces
kononenkoae) were assorted in third cluster. The fourth,
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Fig.3 Unrooted phylogenetic tree of signal peptides present in a-amylase sequences of diverse microbes

@ Springer



458

Rendiconti Lincei. Scienze Fisiche e Naturali (2022) 33:449-460

sixth, tenth, thirteen, sixteen, and eighteen cluster com-
prised bacterial species only. The fifth cluster consisted
of Pyrococcus woesei, Pyrococcus furiosus, Microcystis
aeruginosa, and Arabidopsis thaliana whereas in seventh
cluster; Schizosaccharomyces pombe was present with
Alkalimonas amylolytica and alkaliphilic bacterium. The
small clusters (eighth, ninth, twelve, fourteen, fifteen and
seventeen) consisted of fungal organisms and the eleventh
cluster had Alicyclobacillus sp. with Rhizoctonia solani.

Based on the observations, it was found that secretory
peptides have varying evolutionary patterns. Usually, they
had consistencies among a group of microbes, however, in
some cases, signal peptides of different groups of microbes
evolved simultaneously as a common clade indicating that
they gained the unique mutations which helped them to
assort with diverse groups of taxa. For instance, in cluster
5 (Fig. 3) signal peptides of phylogenetically diverse taxa
of archaeabacteria; Pyrococcus furiosus, plant; Arabidopsis
thaliana and cyanobacteria; Microcystis aeruginosa were
evolved simultaneously. In case of different signal peptide
sequences of various taxa of genus Bacillus, an interest-
ing evolutionary trend was identified. Among all the signal
peptides evaluated, secretory signal sequences of Bacillus
showed vast diversity and were assorted in different clusters.
Similarly, signal peptides of yeast sequences also showed
diverse phylogenetic trends.

4 Conclusions

The in-silico approaches and conservation pattern among
a-amylase sequences obtained from proteomic database
highlight the evolutionary relatedness among closely
related groups of microorganisms including photosynthetic
and non-photosynthetic members. Based on their molecu-
lar architectures and conserved domains, phylogenetically
diverse organisms evolved as distinct clusters. Higher plants,
algae, and cyanobacteria lacked signal peptides and carbo-
hydrate-binding domains. This may affect the amylolytic
activity of a-amylase enzyme; therefore, it may contribute
to non-functionality of the enzyme. In case of fungi and
bacteria, most of the species consisted of multiple carbohy-
drate-binding domains along with phylogenetically diverse
secretory peptides which make them potential candidates for
differential a-amylase production. Increased demands for
enzyme production from microbial sources are beneficial to
the industries due to decreased processing time, lower costs
and environment friendly attributes. This study helped to
understand the divergence and functional dissimilarities of
a-amylases among various taxonomic groups. Additionally,
this study helped to know more about the major taxonomic
groups having functional a-amylases. These computational
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tools may help researchers to predict the concept behind
varying enzyme evolution among different organisms. This
knowledge can alternatively be utilized to re-design the suit-
able genetic constructs with desired signal peptides, multiple
copies of carbohydrate-binding domains and unique hydro-
lytic domains for improved enzyme production.

5 Future perspectives

Novel approaches including protein engineering, cloning,
and expression studies in combination with phylogenetic
analysis from variable plant and microbial sources may
help in understanding the significant features related to the
evolution of a-amylase enzyme. Phylogenetic studies help
in designing the enzyme architecture by identifying dis-
tinct CBMs and signal peptides present in variable organ-
isms. The knowledge about domain distribution may help
in understanding the catalytic activity and overall secretion
capacity of microorganisms. Bioinformatics tools can be
used to construct a chimeric enzyme containing multiple
domains for increased substrate degradation of polysac-
charides. Alterations in the domain arrangement can create
chimeric enzymes with enhanced enzymatic activity and
these studies offer new strategies for developing multi-
ple domain enzymes. Additionally, knowledge about the
organization of hydrolytic domains, CBMs, and secretory
peptides is a significant approach towards enzyme engi-
neering. These evolutionary studies may further improve
the characteristics of enzymes and enhance the produc-
tion yields of enzymes required in industrial applications.
The modern technologies with computational studies may
also help the researchers to explore potential a-amylases
from different sources and meet the demands of industrial
sector.
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