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Abstract

Enzymes have played a crucial role in the evolution of life on the planet Earth, as they could accelerate
thermodynamically favourable reactions approximately a million times faster. The evolution of enzymes with their
unique 3D structures and specific active sites for each reaction is still a mystery. Interestingly, now it is found that two
different transferases from two different metabolic pathways use the same active site amino acids, suggesting that
active sites of enzymes are designed based on the specific molecular interactions between the active site amino acids
and their substrate molecules. The present data further reveal that not only the active site is designed for a particular
biological reaction during evolution, but also adapted and conserved in all life forms, from viruses to humans. This is
based on the fact that just two-point mutations, viz. S356 and Q363, instead of the conserved Phe3°¢ and a positively
charged residue K363, respectively, rendered the enzyme, fructosyl transferase from Geobacillus stearothermophilus
inactive. The importance of these two amino acids in fructosyl transferases was further confirmed from analysis of
hundreds of fructosyl transferase sequences from levan- and inulosucrases, and other glycoside hydrolase GH68 family
of enzymes from a large number of organisms. The fructosyl transferases are bifunctional enzymes and function both
as a hydrolase and as a transferase. The hydrolase uses a catalytic triad in its active site, viz. 2 Asp residues where one
acts as the nucleophile and the other acts as the transition-state stabilizer and a Glu residue that acts as a general acid-
base catalyst. Similarly, the transferase also uses a catalytic triad, viz. a positively charged amino acid residue, K/R/H,
as the proton abstractor and an R at -3 from the proton abstractor as the donor selection amino acid and an Y or a
branched chain amino acid with a G as the template-binding pair. It is interesting to note that the same catalytic triad is
observed in the active sites of nucleotidyl transferases like DNA/RNA polymerases [1-3]. For example, the nucleotidyl
transferase (E. coli DNA polymerase [) and the fructosyl transferase (Bacillus subtilis levansucrase) possess more or less
the same active site structure, (-R*RSAK758AINFGLIY766GM- and -D3°8SR-3GSK363MTIDGITSNDIYML377GY-,
respectively) where K758 in the E. coli enzyme is shown to be the proton abstractor, the R at -4 as the nucleotide selection
amino acid and the -YG- as the template-binding pair. Furthermore, extensive analysis of different DNA/RNA
polymerases and fructosyl transferases from a large number organisms, from viruses to humans, revealed the same
active site structure [1-3]. These data confirm that during evolution, not only similar active site is designed and used for
the same types of reactions, but also conserved and adapted to all forms of life, from viruses to humans.
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1. Introduction

Understanding the origin of life is still a complex and a completely unsolved problem in biology. However, laboratory
experiments suggest that life might have evolved in the early Earth by a series of progressive and spontaneous chemical
reactions under the prevailing environmental conditions of the prebiotic era. The first phase of evolution, viz. the
chemical evolution, actually set the very early stage for the development of life by the formation of simple organic
molecules such as amino acids, simple sugars, fatty acids, nucleic acid bases, etc. from inorganic molecules. Such
spontaneous formation of organic molecules from inorganic molecules is proved by groundbreaking experiments
conducted by Urey [4] and Miller [5] in the 1950s where they simulated the conditions of early Earth's atmosphere and
studied the formation of organic molecules. Miller and Urey [6] demonstrated that organic molecules such as amino
acids could be spontaneously formed from inorganic compounds when an electrical arc (simulating lightning) was
passed through a mixture of gases. Their seminal experiments suggested that electrical discharges might have played a
significant role in the formation of organic compounds from a mixture of gases present in the primitive atmosphere.

Their findings of spontaneous formation of life’s molecules in the primitive atmosphere were further confirmed by
Criado-Reyes et al. [7]. They recently repeated the familiar Urey-Miller experiment, conducted about 70 years ago, but
in a borosilicate vessel. Interestingly, they found a large number of additional compounds such as dipeptides, multi-
carbon dicarboxylic acids, polycyclic aromatic hydrocarbon compounds (PAHs) and a complete panel of biological
nucleobases in their reaction mixture. Furthermore, the natural formation of small peptides and oligonucleotides in the
presence of inorganic catalysts like hydroxyapatite, clay, zeolites, etc. further advanced our knowledge on the evolution
of life [8]. These experiments strongly support a widely accepted theory of “spontaneous generation,” suggesting that
chemical reactions could just start spontaneously when the reacting substances are kept in close proximity to each
other. This theory of ‘spontaneous formation’ of life’s molecules is further supported by a recent work by Mohajer et al.
[9]- They have shown the spontaneous formation of urea, the simplest organic molecule and a key compound that
connects chemistry and life and is also considered as a key molecule in the search for the origin of life. Its formation
from ammonia and carbon dioxide requires either high pressures and temperatures, or, under milder conditions with
catalysts or additional reagents. In contrast, Mohajer et al. [9] have demonstrated that the spontaneous formation of
urea under ambient conditions (i.e., non-energetic conditions and without additional catalysts) from ammonia and
carbon dioxide in the surface layer of aqueous droplets. Their experiment further corroborates that the evolutionary
processes are spontaneous.

Further, additional advanced experiments on evolution have demonstrated that replicating autocatalytic RNA
molecules could undergo spontaneous changes and that the variants of RNA molecules with the greatest autocatalytic
activities prevailed in the prebiotic life [10]. Their results support the basis of the "RNA world" hypothesis. In support
of this hypothesis, a recent study has shown that RNAs are not only autocatalytic, but also could help amino acids to
assemble into peptides without a pre-existing protein machinery during evolution [10]. However, the “Metabolism
First” camp argues that self-sustaining chemical networks should have evolved first for the self-replicating genetic
molecules like RNA to use them. The ‘Metabolism First’ model suggests that life emerged as a result of simple chemical
reactions, governed by the laws of chemistry and thermodynamics, rather than through improbable chance events.

The next crucial phase in the origin of life is the formation of ‘protocells’ that are enveloped with primitive type
membrane structures, where the organic compounds that are formed are compartmentalized and the
compartmentalized organic compounds with self-organization potential led to the formation of lower molecular weight
compounds like simple oligopeptides, oligonucleotides, etc. Thus, they bridge chemistry and biology by establishing
primitive metabolic activities inside them. The protocells later evolved into ‘primitive cell’ types. The primitive cells
may be considered as the first living cells capable of basic metabolism and reproductive capabilities. Interestingly, small
peptides, oligonucleotides that are assembled on inorganic matrixes like clay, silica, zeolites, etc., and other small
molecules, nutrients, ions, etc. could also have diffused freely into the primitive cells expanding their metabolic
capabilities [11]. Itis also likely that at different prevailing environmental conditions on the planet Earth different types
of protocells and primitive cells would have formed, giving rise to diversities. In the next phase, the glycan-based
polymers would have formed a protective layer on the fragile cell membranes, leading to the formation of complete
primitive cell types. The two crucial components of basic life processes, viz. enzymes (which are responsible for all the
cellular reactions) and genetic materials (which carry the genetic information to the next generation) might have
evolved much later.

Primitive types of catalytic activities in the primitive cells would have started with metal ions and minerals like clay,
zeolites, etc. As each enzyme’s active site is specific for its substrate, it would have formed after the binding of active
site amino acids on to their respective existing substrates, followed by filling of the gaps between the active site amino
acids with other amino acids and likely not vice versa. This is evidenced by the distance conservation between the active
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site amino acids in enzymes. Then the enzymes could have formed their respective RNA molecules where three
nucleobases (as a codon) recognize each of the amino acid and such codons are connected in the same order into a short
RNA molecule representing that particular enzyme, which would later code for that enzyme. An intuitive addition of a
Met codon at the start and a stop codon at the end make the translation events unidirectional. And, many such protein
coding RNA molecules could have further assembled into a larger RNA molecule forming an RNA genome. The RNA
genome, thus, carries all the molecular instructions of the enzymes in a cell. And, when the deoxyribonucleosides were
available, the molecular instructions on the RNA molecule could have transferred to the more stable DNA molecule by
complementary base-pairing. In the reverse direction, such DNA can give rise to RNA molecules (transcription) and the
RNA molecules can give rise to enzymes (translation) which function in the cells as originally designed by nature.
Therefore, it is tempting to speculate that the life’s molecules could have evolved spontaneously, self-assembled and
organized into primitive cell types, initiating all cellular reactions. The mutation and selection, addition(s) and
deletion(s), are natural and progressive steps in the evolutionary process. As discussed elsewhere, enzymes have
evolved over billions of years through natural selection, which act primarily at the level of biological function, and
diverse types of enzymes are constantly evolved from mutation and selection, divergence of existing genes and
recombination of domains. Further, adaptation to different new environments could also play a key role in further
evolution of new enzymes with new biological functions. Besides, changes in the available chemicals, ions, minerals and
environmental conditions could also favour further evolution of enzymes with new functions that are beneficial to the
organisms.

In this communication, evidences are presented to show how two different unconnected enzymatic reactions, one in the
carbohydrate metabolism and the other in the nucleic acid metabolism, use the same active site amino acids for
polymerization reactions, which strongly supports the chemical basis of evolution enzymes and their active sites. Both
the enzymes are classified under the Main class, ‘Transferases’, but one is a fructofuranosyl transferase and the other is
a nucleotidyl transferase. The nucleotidyl transferases play the key role in DNA/RNA polymerases to polymerize the
nucleobases into a DNA or an RNA. It is interesting to note that the requirement for such specialized nucleotidyl
transferases to accurately replicate the genetic material is universal in all kingdoms of life and hence, they are also
known as crucial ‘life catalysts’. The properties, multiple sequence alignment (MSA) analysis and the mechanism of
actions of DNA and RNA polymerases from viruses, plants to humans have been extensively analyzed and reported by
the author [1-3]. Therefore, in this communication evidences are provided to support how these two different groups
of enzymes use and have adapted the same active site amino acid structure to perform similar functions in all organisms.

1.1. Fructans and their Applications

Inulins, levans and fructooligosaccharides are collectively known as fructans. They mainly differ in their linkages and
degree of polymerization (DP). The inulins and levans exhibit chain lengths of >20 DPs and the fructooligosaccharides
are of only <20 DPs. Demand and interest for fructans have increased over the years, due to their versatile applications
and with increased interest in healthy lifestyles as they exhibit many potential health benefits. In recent times, the global
market for fructans has steadily increased, with an annual growth rate of >5%, and is expected to reach approximately
2.7 billion US dollars by 2026 [12]. The fructans are produced by a large number of organisms like bacteria, yeasts [13],
higher fungi [14] and plants [15]. Bacterial levans (produced as exopolysaccharides, EPS) are much larger than those
produced by plants and fungi with multiple branches and molecular weights ranging from 2 to 100 million Daltons [16].
Inulin-type fructans are mostly found in plants. The dicots accumulate them as long-term reserve carbohydrates, in
underground storage organs such as roots and tubers and are mainly extracted from the plant sources like chicory,
dahlia, yacon and Jerusalem artichoke as they accumulate up to 80% polysaccharides in their tubers [17-19]. In grasses,
graminan (branched type fructans), levan, and neokestose-derived fructans mainly act as short-term storage
compounds in stems, tiller bases, leaf sheaths, elongating leaf bases, and to a lesser extent in leaf blades and roots [17].
They find versatile applications in various industries and also in medicine. In industries, they are used as food
thickeners, in cosmetics, as prebiotics, dietary fibres, mineral absorbing agents, anticancer agents, diabetic control
agents, etc. Fructans exhibit many potential health benefits. Asthese fructans are non-digestible in our digestive system,
they are considered as health-promoting ‘prebiotics’, i.e., they act as a food source for the beneficial gut bacteria.
Therefore, they are gaining considerable attention the health industries as effective prebiotics to support the growth of
beneficial gut bacteria, which play important roles in promoting digestive health, boosting the immune system, reducing
the risk of chronic diseases, etc. [20-22]. Many bacteria, fungi and ~ 40,000 plant species use fructans as the primary
carbohydrate reserves. Furthermore, it is found that in plants these fructans function as stabilizers of cell membranes
and thus, confer tolerance to drought and frost. In plants, the fructan molecules are bound to the polar head groups of
the lipid bilayer of the membrane to block water leakage during abiotic stress such as frost and drought [15, 23]. In
addition to the above roles in industrial applications and as prebiotics, levan exhibits a wide range of specialized
properties like film-forming ability, biodegradability, non-toxicity, self-aggregation, encapsulation, controlled release
capacity, water retention, immunomodulatory activity, antimicrobial and anticancer activities, high biocompatibility
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etc. With the strongest bio-adhesive properties and film-forming ability, levan could be used for healing wounds,
burned tissues and for the development of bioresorbable electronic implants [24]. Furthermore, high DP fructans from
bacteria are ideal substrates for the production of high fructose syrups (HFS), with very low glucose content. As levan
is more soluble than inulin, it produces viscous solutions in water. In the industry, this property makes levan especially
attractive as an emulsifier or encapsulating agent in a wide range of products, including biodegradable plastics,
cosmetics, glues, textile coatings and detergents. These exceptional properties position levan as an attractive candidate
for nature-based materials in food production, modern cosmetology, medicine, and pharmaceutical industries. Thus,
with excellent medicinal properties and ease of production, microbial levans appear as a valuable and versatile
biopolymer of the future.

1.2. Fructofuranosyl Transferases

The commonly used sugar, sucrose [a-D-glucopyranosyl-(1—2)-B-D-fructofuranoside] is a non-reducing disaccharide,
where its two monosaccharide units, viz. glucose and fructose are linked by a glycosidic bond. Unlike most of the other
disaccharides, as both the reducing ends of the monosaccharide units are involved in the glycosidic bond formation, it
becomes non-reducing. Furthermore, in sucrose, the glucose is in its pyranose form and the fructose is in its furanose
form. It is metabolized mainly by at least four types of enzymes, i.e., i) invertases (EC 3.2.1.26), which hydrolyze the
sucrose to produce 1 mole each of glucose and fructose, ii) inulosucrases (E.C 2.4.1.9), which hydrolyze the sucrose to
produce inulin (with a molecular mass of about 10 Da) and glucose units, iii) levansucrases (E.C 2.4.1.10), which
hydrolyze the sucrose to produce levan (with a molecular mass up to 1x106 Da) and glucose units and iv)
dextransucrases (EC 2.4.1.5), which hydrolyze sucrose and produce dextran (with a molecular mass of about 1kDa to
2MDa) and fructose units. The chains of levan, inulin and dextran, like other biopolymers like starch, cellulose, and chitin
grow stepwise by the repeated transfer of a hexosyl group (donor) to a growing acceptor molecule. These fructan-
forming enzymes are commonly reported from bacteria, fungi and plants. Bacteria use the fructans and dextran as
reserve EPS and utilize them by producing corresponding degradative enzymes like levanase, inulinase and dextranase
when needed [25]. Among them, fructans are acid-labile, water-soluble, and polydisperse polymers of fructose built
upon a sucrose starter unit. Between the two commonly occurring fructans, viz. inulin and levan, the inulosucrases
polymerize fructosyl units into inulin which is mainly -(2—1) linked, whereas the levansucrases, form levan from
fructosyl units which is mainly 3-(2—6) linked. Both belong to the Glycoside Hydrolase family GH68 (http://afmb.cnrs-
mrs.fr/CAZY)) and specifically belong to the hexosyltransferases [25]. Levansucrases, in general, display a five-bladed
B-propeller architecture, where the catalytic residues which are responsible for sucrose hydrolysis are located in a
negatively charged cavity [20, 26]. The microbial fructan synthesis is more efficient than the plant systems because it is
synthesized from sucrose by a single enzyme reaction and exhibits homogeneous structures with occasional branches.
In contrast, plant fructans are shorter and exhibit diverse structures, which result from a combination of catalytic
actions of various enzymes, including sucrose:sucrose 1-fructosyltransferase (1-SST), fructan:fructan 1-
fructosyltransferase (1-FFT), fructan:fructan 6G-fructosyltransferase (6G-FFT), and sucrose:fructan 6-
fructosyltransferase (6-SFT). Fructosyltransferases (Fts) are also reported from fungi such as Aspergillus, Penicillium,
Aureobasidium, Kluyveromyces, etc. Fungal Fts act on sucrose by cleaving the 3-(2-1) linkage, releasing glucose, and then
transferring the fructosyl units to an acceptor molecule. The fungal Ft from Aspergillus possesses both hydrolytic and
transfructosylating activities as in other organisms. Interestingly, at sucrose concentrations >100 mM, the Fts
exclusively exhibit a transfructosylation activity [27].

2. Materials and Methods

The protein sequence data of levansucrases, inulosucrases and other GH68 family of enzymes and DNA and RNA
polymerases were obtained from PUBMED and SWISS-PROT databases. The advanced version of Clustal Omega was
used for protein sequence analysis. Along with the conserved motifs identified by the bioinformatics analysis, and with
the data already available from biochemical, site-directed mutagenesis (SDM) experiments and X-ray crystallographic
analysis on these enzymes are used to confirm the possible amino acids at the active sites of these two different
transferases, viz. fructofuranosyl and nucleotidyl transferases.

3. Results and Discussion

3.1. MSA analysis of levansucrases and other GH68 family glycoside hydrolases fructosyl transferases

Figure 1 shows the MSA of levansucrases and GH68 family of fructosyl transferases from different bacteria, (only the
required regions for the discussions are shown). The sources of active and inactive fructosyl transferase enzymes are
highlighted in yellow. The green arrow mark tentatively separates the hydrolytic and transferase domains. As the
fructosyl transferases are bifunctional enzymes, they exhibit both hydrolase and transferase activities and each activity
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is composed of a catalytic triad of three invariant or highly conserved amino acids. Furthermore, they also possess two
highly conserved sucrose-binding sites. The N-terminal region is not conserved among them except for a few amino
acids. However, an octapeptide -DVWDS/TWPL-is completely conserved in these enzymes where the second D is shown
to be the catalytic nucleophile [18]. The second conserved peptide -EWSGSA- is found around 160 amino acids from the
N-terminal. The first S is known to play an important role in binding to the Glc unit of sucrose. By SDM, the levansucrase
of Bacillus subtilis SacB (-EWS164), where the conserved S164— A, showed that this is an important residue in maintaining
the nucleophile position in the active site, suggesting that the motif is possibly involved in sucrose-binding [28]. The
third highly conserved region in these enzymes is a large peptide -DNHTL/M/FRDPHYVED- located around 250 amino
acids from the N-terminal. The -RDP- triad is conserved in all and is shown to bind the Fru unit of sucrose. The D in this
triad is also shown to play a role in stabilizing the reaction intermediate during catalysis [18]. The acid-base catalytic E
is found around 340 amino acids from the N-terminal and located in the highly conserved tetrapeptide -EIER- where
the catalytic E is shown to act as the proton donor in catalysis [18]. The transferase module starts immediately after the
hydrolytic module (indicated by a green arrow mark). The active site amino acids in the transferase module are
highlighted in green. The catalytic site of transferases is also composed of a catalytic triad with an invariant basic amino
acid K (proton abstractor), a template-binding pair -LG- (usually exists as a conserved triad -LGY/F) and an invariant
amino acid R at -3, which is proposed in selecting incoming donor fructose units for polymerization. It is interesting to
note that in the inactive levansucrase from G. stearothermophilus, the proton abstractor K is replaced by a Q (marked in
red). Thus, this module is conserved in both fructosyl transferases and in nucleotidyl transferases. In the conserved
pentapeptide -KWYLF- the invariant Y is also implicated in the interaction with the fructose donor and the F is replaced
by an S in the inactive form of the levansucrase from G. stearothermophilus (marked in red).

CLUSTAL O (1.2.4) MSA of levansucrases and other GH68 family glycoside hydrolase fructosyl transferases from
bacteria

tr|AOAlE3L384|AOAlE3L384 SBACI DMINQH--GDDEFIVPSFDAST IKNVESATETDENGNEIEMIVWDIWELONADGIVAEYE 108
tr |AOARXZEH3E|AOARXZEH3E8 SBACI EMIGQOH--GDERYIVPSFDASSIKNIKSATKIDENGNEIENDVWDIWEPLDNPDGTIVADYN 113
tr|AOAZ6BAGAE|AOAZEEAGAE SBACI EMIGQOH--GDERYIVPSFDASSIKNIKSATKIDENGNEVENDVWDIWEPLDNPDGIVADYN 113
tr |ROA0B4GQGO|ADROS4GQG0_METID DMINQH--GDARYTVPEFDASKIENIPSAKETTE SGETMDDVWDTWPLONADGTVAEYE 111
tr |ROAGIZMEFT|AORGIZMEFT_SBACI DMINQH--GDARYTVPEFDEST IKNIPSAKEVIE SGETIDNOVWDIWPLONADGTVAEYE 111
tr |R0A1HOC3I3|AORIHOC3I3 9BACI DMISQH--GDANFEVPEFDASS IENIPSAKEYDEDGN LIEMDVWDTWPLONADGTVANYE 110
tr |ROAINEY2E2 |AOA1N6Y262:98ACI NMISQH--GDPEFTVPAFDEST IRNIPAATETDENGNTIMNIVWDTWEIONTDGTVAEYN 111
tr |AOARSENOOS|AORRSEN005 SBACT DMIEQH--GDAKYTVPQFDAST IKNIPARQEVDENGN LMD IDVWDTWPLONADGTVAEYN 111
tr |AOAS2ENJIO|AOAS26NIIO0 SBACT EMALQH--GNEKFEVPEFDEKT IKNIPSAEG—-——--— LOVWDTWPLONADGTVAEYE 101
tr |AOAIGBFSHT|AORIGBF5HT SBACT NMIDQH--GDPDFTIVPSFDAST IENIPSARKINEEGSEIDNIVWDTWEIONADGTVAEYN 111
tr|AOA428MZE4|AOR428MZE4 SBACI DMINQH--GDSDFIVPEFDAST IENIPSATETGENGNEIVHOVWDTWEPLONADGTVAEYN 111
tr IAOASITBSNOIAOASITBSNO:HALM DMINQH--GDSDFIVPEFDASTIDNIPSATETDENGNEIVHOVWDIWELONADGIVAEYN 111
tr |AOALR1EME1|ACAIRIRME]l SBACI NIIKQH--DDPRFEVEQFDAST IKNIPSAKKYDENGE LMD JDVWDTIWEPLDNADGTIVAEYK 111
tr |AOALH3IVZM3|AOALH3VIM3 SBACI NMIRQH--GDPRYIVPEFDAST IVNIPSAQKYDENGNLMD JIVWDTIWEPLDTGDGTIVARYN 111
tr|AOASZE52X1|AOAS2652X]1 SBACI EIIGQH--GDSRYIVEPQFDEST IKNIPSAKGYDEHGNVIDRDVWDIWEPLDNADGTIVANYN 111
tr |ROAZNOZ5DT|AOAZNOZSDT_SBACI EMVDQQ--SDPRYTVPTFDETAIENIPSAKKTDENGNVIDIDVWDTWPLONADGTVAEYN 111
tr |ROAARS1ITQDS | AORA9ILITQDE NIACI EMTEQQ--NDSKFEVPAFDEST IKNIPSAKGYDEKGNLIDIDVWDTWPLQNADGTVAEYN 111
tr |ROATX2VSZ1|A0ATE2VS5Z1 9BACI QIPGQLAEDEERFTIVPAFDASKLENIESATGFDEDGNEILYDVWDTW PIMNADGTVADYK 110
tr |AOAOM3RAND| AOAOM3RRNO:98ACI ELPQQOH--DNARFEVPEFDADS IRNIPTAQGYDENGN FTEQIVWDSWEIONADGTVAEYN 110
tr |AOA3DEX658 | AOR3DEKESE PRIMG EIPQQQ--NSDOQFEVPAFDEST IKNIASAKGEDASGNTIDIIVWDSWEIONADGTVATYH 110
tr |AOAB0EU3JTS | AORBOEU3JS PRIMG EIPQQQ--KSEQFEVPAFDEAT IKNIASAKGYDK SGNLIDIIVWDSWEIONADGTIANYH 110
tr | AOARPBK2ZBS | AORRPSK2IES PRIAR EIPQQQ--KSEQFEVPAFDEAT IKNIASAKGYDK SGNLIDIDVWDSWEIONADGTVANYH 110
tr |AOARP3FQJ4|AORAP3FQJ4 BACVR EIPEQQ--KNEKYQVPEFDPSTIENISSAEG——--——--—— LOVWDSWPLONADGTVANYH 101
=p |F94468|L5CI_GEOSE QIPEQQ--KNEKYQVPEFDSSTIKNISSAKG——-—---—— LOVWDSWPLONADGIVANYH 101
=p |PO5655|L5C_BACST QIPEQQ--KNEKYQVPEFDSSTIKNISSAKG-——-—----—— LDWISWPLQNADGTVANYH 101 sSDM
tr |BONSW2Z|BONSW2_ SFIRM QIPEQQ--ENEKYQVPEFDSSTIENISSAKG-- —--JDVWDSWPLONADGIVANYH 101
tr |AOASQ4DMY4|AOASQ4DMY4 BACSC QIPEQQ--KNEKYQVPEFDQSKIKNISSAKG---—----- LOVWDSWELONADGIVANYH 101
tr |ROASMERY 49| AOASMERY4S SBACI EIPEQQ--KSEQFQVPQFDAKT IQNIPSAKGYNS SGELIDIYIVWDSWPIQNADGTVATYN 108
tr |ROATZ1BE51|AOATZ1BES1_SYBACI EIPEQQ--KSEQFEVPQFDPKET IKNIPSAKGYNENGE LIDIYDVWDSWPIQNADGTVATYH 108
tr |BEDVCE|BEDVCE BACLI EIPEQQ--KSEQFEVPQFDPKET IKNIPSAKGYNENGE LIDIYDVWDSWPIQNADGTVATYH 108
tr |AOM90JC76|AOEA90JC76_SBACI EIPEQQ--KSEQFEVPQFDPET IKNIPSAKGYNENGE LIDIIVWDSWEIONADGTVATYH 108
tr |AOAOBSMCVT|AOROBSMCVT SBACL EIPEQQ--KSGOFQVPAFNAASTONISSAKGSDOWGNAIDDVWDSWELONADGTVAEYN 110
tr |AOAS1SRYES|AOASISRYES SCLOT ELPEQQ--KSQQFEVPQFDAST IKNIPSATKYDOWGNQIDDVWDTW LD NADGTVANYN 109
tr |AOAIROXEDS | AORIROXBDS SBACL ELPEQQ--NSKQFQVPEFDAST IENIPAATKFDENGNEIENIVWDTWEIDNADGTVASYR 112
tr |AOA2Z2KTWT | AOR2Z2KTWT SBACL ELPEQQ--KSEQFEVPSFDAST IKNIPSAIKVDE SGNPIENDVWDTWEIONADGTVANYN 110
tr |EEUSET|E€USET7 ETHHY B QIPGQQ--55AQFEVPEFDAST LENLH-VQGPDENGN PVDDVWDSWEPLD SPDGTIVATYN 108
tr |AOAS1T7S1WO|AOASLT51WO0_ SBACL EIPGQQ--NSAQFRVPQFDPST IKNIPARKG——-——--—— LOVWDSWELONADGTAANYH 101
tr |AOALSEMPES|AOALSEMPES CLOSA EIPEQE--NSAQFEVPQFDASTLENILTAKGYDEAGNLIDQDVWDSWEPLONADGTIVANYN 108
tr |AOAOH3JO26|AOAOH3JOZE6 CLOPRA EIPAQQ--NNAQFEVEQFDAST LENIPSAKGYDEAGNLIDQDVWDSWEPLDNGDGTVSNYH 108
tr|R4K9X0|R4KSX0_CLOPA EISEQQ--NNAQFEVPQFDASTLENIPSAKGYDE FGNLINIDVWDSWPIQNADGTVANYH 109
tr|R4K861|R4KE61_CLOPA EIPGQQ--NNAQFEVPQFDAST IKNISSAKDYDEYGNLIDIDVW DSWEPLQNADGTVANYH 109
. L o EWE W . ke PR EEkE e Wow
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tr |R0R163L384|A0R1E3L384_9BACT SERGDEDLOVDGIEDH 227
tr |R0RAR¥2EH3E |AORRX2EH3S 9BACT RGGFDESQG-IFGEQ SERDTSSLOVDGVEDY 230
tr |R0RZ26SAGRE | ROR2EBRAGRE_9BACT RGGFDESQG-IFGEQ SERDASSLOVDGVEDY 230
tr |A0R084G0G0 | R0RAD84G0OG0_METID AFNADAG-YYGERQ SQPDSESLEIDGVSDY 230
tr |R0REIZMEFT |AOREI2MEFT_9BACT NEEPYTADTG-HYGEQ SQOPDSETLEVDGVEDY 230
tr |R0R1HOC3I3|AORLIHOC3I3 9BACT NEEPFTPESE-HYGEQ SEEDSSTLNIDGVEDY 229
tr |R0RINEY262|R0RINEY 262 9BACT NEEPFTPESG-HYGEQ SEPDINTLNIDGVEDY 230
tr |R0RROEN00S | RORROEN005S_9BACT NEEPFTPESG-HYGEQ SEEAAGTLEIDGVEDY 230
tr |R0RAS2€6NJTI0|AORAS26NII0_9BACT EROEMEPEAG-YYGERQ SQOPDSTTLEVEGVEDY 220
tr |R0R1GEFSHT |AORLGEFSHT _9BACT NERTE FNLDEE -LY GEQ SEPEAGTLOVDGVEDH 230
tr |R0R428MZE4 |AOR428MZES 9BACT NRTGFNVDEE -LYGEQ SEPESGTLNIDGVEDH 230
tr |R0R917BONO |AORS1TBONO_HALAR NERTEFNVDEE -LYGEQ SEPEAGTLNVDGVEDH 230
tr |R0RIRIRMSI|ACORIRIRME]L 9BACT NEHPWDGE-E-HLGEQ SQOPDADTLEIRGVEDFE 229
tr |R0R1H3V2M3 |AORLIH3V2M3 9BACT NEHGWDGE-R-FFGEQ SQPDADTLEIEGVEDFE 229
tr |R0R92652X1|A0R02652X] 9BACT NERHGWDPANN-FFGEQ SQSDSNTLEVDGIEDH 230
tr |R0AZN0Z5D7 |AOR2N0Z5DT_9BACT NROGWDPAHG-FFGEQ SEPDSNTLEIDGVEDH 230
tr |R0RRO91TQDE |RORROITQDS NIACT NROGWDPDHG-FFGEQ SELDANTLEIDGVEDH 230
tr |RORTX2VSZ1IA0ATX2VEZ]L 9BACTI WWSGSHVMTEEGIIWRLEYTNRSD-—----- SQOPSSTELELAGVSDH 223
tr |R0R0M3RAND | ROROM3REND 9BACT DESGAPODGGTGY GRQ SEPNAGT IQVDGVEDH 230
tr |R0A3DEXE58 |ROR3DEXE58 _PRIMG PYSG-———— E-QYGEQ SQOPNDNTLEVDGVEDY 224
tr |R0RS0€U3TO|A0RB06U3TY_PRIMG SQOPSADTLEIEGVEDH 224
tr |R0RRPSE2BS |RORRPER2BS_PRIER SQOPSADTLEIEGVEDH 224
tr |R0RRP3FQJT4 | RORRP3FQJI4 _BACVA STSDS-SLNIDGVEDY 214
sp |P94468 | LSCI_GEOSE EWSGSATFTSDGEIRLFYT ——E-HYGEQTLT TAQVNVSASDS-SLNINGVEDY 214
sp |P05655|LSC_BACSU EW.GSATFTSDGKIRLFYT ——E-HYGEQTLT TAQVNVSASDS-SLNINGVEDY 214sDM
tr IBONSWZ |BONSW2_SFIRM WSGS F SASDS-SLNINGVEDY 214
tr |R0ASQ4DMY4 |AORSQ4DMYS BACSC WSGS STSDS-SLNINGVEDY 214
tr |R0ASMERY40|AOASMERY49 9BACT WSGS SQPDSDTLEIEGVEDY 222
tr |R0RAT7Z1B6S1|AORTZIBES] 9BACT WSGS TOPDSDTLEIDGVEDH 222
tr |IBEDVCEIBEDVCE BACLI WSGS SQPDSDTLEIDGVEDH 222
tr |R0RRO0JCTE | RORROOICTE_9BACT WSGS SQPDSDTLEIDGVEDH 222
tr |R0R089MCVT |AOROBOMCVT _9BACL WSGS. NROGWDPAHG-FFGEQ SEPDADTLEVDGVEDL 229
tr |lR0AY19RYES |AORO1ORYES 9CLOT WSGS NEHPWAPERG-FYGEQ SQPDADILEVDGVEDE 228
tr |R0RIR0XBDO | AORIROXBDY 9BACL WSGS NEHPWDPDRG-FYGEQ SAPDGDTLEIDGVEDM 231
tr |R0R2Z2KTWT |ROR2Z2KTWT _9BACL WSGS NERHSWSPDAG-FYGEQ SQPGSDTLEVDGVEDE 229
tr IEEUSETIEEUSET_ETHHY WSGS DRGAFDLANG-LY GEQ SQOPDASTIEVDGVODL 224
tr |R0R917SIWO|RAORS1TSIWO_9BACL WSGS DYSGRAAQDGG SGLGND SQOPDADTLEVDGVEDH 221
tr |R0R1SEMPEY|RORLISEMPEYS CLOSR WSGS DREPLAPERG-FTGEQ SESDDDTLEIDGVEDL 228
tr |A0R0H3J026|A0R0H3J026_CLOPR WSGS NEDSWSIETG-HYGEQ SEPDSSTLEIEGVEDL 228
tr IR4ESX0|R4EOX0_CLOPR WSGS DRDSWAPDSG-HYGEQ SEANANT LEVDGVEDL 228
tr IR4ESE1|R4EE861_CLOPR EWSGS. DYSGSPEDGGSGAGED SQOPDSNTLEVDGVSDY 229
LRk R EE . : EEI
tr|AOA163L384|A0A163L384 9BACI KSIFNGGDGKTYENVE-KAFEDR----NFNNNHTFRDPHYIE GﬂKYLVF?‘NTGTEYG 282
tr | AOAAX2EH38 |AOAAX2EH38_ 9BACI KSIYPGGNGKTYENVN-KAFEDR----NFANNHTLRDPHY IEDKGHKYLVFEANTGTEYG 285
tr | AOA268AGA6 |AO0A268AGA6_ 9BACI KSIYPGGNGKTYENVN-KAFEDR----NFANNHTLRDPHY IEDKGHKYLVFEANTGTEYG 285
tr |AOA084GQGO|AOA084GQGO_METID KSIYEGKDSKYYQTVD-KFAKDG----APNDNHTFRDPHY IEHDGHKYLVFEANTGTEYG 285
tr |AOAGI2MEF7 |AOA6I2MEF7_9BACI KSIYEGKDSKYYQTVD-KFVEDG----APSPNHTFRDPHY IEHDGHKYLVFEANTGTEYG 285
tr |AOA1HOC3I3|AOAIHOC3I3_9BACI KSIFEGGDSKMYQTVE-KAFGGG----DYNDNHTLRDPHYVEDNGHKYLVEFEANTGTETG 284
tr |AOAIN6Y262 |AOAIN6Y262 9BACI KSIYEGGDSKTYQTVD-KAFGGG-—---DFSPNHTFRDPHYVEDNGHKYLVFEANTGTEYG 285
tr|AOAA96NO0S5|AOAAS6NOOS 9BACI KSIYEGGDSKTYQTVS-KAFGEG—-—--NF, NHTIRDPHYVE GHKYLIFEANTGTEYG 285
tr |AOA926NJIO0|AOA926NJII0_9BACI KTIFPG-DGKYYQTVD-QAFGNG----DYSPNHTLRDPHYVEENGHKYLVEFEANSGTEVG 274
tr |AOA1G8FSH7 |AOA1G8FSH7_9BACI KSIFEGGDGSIYQONVN-QAFGGEEI--NFNENHTLRDPHYVEENGHKYLVFEANTGTETG 287
tr|AOA428MZE4 |AOA428MZE4 9BACI KSIFEGGDGSVYQNVE-QAFGNGDI--DWNENHTFRDPHY IEHDGYKYLVFEANTGTEFG 287
tr |AOA917BIONO |AOA917BINO_HALAA KSIFEGGDGSVYQNVQ-QAFGNGDI--DWNENHTFRDPHY IEHDGYKYLVFEANTGTEFG 287
tr |[AOA1RIRM81 |AOA1IRIRM81 9BACI KSIFEGGNGKVYQNVD-QAFSEG----NFMNNHTLRDPHYIEDNGHKYLIFEANTGTEYG 284
tr|AOA1H3V2M3 |AOA1H3V2M3 9BACI KSIFPGGDGKVYQNID-QAFSDG----NFMNNHTLRDPKY IEDNGHKYLVFEANTGTEYG 284
tr |AO0A926S2X1|A0A926S2X1_9BACI KSIFPG-DGKIYQTVD-QAFGNG----DYSPNHTLRDPHY IEEINGHKYLVFEANTGTETG 284
tr |AOA2NOZ5D7 |AOA2NOZ5D7 9BACI KSIYPGGDSSVYQTVD-KAFGEG----NYADNHTLRDPHYVEDNGHKYLVFEANTGTDYG 285
tr|AOAA91TQD8 |AOAAS1TQD8 NIACI KSIYPGGDGSVYQTVD-QAFSGG----NYADNHTLRDPHYVEDNGHKYLVFEANTGTDYG 285
tr|AOATX2V5Z1|AOATX2V5Z1 9BACI KSTIFAG-DGOQYQTIQ-QFIDQGGF--QTGPNHTLRDPHY IEDKGHKYLVFEANTGTKTG 279
tr | AOAOM3RANO |AOAOM3RANO_9BACI KSIYPGGDGKIYQNVQ-GFIDAGAY--NSGPNHTLRDPHY IEDKGHKYLVFEANTGTEYG 287
tr |AOA3D8X658 |AOA3D8X658 PRIMG KSIFPG-DGKIYQTVQ-QFIDEGGY--DTGPNHTLRDPHYIEDSGHKYLVFEANTGTEDG 280
tr |AOA806U3J9|A0A806U3J9 PRIMG KSIFPG-DGKKYQNIQ-QFIDEGAY--GSEPNHTLRDPHYVEDKGHKYLVFEANTGTEDG 280
tr |AOAAP8K2BS5 |AOAAP8K2B5_ PRIAR KSIFPG-DGKKYQNIQ-QFIDEGAY--GSEPNHTLRDPHYVEDKGHKYLVEFEANTGTEDG 280
tr |AOAAP3FQJ4 |AOAAP3FQJ4 BACVA KSIFPG-DGKTYQNVQ-QFIDEGNY--SSGPNHTLRDPHYVEDKGHKYLVEFEANTGTDNG 270
sp|P94468 | LSCI_GEOSE KSIFDG-DSKTYQNVQ-QFIDEGNY--SSGDNHTLRDPHYVEDKGHKYLVFEANTGTEDG 270
sp|P05655|LSC_BACSU KSIFDG-DGKTYQNVQ-QFIDEGNY--SSGDNHTLgg@PHYVEDKGHKYLVFEANTGTEDG 270SDM
tr |BONSW2 |[BONSW2_9FIRM G-DGKTYQNVQ-QFIDEGNY--SSGPNHTLRDPHYVEDKGHKYLVEEANTGTEDG 270
tr|AOA9Q4DMY4 |AOASQ4DMY4 BACSC G-DGKTYQNVQ-QFIDEGNY--SSGPNHTLRDPHYVEDKGHKYLVFEANTGTEDG 270
tr |AOASM8RY49|AOASM8RY49 9BACI GADGTVYQNVQ-QFIDEGNY--SSGPNHTLRDPHYVEDRGHKYLVFEANTGTKTG 279
tr |AOA7Z1B6S1|AOA7Z1B6S1 9BACI GADGSVYQNVQ-QFIDEGNY--SSGPNHTLRDPHYVEDHGHKYLVFEANTGTKTG 279
tr |B6DVC6|B6DVC6_BACLI GADGTVYQNVQ-QFIDEGNY--SSGPNHTMRDPHYVEDRGHKYLVFEDNTGTKTG 279
tr|AOAA90JC76|AOAAS0JCT6_9BACI NHTMRDPHYVEDHGHKYLVFEANTGTKTG 279
tr |AOAO89MCVT7|AOAO89MCVT7_9BACL NHTLRDPHYVEDNGHKYLVFESNTGTETG 283
tr |AOA919RYES8 |AOA919RYES O9CLOT NHTLRDPHYVEDNGHKYLIFEANTGSETG 283
tr|AOA1ROXBDY|AOA1IROXBDY 9BACL NHTLRDPHYVEDKGHKYLVFEANTGTTTG 287
tr |AOA2Z2K7W7 |AOA2Z2KTWT7_9BACL NHTLRDPHYVEENGHKYLVFEANTGTETG 285
tr |E6U567 |E6US567 ETHHY NHTLRDPHYVEDNGHKYLVFEANTGTTDG 2717
tr|AOA917S1WO0|AOAS17S1W0_9BACL NHTLRDPHYVEDNGHKYLVFEANTGTADG 278
tr |AOA1S8MP69|AOA1S8MP69_CLOSA NHTLRDPHYVEENGHKYLVFEANTGTEDG 281
tr |[AOAOH3J026 |AOAOH3J026_ CLOPA GGDGTIYQNVA-QFVQASDPSTNTWPNHTLRDPHY IEDNGHKYLVEERANTGTTDG 287
tr|R4K9X0 |R4KIX0O CLOPA GGDGTIYQNVQ-QFIDEGAD--LSGPNHTLRDPHYIEDNGHKYLVFEANTGTDDG 285
tr |R4K861|R4K861_CLOPA G-DGKLYQNVQ-QFIDEGKW--SSGPNHTLRDPHYVEDNGHKYLVEEANTGTDDG 285
* . *e s | *
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End of levansucrases and family GH68 fructosyl transferases

r|A0Rl63L384|A0A163L384_0BACT
r|AORRX2EH38 | AORAX2EH38_ 9BACI
| R0RZ6BAGRE | ROR2ESAGRE_UBACI
r|AORO84G0OG0|A0R084GQG0_METID
| AOREI2MEFT|AOREI2MEFT_OBACI
r|AORIHOC3I3|AORIHOC3I3_9BACI
r|AORINEY262 | A0RINEY262_OBACT
r|AO0RRSEN00S | A0RR9EN005_9BACT
r|AORG2ENJIIO|AORO2ENTIO0_OBACT
r|AORIGBFSHT|AORIGAFSHT _9BACI
r|AOR428MZE4 | A0OR428MZES OBACT
r|AORS1TBSNO |AOAS1TBONO _HALAR
r|AORIRIRME]|AORIRIRME] 9BACI
r|AORIH3V2M3|AOR1IH3V2M3_9BACI
r|AORS2652X]1 |A0RG2652X] OBACT
r|AORZN0Z5DT|AORZNO0Z5DT_9BACI
| RORROITODE |AORAOITODSE NIACI
r|AORTX2V5Z1|A0RTX2V5Z1_9BACI
| AOROM3RAND | A0ROM3RANO 9BACI
r|ROR3DEXE58 | ROR3DEXE5S_PRIMG
r|AORS0EU3TO|AORE0EUITY_PRIMG
r|AORRPER2B5|RORAPSR2B5_PRIAR
| AB0RRP3FQI4 | RORAPIFQI4 BACVA
plP84468|LSCI GEOSE
plP05655|LSC_BACSU
r|BONSW2|BONSW2_9FIRM

| AORGQ4DMY4 | AOROQ4DMY4 BACSC
r|AORSMBRY49|AORSMERY49 9BACI
r|A0ATZ1BES1|AORTZ1BES] OBACI
r|BEDVCE|BEDVCE_BACLI

| RORROOICTE | RORRO0TCT &_9BACT
r|AOROS9MCVT|RORO89MCVT_9BACL
r|AORG1ORYES |AORO19RYES OCLOT
r|AORIROXBDY|RORIROXBDY_9BACL
r|AORZZ2KTWT | AOR2Z2RTWT_9BACL
r|E6USE7|EEUSET_ETHHY
r|AORS1T7SIW0 | A0AS1TS1IW0_SBACL
r|RORISEMPEY|ROR1ISEMPEY CLOSA
| AO0R0OH3T026|A0R0H3T026_CLOPA
r|R4K9X0|R4RIX0_CLOPA
r|R4KEE1|RAREEL_CLOPA
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IADA163L 384 9BACI Levansucrase, Rossellomorea marisflavi
JADAAXN2EH3IB_9BACI Levansucrase, Terribacilius saccharophilus
IADAZ26BAGAG_9BACI GH 68 family protein, Terribacillus saccharophilus
IADAOB4GQGO_METID Levansucrase, Metfabacilius indicus
IADAGI2ZMEF7_ 9BACI GH 68 family protein, Metabacillus idriensis
IAODATHOC3I3 9BACI Levansucrase, Ficribacillus solisalsi
IADAINGY 262 9BACI Levansucrase, Domibacillus enclensis
IADAAQBNOOS_9BACI GH 68 family protein, Domibacillus sp.
IADAO26INTIO_9BACI GH 68 family protein, Aderabacilius arenae
IADAAQOICTO_9BACI GH 68 family protein, Bacillus hayvnesii
IADAO2652XK 1 9BACI GH68 family protein, Merabacillus arenae
IAODA1GREFSHT7_ _9BACI Levansucrase, 4 /fteribacillus bidegolensis
IADA42BEMZES4 9BACI GH 68 family protein, Salibacterium salarium
IADAQ1ITBO9IN0O_HAIL AA Levansucrase, Halobacillus andaensis
JACAIRIRME1_9BACI GH 68 family protein. Bacillus swezevi
IAODATH3IV2M3 9BACI Levansucrase, Evansella caseinilvtica
IADAZNOZ5D7_9BACI GH 68 family protein, Niallia nealsonii
ADAAQITOQDE INWNIACI GH 68 family protein, Niallia circulans
JADATX2VSZ1_9BACI GH 68 family protein. Merabacillus mmangrovi
IAODAOMIRANO_9BACI Levansucrase, Bacillus gobiensis
IADASDEX658_PRIMG GH 68 family protein, Priestia megareritum
IADAROOU3T9 PRIMG Levansucrase, Priesfia megarerium
IADAAPERK2BS5_PRIAR GH 68 family protein. Priestia arvabharrai
IAODAAPIFQT4 BACVA Levansucrase, Bacillus vallismortis

Po4468 | LSCI_GEOSE Inactive levansucrase, Geobacillus sftearothermophilus, sacB
[PO5655|L3SC_BACSU Levansucrase, Bacilius subrilis, sacB
BONSW2_9FIRM Levansucrase, Thomasclavelia ramosa
ADASQ4DMY 4 BACSC Levansucrase, Bacillus spizizenii
IADASMERY 49 9BACI GH 68 family protein, Bacillus swezeyvi
IADATZ1BO651_ _9BACI GH 68 family protein, Bacillus paralicheniformis
B6DVC6_BACLI Levansucrase, Bacillus iicheniformis
IADAAOQBNOOS5_9BACI GH 68 family protein, Domibacillus sp
IADAOBOMCVT7_ 9BACL Levansucrase, Paenibacillus graminis
IADAQIORYERE 9CLOT GH 68 family protein, Closridium polvendosporum
JADAIROXBDY9_9BACL GH 68 family protein., Paenibacilius odorifér
IAODAZ2Z2ETWT7_9BACL GH 68 family protein, Paenibacilliis donghaensis
EcUs67 _ETHHY GH 68 family protein, Ethanolicenens harbinense
IADAD1ITSIWO_9BACL GH 68 family protein, Sporeolactobacillus purtidus
JADA1SEMPG69_CLOSA Levansucrase, Closrridium saccharobunvilicum
IAOAOH3T026_CLOPA Levansucrase, Closiridium pastenurianiim

R4 9X0 CLOPA Levansucrase, Closrridinum pasteurianium

R4 861 CLOPA Levansucrase, Closmridinm pasteurianim

Figure 1 MSA of levansucrases and GH68 family glycoside hydrolase fructosyl transferases

3.2. MSA analysis of inulosucrases

Figure 2 shows the MSA of inulosucrases from different bacteria, (only the required regions for the discussions are
shown). These are also bifunctional enzymes like the levansucrases and exhibit two different activities, viz. hydrolytic
and transferase activities. The active site amino acids of hydrolytic and transferase domains are highlighted in yellow
and green, respectively. Like the levansucrases, the inulosucrases are also composed of the same catalytic triad. The N-
terminal is not conserved among them until it reaches the first catalytic site amino acid, D (nucleophile). The catalytic
triad is found in the completely conserved motifs, the nucleophilic amino acid D is found in -WDSW-. The proposed Glc-
binding motif is the conserved, -WSGSA- motif. In the other two highly conserved motifs, one harbours the acid-base
catalytic amino acid E, -EI/VER- and the other is the proposed Fru-binding motif, -M/LRDP/AH-, where the -RD- pair is
found invariant in all and shown to involve in catalysis by SDM. As found in the levansucrases, the catalytic triad in the
second transferase domain of inulosucrases is also highly conserved, viz. the basic amino acid, K/R for proton
abstraction, and a completely conserved fructose donor selection amino acid, R at -3, and a template-binding pair, -
MI//VLG- at -22 from the proton abstractor and usually exists as a conserved triad. Interestingly, the active site amino
acids in the transferase domain are the same as the nucleotidyl transferase domain found in the DNA/ RNA polymerases
[1-3]. Most of the inulosucrases’ active site amino acids are also confirmed by SDM experiments and X-ray
crystallographic data. For example, in Lactobacillus reuteri the catalytic triad is composed of D272, E523 and D424
(highlighted) and also confirmed by SDM analysis. The other three completely conserved residues, viz. W271, W340 and
R#23 (highlighted) are located at the -1 subsite. Inulosucrase mutants W34°—N and R%23—H were virtually inactive,
confirming the essential role played by these residues in the inulosucrase active site [29, 30].
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SYW17616. 1 TFDODWONSSYAYPEIDSSKVENLSAADMYDST PNVT TGEVDTQAVOLDVIDSHPLONAQ 270
FOD02545. 1 ARKIVNRDSSSQIPLFRGERIVNMPGLEKVKD---AE-—--TGEEATMDIWDSWPVQDPE 328
tr|Q7X481|Q7X481_LEUCI TKLAQKPDPKTT I PVFNASQINNLPAS- IFKD-——AQ——--TNKVERMDVWDSWALQDSK 363
X2078497. 1 ADKLAEVDPQYAT PYFKADQIQNLPAA-TAKD---GQ----TGKVANMDIWDSWPVQDPT 329
VTY24076.1 VASFLEQDSKIAVPYFRADTI INMPAF-NTVD---AQ----TMEREEIDVWDSWPVQDAE 288
VUWE83976. 1 VASFLEQDSKLAVPYFRADTI INMPAF-NTVD---AQ-—--TMEKEEIDVWDSWPVQDAE 288
VTY27523.1 VASFLEKQDSKLAVPYFKADTI INMPAF-NTVD--—AQ-—--TMKKEEIDVWDSWPVQDAK 295
VTY49811.1 AQTLIAQDERYAT PYFNAKATKNMKAA-TTRD---AQ-—--TGQIADLDVWDSWPVQDAK 254
CAH1856476.1 ADSLVDRDQRYAVPVFDAGKIENLPAA-YSRD---AQ-—--TGQYEHLDIWDSWPVONPQ 251
pdb | BXVQ| B ADTLIKQDGRYTVPFFRASEIKNMPAA-TTKD--—AQ-—--TNTIEPLDVWDSWPVQDVR 280
[vT67746. 1 ADTLIKQDGRYTVPFFRASEIKNMPAA-TTKD--~AQ——--TNTIEPLDVWDSWPVQDVR 280
tr|Q8GP32 | Q8GP32_LIMRT ADTLIKQDGRYTVPFFRKASEIKNMPAA-TTKD---AQ----TNTIEPLDVJSWPVODVR  280SDM
GFT19642.1 AKTLIEQDARYAT PFFNASKIKNMPAA-KTLD---AQ----SGKVEDLEIWDSWPVQDAR 280
ACZ67286.1 ARTLIEQDARYAVPFFNASKIKNMPAA-KTLD---AQ-—--TGRVEDLEIDSWPVODAR 274
- * - - * - .. - k.
SYW17616.1 DVDYTYGVNQDTASAWVGANPLVQDSNLSFHENQPVEAECSGSAVINSDNFTQLYYTEV 390
FOD02545.1 NDPSTGQSGSAMINADGSIQLEYTDYV 407
tr|Q7X481|Q7X481 LEUCT AKPESQENJJGSAVVNSDDSIQLEYTRV ~ 443SDM
XB078497.1 DRKT GLETFGDOEWSGSHYELDDGEIQLEYTHS 416
VTY24076.1 ALEDDQONSGSATVNSDGEIQLEY 367
VUWB3976. 1 ALEDDQGSGSATVNSDGEIQLEY 367
VTY27523.1 ALEDDQZWSGSHTVNSDGEIQLYYTKN 374
VTY49811.1 ETPLTQEWSGSATVNEDGSLQLEYTRV 333
CAH1856476. 1 ASPLSQESGSHTVNPDDEIQMEYTRV 330
pdb | 8XVQ |B STAVSQEWSGSAVINSDNSIQLEYTRV 359
[MVT67746.1 STAVSQEWSGSAVINSDNSIQLEYTRV 359
tr|Q8GP32|Q8GP32 LIMRT STAVSQHJSGSAVINSDNSIQLEYTRV — 359SDM
GFI19642.1 KV 358
BRCZEeT7286.1 KV 352
SYw17616.1 NEQIFDYESQ-EERNGE-—PQVLNGMRD £l 1VV-NGQRYLAFESTTLVDNG-—QGIVED 489
FOD02545. 1 FSQWONGTN-—-——---— SSVNNPQLRDAHIFRDSDGTYYTAFETATGDLGDEAESS-AH 502
£r|Q7x481|Q7xX481_LEUCT RDQLEP—————=————-—~— QADMFHLRDPREIELDDGERYLTFEANTGIYDE--ASD-QQ 530
[KA076497.1 FDQWAHNVTMFDGHREDFGEADNFAMRDPHI VRDSQGNRY LVFEASTGODDY-—QSE-DQ 530
vTY24076. 1 YPRFMDTFNDDENHDGT PORADNYCILRDEHI TED-RGSRYL I FESNTGDENY-—QGE-RQ 470
VUWE2976. 1 ¥PRFMDTFNDDENHDGI PDRADNYCILRDPHI TED-KGSRYLIFESNTGDENY-—QGE-EQ 470
vTy27523. 1 YPRFMSTFDDDENHDGNEORTDNYCILRDEH] TED-NGSRYL I FESNTGDENY-—QGE-FQ 477
vTy49811. 1 YQQWRSTFT——-——-—-—~ GADNIAMRDPH[IEDENGDRYLVFFASTGTENY--QGE-DQ 429
CAH1856476.1 YPQWRATNQ---——-—--~ GADNIALRDSHYVDDADGSRYLIFEGATGSONY-—QGE-HQ 424
pdb| 8XVQ| B YDQWRATNE——-——-—-—~ GADNIAMRDAH[ TEDDNGDRYLVFFASTGLENY--QGE-DQ 453
mvTe7746. 1 YDQWRATNE-————-———~ GADNIAMRDAHIEDDNGDRYLVFFASTGLENY--QGE-DQ 453
tr|Q8GP32|Q8GP32_LIMRT YDQWRATNE-—-——-—-—~— caDNTAVRHVIEDDNGDRYLVFEASTGLENY-—QGE-DQ  453SDM
GFI19642.1 YDQWRETNE———————-—~ GADNIAMRDAH| T DDDNGNRYLVFFASTGTENY--QGD-DQ 454
lBcze7286.1 YNQWRRTNE-—-——==-—~= GADNIAMRDAH[TDDRDGNRYLVFFASTGTENY-—QGA-DQ 448
. : &,k H . * * : &k *
Hydrolase Transferase
sYwi7616.1 E--—-NNNVT vvLHPITramMasTETERPST | veMnGHEYLEVATRV fiss 10D 562
FOD02545. 1 MSDPENPQVATDENGELVLYRPLVKTVLSGDEVEREDL | IRLNGKYYLFTDGRLTRATDTD 606
tr|Q7K481|Q7X481_LEUCT G-DYFNPILD---——--] RLYKPLIrAVGVTOETERANT | VEFNGHYYLETD AADN €26
XA078457.1 G-TENNPTVA---—-—-] EVYDPIIEAVMVSOEIERPDI | VEIGDIYYL TNDA 642
Vrv24076.1 D-NERNPSVA--————-] ELYTPLV|TSHMVTTEVERPSV | VEMGNHYYL TDRE 566
VUWE3976.1 D-NERNPSVA--————-] ELYTPLV|TSHMVTTEVERPSV | VEMGNHYYL TDRE 566
vrv27523.1 D-NERNPSVA--————-] ELYTPLV|TSHMVTTEVERPSV | VEMGGHYYLHIA TDAE 573
vTY49811.1 G-DRETEEVD-—————— QFYTIPLLESTMVSTELERENY | VRLGDRYYLHTA SNND 525
CAH1856476.1 D-QGRTPTVA-—————— QLYTPLI[TANMVSTETERPDY | VRIGGREYL SNDY 520
pdb| 8XVQ|B K-DERNPRVA-—————- ELYSPLIBAPMVSOEIERENY | VRLGNRYYL SNDD 549
MvTE7746.1 K-DERNPRVA-—————- ELYSPLIBAPMVSTEIERENY | VRLGNAYYL SNDD 549
tr|Q8GP32|Q8GP32_LIMRT K-DERNPRVA-—————- ELYSPLISAPMVSDEI[JRENY| VRLGNKYYLFAATRLNRGSNDD 549SDM
GFI19642.1 D-DVENPSVA EDV | VELGNRYYL SNDD 550
ACZE7286. 1 N-DIENPGVE EDV| VRLGNH SNDD 544
:": : . .
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=ywi7616.1 THH—————— usonefillrvansincrrFimEL e ToronsRT VST FRIEVERT €26
EoD02545. 1 LLAFANSTIGDNVAMLGEYS DRVDGGEVPLNGDGLYIGABVFASNRTATYSY Y WVVRINER 666
tr |Q7x401 | Q7x406]1 LEUCI SEMT R E DMEAND T EDSLEEDYE IWEVEGR 653
BOTEE5T.1 AWEREANDESV DR Y3EOLTEGEE VETRIT 702
WIT2407E. L GTVAVRGAVEDIWD Ty 8 DELRGRY VEVRAGE 626
VUWE3ISTE. L FIVAVEEAVED DN A DSLRGRY (=LK T ER B el
WIT2T523.1 GTVARRERV DDA V3 DSLRGRY 633
TTY45211.1 BWHNEANE W DN VEDOLTHG 83
CAHIASEATE .1 AWOFLANR VT GOINTAD TATDHLTDIEY S0
ol | VOB BWMNANTAVEON VAR VADSLTGIYE

WYTETT4E.1 AWMHAN YT BV INTA TATET TS YRR

tr |QEGF32 | QEEF32 LIMRT AWMHANY AV GONVAMY CY VADSLTGEYRFLNDEGVVLTASVFANNRTATYSYYAVFVAGE €09
SPI1%E42.1 AR T M ELRN S DAL 8 DML THE YL Eb‘.ﬂ"Fl—‘.Sv=L‘ﬂ'.‘R'r TYRVEVES €10
RCmETERE. ] AWMAANFAVG nwm\ﬁ*mrm THEY -Hq"ﬂc..nﬂwnwnw TYSEY 04

L |2 v & n &k =

SYW17616.1 putative Inulosucrase, Qerococcus oeni
[EODO02545.1 Inulosucrase InulJ, Lacrobacillus delbrueckii
Q7X481_LEUCI Inulosucrase, Leucornostoc citreum
IXAO78497.1 Inulosucrase. Lactiplantibacillus plantarum
IVTY24076.1 Inulosucrase, Streptococcus salivariis
[VUWS83976.1 Inulosucrase, Streprococcus thermophilus
IVTY27523.1 Inulosucrase, Streprococcus salivarius
IVTY49811.1 Inulosucrase, Streptococciis mutans
CAH1856476.1 Inulosucrase, Cormvivina intestini
BXVQ|B Chain B, Inulosucrase

[WWVT67746.1 Sequence 14 from patent US 11859216
Q8GP32_LIMRT Inulosucrase, Limosilactobacillus reutert
GF119642.1 Inulosucrase, Lactobacillus johnsonii
IACZ67286.1 Inulosucrase, Lacrobacillus gasseri

Figure 2 MSA of inulosucrases from different bacteria

3.3. ‘Mix and Match’ MSA analysis of levansucrases, inulosucrases and other Family GH68 fructosyl transferases

Figure 3 shows the ‘Mix and Match’ MSA of all the enzymes belonging to fructosyl transferases, viz. levansucrases,
inulosucrases and other GH68 family glycoside hydrolases, (only the required regions for the discussions are shown).
The active site amino acids of the hydrolytic and transferase domains from all three groups are highlighted in yellow
and green, respectively. The active and inactive transferase enzyme from B. subtilis and G. stereothermophilus is
highlighted in green and red, respectively. Strikingly, all three groups revealed high sequence similarities mostly at their
catalytic sites only. Furthermore, it is interesting to note that the enzyme from S. mutans, the organism which causes
dental caries in humans, synthesizes a $-(1—2)-linked fructan (inulin type), whereas the B. subtilis (a nonpathogenic
organism) produces a (3-(2—6)-linked polymer (levan type). As the hydrolytic site amino acids are the same, the
structural difference of the fructans may be correlated with the sequence difference(s) around the transferase catalytic
regions. For example, the comparison of the active site regions in levan and inulin synthetic enzymes show distinct
differences in their distance motifs between the proton donor and the proposed template-binding pair. In fact, a longer
distance motif between the proton abstractor and the template-binding pair is observed in inulosucrases of S. mutans,
(e.g), B. subtilis use, -SR-3GSK!MTIDGITSNDIYML15GY- and S. mutans use, -SR-
SLNH!GSNNDAWNKANEVVGDNVVMLZ21GY-). It is interesting to note that in S. mutans, the EPS of dental plaque contains
approximately 30% inulin, which protects the cells from antimicrobial materials present in saliva by forming biofilm
[31].

The inulosucrase sequences start from the light blue highlighted sequence. Interestingly, they are larger proteins, and
are almost double the size of the other two groups of transferases. There are big gaps in the N-terminal region and more
or less no conserved amino acids or regions (data not shown) are observed until it reaches the first highly conserved
tetrapeptide, -WDS/T/W/M-. This tetrapeptide harbours the invariant D, which acts as the catalytic nucleophile in the
hydrolytic reaction. Again, there are gaps in the alignment until it reaches the second highly conserved tetrapeptide, -
Q/D/EWSG/A- and is suggested to interact with the Glu unit of the sucrose molecule. This is followed by the next
conserved tetrapeptide is -MF/LRDP/A/S- which is highly conserved in all three groups suggesting its importance. This
tetrapeptide is suggested to interact with the Fru unit of the sucrose molecule. Substitution of Asp3%? by Asn in the -
FRD3%9P- motif of A. diazotrophicus levansucrase reduced the ket of the mutant enzyme 75-fold, indicating that Asp309
plays a major role in catalysis affecting the overall efficiency of sucrose hydrolysis. It is interesting to note that this
tetrapetide motif is conserved not only in the fructosyltransferases, but also in invertases, levanases, inulinases and
sucrose-6-phosphate hydrolases, suggesting a common functional role for this motif in these enzymes [32]. Yanase et
al. [33] found that the substitution of Asp1%4, located in the ~-FRD194P- motif of Z. mobilis levansucrase abolished sucrose
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hydrolysis, suggesting its importance in catalysis. Furthermore, they found that the His2%, in the transferase domain is
crucial for catalysis of the transfructosylation reaction -FT-3ISH29¢HSTYADGLSGPDGVY16GF-. Not much conservation is
observed until it reaches the next highly conserved tetrapeptide - QT/EI/VER-. The -ER- pair is completely conserved
in all and the invariant -E- is known to act as the acid/base catalyst in the hydrolytic reaction.

Immediately after the hydrolytic module, the transferase active site domain is placed (highlighted in green). It is
interesting to note that the transferase module is very similar to the nucleotidyl transferases module found in the
DNA/RNA polymerases and composed of a similar catalytic triad, viz. a proton abstractor (usually a basic amino acid in
all DNA/RNA polymerases and is conserved in the fructosyl transferases also) and a donor selection amino acid R at -3
to -4 from the proton abstractor and a template-binding pair -L/I/GY or -YG- (a highly conserved -YG- pair is shown as
the template-binding pair in most of the DNA/RNA polymerases (Table 2). Interestingly, in all these group of fructosyl
transferases a highly conserved template-binding triad, rather than a pair, is observed. The levansucrase from G.
stearothermophilus, is reported to be inactive. The main difference between the active (from B. subtilis) and the inactive
(from G. stearothermophilus) levansucrases is the proton abstractor, where the K is replaced by Q, respectively (marked
in red). As the Q does not act as a proton abstractor in transferases, the enzyme could be inactive which is further
confirmed by MSA analysis and SDM data. Interestingly, the same highly conserved amino acids at the catalytic sites of
the two different transferases, viz. the fructosyl and nucleotidyl transferases suggest common evolutionary principles
in designing active sites for same type of reactions in living cells.

CLUSTAL O (1.2.4) ‘Mix and Match’ MSA of levan- and inulosucrases and other GH68 family glycoside hydrolase fructosyl

transferases.
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/fEnd of levan-, inulosucrases and family GH 68 fructosyl transferases
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NB: The SDM and X-ray crystallographic data are highlighted in dark blue and light blue in bold, respectively.

B2IFTE BENS Levansucrase. Beijjerinckia indica

DETHCE HALIB Levansucraze, Halalfalicoccis jeatgali
JADADMIEEKLUG ERWAE lev mmsucrase. Ewinia nu.llr.f:.n'c.lr'f:
B2VOC3_ERWTY levansuorase, Fraimin fasmvrniensis

SYWI1T616.1 putative Inulosucrase, Oenococcis oent
ADANGILIRA_9BACT Levansucrase, Rosvello moren marisfovi
A0AANZFHIE 9BACT Levansucrase, Tervibacillng saccharaphilus
A0AZGEAGAS YBACTGHOE family protein, Termbactllus sacehavaphilus
IADADRSGOGI_METID Levansucrase, Mefabacillus indicus
IAOAGIZMET T 9BACT GH6E family protein. Merabacillie iaviensis
ADATHOCITI _9BACT Levansucrase, Fiofibacilis solivalsi
AOAINGYZe2 9BACI Levansucrase, Domibacillus enclensis
ADAADENONS_SBACT GHAE family proteim, Demibacillie sp.
IADAOZGINTI0_ 9B ACT GHGS family protein. Metabaciliiz arenae
JADATGEFSHT 9BACI Levansucrase. 4 revibacillie Bidgolensis
IADAAZEMIEA_9BACT GHAE family protein, Saliboe terium solarium
AGASITHRING HATLAA Levansucrase. Halo baciliis andaensiz
ADATRIRME]_9BACT GHAS family pratein, Bacillis swezeyi
IAODATHIVIMI SBACI Levansucrase. Evemsella caseinilviica
ADADZESIN] 9BACT GHEE family protein. Metabacillus arenoe
IADAINOZSDT 9BACT GHOE family protein, Maliia nealsonii
ADAATTTODE NIACI GHGE [y profemn, Niellio civetdoas
IADATIIWVEZ] 9BACT GHGE family protein, Merabacillus meamgrovi
IADAIMIBAND 9BACT Levansucrase, Bacilius gobiensis
ADABOGLI3TS PRIMG Levansucrase, Priestio megaierinm
A0AAPSE2ES PRIAR GHGE family protein, Priesfio arvabiattai
ADAIDEXG5E PRIMG GHA6E family protein, Friesfio (Bacillus) megateriim
DEDCOT_PRIMI Levansucrase, Priestia (Bacillus) megaterivm
IADAAPIFQIA BACVA Levansucrase, Soacillus vedlisimortis

5655L5C BACSU Levansucrase, Bocillts subfilis. sach
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BONSW2_9FIRM Levansucrase, Thomasclavelio ramesa
IADAOCMDMY 4 BACSC Levansucrase, Bacilius spizizenii

JADASMERY 49 _9BACI GHA6E family protein, Bacillis swezeyi
BSDVCE BACLI Levansucrase, Bacillus licheniformis

IADAADDTICTS OBACT GHOE familv protein. Bacillns hamesii
ADADRIMOVT_9RACT Levansucorase, Paenibacillis gramins
IAOADIORYES CLOT GHes family protein, Closividhum polvendosporiom
A0ATRIXBDY 9BACL GHeE family protein. Poenibaciilus odorfer
W0AZZIETWT_SBACL GHGE family protein, Paenibacillis donghoersis
EaUs67 ETHHY GHAE family protein, Erhaaligenens harlinense
IADADTITSIWO 9BACL GHG6E family protein. Sparolactobaciiins putias
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Figure 3 ‘Mix and Match’ MSA of all three groups of fructosyl transferases: levansucrases, inulosucrases and GH68
family glycoside hydrolases from Gram-positive and Gram-negative bacteria

4. Analyses of active site amino acids in the hydrolytic and transferase domains

The amino acids in the hydrolytic and transferase active sites are confirmed by SDM experiments, X-ray crystallographic
and MSA analyses. All three groups, viz. the levansucrases, inulosucrases and other GH68 family of glycoside hydrolases
invariably use three highly conserved amino acids in their active sites, as catalytic triad, for hydrolysis of sucrose
molecule and another catalytic triad for subsequent fructosyl transferase activity.

4.1. Catalytic site amino acids in the hydrolase domain of levansucrases and inulosucrases

As discussed elsewhere, the hydrolytic domain’s catalytic triad consists of two invariant Ds and an E in all three groups
of enzymes. B. subtilis levansucrase (SacB) uses D86, D247 and E342 as the catalytic triad and they are shown to act as the
nucleophile, transition-state stabilizer and the general acid-base catalyst (proton donor), respectively. On modification
of the above amino acids to Ala by SDM, the enzyme lost its activity and thus, confirming their direct involvement in
catalysis [18].

In the same way, the levansucrases from L. reuteri uses D249, D404 and E593 as the catalytic triad in its hydrolytic domain.
On modification of the above amino acids to their amide forms, viz. D24°-N, D404=N and E5%3—-Q by SDM, about 10,000-
fold reduction in sucrose hydrolytic activity was observed and thus, confirming their role on hydrolysis of sucrose
molecule [34].

In B. megaterium levansucrase, the residues Asp?s, Asp257 and Glu352 are proposed to form the catalytic triad. After the
substitution of Ala to the proposed catalytic residues by SDM (Asp?5—A, Asp?57—A, Glu352—A), it was found that the
enzyme had lost its activity [35] and thus, confirming their direct involvement in the sucrose hydrolysis. Interestingly,
the variants R256—A and E350—A were also nearly inactive.

Polsinelli et al. [36] have determined the 3D structure of a levansucrase from Erwinia tasmaniensis and found the
catalytic triad involved in catalysis are, Asp*6, Asp203, and Glu287.

1824



World Journal of Advanced Research and Reviews, 2025, 28(03), 1810-1835

Not only the levansucrases, but also the inulosucrases also use the same active site amino acids in their hydrolytic
domain. Ozimek et al. [34] proposed that the inulosucrase of L. reuteri might use D272, D424 and E523 in the catalytic site
of its hydrolytic module. This was further confirmed by SDM experiments. For example, the substitution of Ala to the
proposed catalytic residues (Asp272—A4A, Asp*24—A, Glu523—-A), led to the loss of enzyme activity.

Pijning et al. [37] found that the three putative catalytic residues (D272, D425, and E>24) in an inulosucrase from
Lactobacillus johnsonii. These three amino acids superposed almost perfectly with those of B. subtilis SacB and thus,
confirming both the enzymes use the same amino acids at the active sites of their hydrolytic domains. Furthermore,
they found that D272—N, a nucleophilic mutant of the enzyme, exhibited only a very low residual activity and the mutant/
native enzyme activity ratio was about 8x10-.

The crystal structure of an inulosucrase from a halophilic archaeal strain, Halalkalicoccus jeotgali, also exhibited the
same pattern of amino acids at their hydrolytic domain. The catalytic triad is found to be composed of resides D47, D197,
and E268 [38]. Furthermore, the 3D structure of the halophilic enzyme resembled closely to other fructansucrase
structures.

The crystal structure of a fructosyl transferase from the fungus, Aspergillus japonicus, has shown that the amino acids
in the catalytic triad are, Asp®, Asp?9}, and Glu2°2 and these three act as nucleophile, transition-state stabilizer, and
general acid/base catalyst, respectively in the fungal enzyme and further suggested that they also governed the binding
of the terminal fructose at the -1 subsite for the catalytic reaction. The active site amino acids in the fungal enzyme were
further confirmed by SDM analysis. It was found that the mutants D60—A, D191—>A, and E292-A completely lost their
activity [27].

MSA analysis has also confirmed that these three completely conserved amino acids constitute the catalytic triad in the
hydrolytic site of all these fructosyl transferases (Fig. 3).

4.2. Catalytic site amino acids in the transferase domain of levansucarses and inulosucrase

The catalytic site amino acids in the transferase active site are arrived at from SDM experiments, X-ray crystallographic
data and MSA analysis. As already discussed elsewhere, the fructosyl transferase from G. stearothermophilus was found
to be inactive due to replacement of a K363 to Q363 in the proposed transferase domain. The importance of this highly
conserved basic amino acid in this domain was further confirmed from analysis of hundreds of fructosyl transferase
sequences from levansucrases, inulosucrases and other GH68 family glycoside hydrolase enzymes from a large number
of organisms (Fig. 3). Itis interesting to note that it has been shown a positively charged amino acid, viz. K/R/H is crucial
for the functioning of nucleotidyl transferase catalytic reactions in DNA/RNA polymerases [1-3] where it initiates the
catalytic reaction by abstraction of a proton from the substrate. Furthermore, in both the types of transferases, an
invariant R at -3 or -4 from the proton abstractor (Tables 1 and 2) acts in the donor selection. The involvement of a basic
amino acid as the proton abstractor and an R at -3 or -4 from the proton abstractor as nucleotide/fructose donor
selection amino acid are further confirmed by SDM experiments, MSA analysis, and also from X-ray crystallographic
data. The third template-binding pair (L/1/V/YG) in fructosyl transferases is suggested based on the sequence similarity
from a large number of nucleotidyl transferases (DNA/RNA polymerases) (Tables 1 and 2 [1-3].

The above conclusions are further substantiated by SDM experiments on large number of fructosyl and nucleotidyl
transferases. Meng and Fiitterer [18] found that SDM studies on the levansucrase of B. subtilis SacB revealed that
modifications of the residues N242, K363, and Y237 (numbering of B. subtilis levansucrase), which are located on the surface
of the catalytic cavity affect the enzyme catalytic efficiency, transfructosylation, and hydrolysis ratio by interrupting the
polymerization process. Therefore, they suggested that these residues could control the chain lengths of levans.
However, they concluded that the interactions mediated by these residues had not yet been identified, and the existence
of additional external acceptor-binding subsites, acting as structural determinants in the elongation of levans had not
yet been clarified. Furthermore, in chain A, the interactions might resemble an acceptor anchoring state, with R3¢0 and
K363 maintaining direct contact with fructosyl-2 of the ligand, while Y411 might coordinate a water-mediated contact.
Therefore, it is clear that these two residues, R360 and K363 play an important role in the transferase active site, which is
also further supported by the present MSA analysis.

Further SDM experiments have conclusively proved that these two amino acids in the transferase catalytic site play a
crucial role in levan synthesis. For example, the B. megaterium levansucrase SacB variants, viz. Y247—-A, Y247-W, N2525A,
D257 A, and K373—A revealed novel surface motifs remote from the sucrose-binding site with distinct influence on the
polysaccharide product spectrum. Consistent with the eliminated polysaccharide synthesis, the K373—-A mutant showed
an increased hydrolytic activity of almost 33%. Furthermore, the five structures of the SacB variants (Y247->A, Y247>W,
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N252-A, D257—A, and K373—A) obtained at resolutions between 2.0 and 1.75 A supported a surface-modulated
transfructosylation mechanism [39]. It is interesting to note that the D257 is in the highly conserved -LRD?257P- motif of
Fru-binding site and the others are in its vicinity and the K373 is implicated as the proton abstractor in the transferase
active site. Homann et al. [35] also found that the R370 at -3 from the proton abstractor is crucial in the levansucrase of
B. megaterium for the transferase activity. Furthermore, they found that the residues R370 and N252 seem to be crucial
for polyfructan synthesis and are conserved in all levansucrases from Gram-positive bacteria.

Yanase et al. [33] found that the H29, the proposed proton abstractor in the transferase active site is crucial for catalysis
of the transfructosylation reaction in the levansucrase of Z. mobilis (Table 2).

Del Rio et al. [26] studied the transferase active site of an inulosucrase from L. citreum by SDM experiments. They found
that R¢18 is an invariant amino acid in all inulosucrases and is placed at -3 from the proton abstractor K¢2! and hence,
suggested it could play an important role in fructose donor selection. The transfructosylation activity and product
selectivity factor found in the R®18—K mutant was only 50% with an order of magnitude decrease, respectively.

The above SDM data and the MSA analysis confirm that the highly conserved K and the R (at -3) play important roles in
the transferase reactions in levan- and inulosucrases, where they act as proton abstractor and donor selection,
respectively.

5. Mechanism of Hydrolytic and Transferase Reactions in Fructosyl Transferases

5.1. Mechanism of action of the hydrolytic reaction

It is interesting to note that both the hydrolytic and transferase modules in all three groups of fructosyl transferases
invariably use catalytic triads for hydrolysis and transferase reactions. Furthermore, the sucrose-binding sites and the
hydrolytic and transferase reactions are virtually identical in all three groups of enzymes, confirming that they use a
fully conserved structural framework for the sucrose-binding, cleavage and transferase reactions. In bacteria, the
fructan synthesis is somewhat simpler as compared to plant systems, because only one enzyme with the bifunctional
property (exhibiting both hydrolytic and transferase activities) is involved. By SDM and mutational analyses, Chembert
and Petit-Glatron [40] found that the hydrolytic and transferase activities could be separated in levansucrases,
suggesting that they are two independent activities.

The hydrolytic domain is composed of a catalytic triad: a nucleophile (Asp), a general acid/base catalyst (Glu), and a
transition-state stabilizer (Asp). The hydrolytic reaction follows a double-displacement mechanism involving two steps,
(i.e.) i) protonation of the glycosidic oxygen and breaking the glycosidic linkage, and ii) a nucleophilic attack on the
anomeric carbon of the donor resulting in the formation of the fructosyl-enzyme intermediate. In the latter step, a water,
or a sucrose molecule or a fructan serves as an acceptor resulting in the hydrolysis or transfer of the fructose to the
acceptor molecule, where the acceptor is elongated by one fructosyl unit, respectively. The reaction occurs with an
overall retention of the anomeric configuration of the fructosyl residue.
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The amino acids in the catalytic triad involved in the hydrolysis of the sucrose molecule are; Asp86, Glu342 and Asp?*’ (they act as nucleophile, proton
donor and transition state stabilizer, respectively) [18]. The nucleophilic amino acid pair, ‘Trp-Asp’ and the catalytic acid-base amino acid pair ‘Glu-
Arg’, are conserved in all levansucrases. The highly conserved -E162WSGS- and -L24+°RDPH- motifs are involved in sucrose-binding and shown in
magenta.

Figure 4 A schematic diagramme showing the hydrolytic active site amino acids and its proposed mechanism of
action (numberings from the B. subtilis levansucrase, SacB)
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During the first step of the protonation reaction, the acid/base catalyst, Glu, donates a H* to the glyosidic bond resulting
in its cleavage, followed by a nucleophilic-electrophilic attack on the anomeric carbon of the fructose unit resulting in
the formation of a fructosyl-enzyme intermediate, where the C-2 of fructose forms a covalent bond with the nucleophilic
Asp residue [14, 13, 18, 25]. The fructosyl-enzyme intermediate formation is supported by kinetic analysis under
steady-state conditions and was also successfully isolated and studied by Chambert and Treboul [41], where they found
that the B-carboxyl group of the Asp formed a covalent bond with the fructose (Fig. 4). The second Asp acts as a
transition-state stabilizer in both steps, and it is based on the observation that it forms strong hydrogen bonds with the
C3 and C4 hydroxyls of the fructosyl unit [34] (Fig. 4).

5.2. Mechanism of action of the fructosyl transferase reaction

A second, separate module of the same enzyme accomplishes the fructosyl transferase reaction [40]. The synthesis of
fructans starts with a transfructosylation reaction in which the hydrolyzed sucrose molecules in the first step provide
the fructosyl donors in which a molecule of sucrose acts as the initial acceptor of the fructosyl units. The transfer of a
fructose unit to the acceptor sucrose molecule can occur via 01 to form 1-kestotriose, (the basic unit for the formation
of B-(2—1)-linked inulin) or via 06 to form 6-kestotriose, (the basic unit for the formation of 3-(2—6)-linked levan (Fig.
5). The transferase module is also composed of a catalytic triad where a basic amino acid acts as a proton abstractor, a
hydrophobic/aromatic amino acid (found downstream to the catalytic proton abstractor) forms the template-binding
pair and again a basic amino acid (found upstream to the catalytic proton abstractor) involves in the donor sugar
selection. The proposed fructosyl transferase reaction is very similar to the well-established nucleotidyl transferase
reaction [1] as discussed elsewhere. In B. subtilis SacB enzyme, the catalytic K abstracts a proton from the donor fructose
in the first step, leading to a nucleophilic-electrophilic attack between the incoming fructose unit and the acceptor
sucrose molecule and thus, establishing a glycosidic bond between the donor and the acceptor in the second step. By
the same mechanism, the fructosyl units are added sequentially to the growing chain forming a levan polymer. The
initial linkage on the kestotriose, either B-(2—6) or B-(2—1) decides the formation of a levan or an inulin polymer,
essentially using the same mechanism, but accomplished by two different enzymes, viz. the levansucrases or the
inulosucrases, respectively (Fig. 5). For sucrose at concentrations of >100 mM, fructosyl transferases exhibit almost an
exclusive transfructosylation activity [27].
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The hydrolytic domain’s Fru-binding active site amino acids are in magenta and the transferase domain’s active site amino acids are in green. The
active site amino acids in the transferase active site domain are: Arg36?, Lys363 and -Leu37’GY- (for incoming fructose- selection, proton abstraction
and template-binding, respectively).

Figure 5 A schematic diagramme showing the transferase active site and its proposed mechanism action (numbering
from the B. subtilis levansucrase, SacB)
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Like the nucleotidyl transferases (RNA/DNA polymerases), the fructosyl transferases are also multifunctional enzymes
and possess two active site domains, one for sucrose hydrolysis (Fig. 1) and the other one for fructosyl transfer, i.e., in
the first step, the sucrose molecules are hydrolyzed and in the second step a fructose unit is added to an acceptor
sucrose molecule to form a trisaccharide, either 6- or 1-kestotriose (depending on the enzyme type) which is followed
by sequential additions of fructose units resulting in levan or inulin polymer, respectively (Fig. 2) [37].

6. Structure and Mechanism of Action of Nucleotidyl Transferases

The nucleotidyl transferases also belong to the Main class, ‘Transferases’, like the fructosyl transferases, but these
enzymes involve in the sequential addition of nucleoside triphosphates (NTPs) or deoxynucleoside triphosphates
(dNTPs) to synthesize an RNA or a DNA molecule, respectively. DNA polymerases make sequential addition of dNTPs to
the 3-OH of a primer on a template, whereas the RNA polymerases make sequential addition of NTPs on a template.
Thus, both the polymerases belong to the subclass, nucleotidyl transferases. The properties and mechanisms of action
of these crucial catalysts of life are already analyzed in detail and reported by this author [1-3].

DNA polymerases catalyze the polymerization of a new strand of DNA on a given template DNA, using a primer molecule.
Except for viruses, there are always more than one enzyme in a living cell. For example, at least three different
polymerases have been identified even in the simplest prokaryotes. There are at least five different DNA polymerases
reported from E. coli and they are named DNA polymerases |, 1], III, IV and V. The DNA polymerases, which undertake
replication, are known as replicases. The E. coli DNA polymerase I is used as an example to explain the mechanism of
action here. It was the first enzyme to be discovered and is encoded by polA gene. It is a single-subunit enzyme with a
molecular mass of 103 kDa (928 amino acids). The main functions of this polymerase are: i) removal of the RNA primer
after genome replication and subsequent filling of the gap arising due to such removal, ii) DNA repair and iii) removal
of TT dimers in UV irradiated cells. Thus, it is a multifunctional enzyme and exhibits three different activities, viz. 5'—>3'
DNA polymerase activity, 3'>5" exonuclease activity (proofreading function) and 5'—3"' exonuclease activity (DNA
repair function). There are ~ 400 copies of the enzyme per cell.

6.1. Mechanism of Nucleotidyl Transferases

6.1.1. Dynamics of DNA polymerization

DNA polymerases synthesize a new strand of DNA on a given template using a primer and the four dNTPs (Fig. 6). They
add nucleotides one at a time to the 3'-OH end of the primer as shown and thus, the new strand grows from 5'—3". The
overall reaction catalyzed by DNA polymerases can be written as,

DNA polymerase
Template + Primer,—3'-OH + dNTP » (Primer)n+1—3'-OH + PP;
Pyrophosbhatase
2 Pi+ Energy
Template 3! '
rrrerrerrerrrrrrrrrrrrrrrrrrrrrrrrrrrl
Primer 5' LI Lt |3'-OH
Pyrophosphatase
2xPi + Energy

NB: PPj, Inorganic pyrophosphate; Pi, Inorganic phosphate
The high-energy inorganic pyrophosphate is hydrolyzed immediately by the enzyme pyrophosphatase into two molecules of inorganic phosphate
resulting in release of energy, which is utilized for the polymerization reaction. Such coupling of reactions drives the polymerization process only in
the forward direction, i.e., the polymerized nucleotides cannot be depolymerized.

Figure 6 A schematic diagramme showing the overall reaction of DNA polymerases
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As discussed elsewhere, the DNA and RNA synthesis in cells are accomplished by the nucleotidyl transferases where
they use either dNTPs or NTPs, respectively. A great deal of information is available on these enzymes from a large
number of sources. X-ray crystallographic structures of a large number of polymerases from both prokaryotes and
eukaryotes are available. Although they exhibit significant differences in their primary structures (probably due to
divergent evolution), their crystal structures are remarkably the same in overall shape. For example, in general, all DNA
polymerases, irrespective of their source, have a common protein fold that resembles the shape of a half-opened "right
hand" and the polymerase domain exhibits three distinct subdomains, “thumb”, “palm” and “fingers” with analogous
functions in all organisms [42]. The mechanism of action of E. coli DNA polymerase I is shown in Fig. 7 [1]
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Watson-Crick base pairing of incoming dNTP to the template at the active site; Electronic transitions at the active site for proton abstraction and an
electrophilic-nucleophilic attack; Proton abstraction by the active site amino acid Lys followed by an electrophilic-nucleophilic attack resulting in
the formation of 3’>5’ phosphodiester bond with the concomitant release of pyrophosphate; Transfer of the proton abstracted by the Lys to the
pyrophosphate resulting in the formation of inorganic pyrophosphate. The high-energy bond in the inorganic pyrophosphate is hydrolyzed
immediately by the enzyme pyrophosphatase (usually associated with enzyme) and the energy released is utilized by the DNA polymerase to move
(translocate) to the next nucleotide, already positioned on the template. As the PPi is removed constantly from the reaction, the polymerization
reaction is always unidirectional.

Figure 7 A schematic diagramme showing the steps involved in the polymerization of nucleotidyl transferases
(numberings from the E. coli DNA polymerase I)
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7. Comparative analysis of the active site amino acid domains from the two different transferases

The substrates for the two different transferases, viz. the ribose and fructose have an important similarity in structure,
in that, both have a five-membered furanose ring system, suggesting the same active site amino acids could be used for
polymerization reactions. This is exemplified in the following two tables. Table 1 shows the highly conserved catalytic
amino acids from a large number of DNA/RNA polymerases like, single subunit (SSU) and multisubunit (MSU) DNA
polymerases, RNA polymerases, RNA transcriptases from viruses to humans. Irrespective of the source and type of the
polymerase, these enzymes use a catalytic triad which consists of a proton abstractor (a basic amino acid, K/R), a
template-binding pair located downstream to the proton abstractor (usually an -YG- pair) and a nucleotide selection
amino acid (usually a basic amino acid, R, or in some cases a Q or N is also found) at about -4 from the proton abstractor.

Table 1 Conservation of catalytic domain(s) in viral, prokaryotic and eukaryotic RNA/DNA polymerases
(Proposed and Confirmed)

Bolymerase Type Polymerase Catalytic Region
1. BACTERIOPHAGES

SSU RNA Polymerases
SSU DNA-dep RNAPs

T7 Viral SSU RNA pol SOWLAY EGVTRASVTI®'RSVMTLANPGS-
SP6 Viral SSU RNA pol SAWDSIEGITRASLTK'KPVMTLPY °GS-

T3 Viral SSU RNA pol WLAY-EGVTRSVTK'RSVMTLAY?GS 542
BPK11 Viral SSU RNA pol WLAYEGVTRAKVTKIRSVMTLAY 3G S534-

2. HUMAN VIRUSES

(+) Strand RNA Viruses (SARS-Coronaviruses)
RNA-dep RNAPs (NSP12)

SARS-CoV-1 STMTNRPQ*FHQK'LLKSIAATRGATVVIGTSKFYZGG97_
SARS-CoV-2 STMTNRSQ*FHQKILLKSIAATRGATVVIGTSKFRG G-
MERS-CoV STMTNRSQ4YHQKIMLKSMAATRGATCVIGTTKF Y 2GG5%8-

{-) Strand. Segmented RNA Viruses
PB1 Catalytic Subunits of the RNA-dep RNAPs

Human influenza A virus ATTMSKKKSYINRITGTFEFTSFFYRY 14GFV-
Human influenza B virus SURTKRN-SRSILNITDQRMNMILEEQCY MAKC-
Human influenza C virus - RRFN4AVCKILIGINMSLEKSY13GSL

(3} Strand, Non-segmented RNA Virus

BRNA-dep RNAPs

Human Respiratory Syncytial Vius 2¥ICLN*TLNK'SLGLRCGFNNVILTQLFLY'®GD- (catalytic core 1)
-50QVQASILAEKTMIAENILQFFPESLTRY77GD- (catalytic core 2)

3. PROKARYOTIC AND EUKARYOTIC MSU DNA _dependent RNAPS (mRNAs)
a) MSU RNAP Family (Rpb2: Initiation subunits)

E. coliMSU RNAP B subunit SSTRERSAGFEVR'DVHPTHY2GRV5E-

S. cerevisiae MSU RMAP Il Rpb2 subunit SSFRSSLFFRISYMDQEKKY 19GM 5859
S. pombe MSU RMAP Il Rpb2 subunit SHFRSSIFYR'TYTDQEKKITPGMT853-

A thaliana MSU RNAP 1l Rpb2 subunit -89FRSYRPSDEEKK'MGTLVKEDF 19GRP&40-
Human MSU RMAP Il Rpb2 subunit SB0SFRSSVFYRISYKEQESKK19GF DQB835-

b)MSU RNAP Family (Rpb1: Elongation subunits)
E. coliMSU RNAP 3" subunit —333NS-DAVKVR1SWS(_Z__ED'I'DFGVC13AHC15Y17GRDLBB"—
S. cerevisiae MSU RMNAFPII Rpb1 subunit—55DPR'SLGSIDR1NLKCSQTCSQEGMNECSF’GHF‘QGHIB4—
P. pastoris MSU RNAPII Rpb1 subunit —55DPK'5LGSIDR‘NFKC’SQTCSGEGMAECEPGHF1QGHM34—
A. thaliana MSU RNAPII Rpb1 subunit -**DTR7LGTIDRK'VKC*ETC'MAN MAECL“PGHF”GYLBa—

Human MSU RMAPII Rpb1 subunit -“*DPREQGVIER'"TGRCQTCAGNMTEC*PGHF ""GHI®:-
4. ORGANELLAR SSU RNAPs (NEPs)

Mitochondrial RNA pol (5. cerevisiae) -TRAKVVKIQTVMTNV Y GV 1024

Mitochondrial RNA pol (A. thaliana) -QVDR-4KLVKIQTVMTSVY2 G V762~

Mitochondrial RNA pol (Nicotiana sylvestris) -QVDR=*KLVKIQTVMTSVY2G V722

Mitochondrial RNA pol (H. sapiens) -TRAKVVKIQTVMTVY Y2 G\ 1001

Chloroplast RNA pol (Oryza safiva, Japonica) -QVDR-4KLVKIQTVIMT SVY3G V73

Chloroplast RNA pol (A. thaliana) -QVDR-4KLVKIQTYMT SVYIGV77e-
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[ 1. HUMAN and ANIMAL DNA VIRUSES

DNA-dependent RNAPs
Smallpox RNA pol -SR*YPDR'DSMVCHRILTY"2GK?3%-
Monkeypox virus RNA pol -SR4YPDR'DSMVCHRILTY12GK384-
Cowpox virus RNA pol -SR*YPDR'DSMVCHRILTY"2GK?3%-

6. VIRAL DNA-dependent DNA Polymerases
DNA pol (T7 phage) 50NQ IAAELPTEEDN AIREETFIYGFLEBGAG
Human influenza A virus 2SETLARS4CEK'LEQSGLPV®GGN-#gRNA
Human influenza B virus 2ENLAKNYCEN'LEQSGLPV®GGN-#gRNA
Human influenza C virus -2BETVAQKACEKILKESGLPVGGN-#gRNA
Smallpox DNA pol TEKAIYDSMQ-4YTYK®®IIANSVY GLM-
Vaccinia DNA pol -SMSTEKAIYDSMQ4YTYKSSIVANSVY 8GLM-
Mpox DNA pol HSTEKAIYDSMQ4YTYREIVAN SVY B GLM-

7. PROKARYOTIC DNA-dependent DNA Polymerases
DNA pol | (E. coli) _7T4PLETVTSEQEER S AREEA N G L BG M S-
Tag DNA pol | (T. aguaticus) -850pREAVDPLMERRAARRTINFGVLY?GM-
Pfu DNA pol (P. furiosus) SATBLLDYRPQKAIK*8BLLANSFYSGYYGYAK-
DNA pol Il (E. coli)@ -BIAKRQGNKPLS#QALK*®IMNAFY GVL-
DMNA pol I MSU (Replicase, E. coli) -88SYPDVQWQHHESLKS™PVLEPTY&GII-

8. EUKARYOTIC DNA-dependent DNA Polymerases
Yeast a DNA pol (S. cerevisiae) “#3THKRVQCDIRQ“QALK**4 TANSMY “[ERERCL -
Yeast a DNA pol (A. thaliana) -0 KYWELDIRQ4QALK®3LTANSMYSGCL-
Animal a DMNA pol (H. sapiens) S¥DLILQYDIRQ“*KALK®LTANSMY®GCL-
Yeast £ DNA pol (S. cerevisiae) TIMIVLYDSLQALAHKE®VILNSFY G YV-
Plant € DMA pol (A. thaliana) TTIOMVVVYDSLQALAHK32CILNSFY 2 GY V-
Animal € DNA pol (H. sapiens) SEMEVLYDSLQ*LAHK®#CILNSFY GYV-
Yeast & DNA pol (S. cerevisiae) -828FKRDVLN GRQjLALK“”ISAN SVYEGFT-
Plant & DNA pol (A. thaliana) —STQLEKAxLDG RQALALKE*ISANSVYEGFT-

—

Animal & DMA pol (H. sapiens) -681LRRQ gLDG RQ‘_";ALKSQ"'\."SANSVYSGFT—

9. ORGANELLAR DNA-dependent DNA Polymerases
S. cerevisiae Mitochondrial DNA pol y THILGCSRANEAKTRIFNY GRIY2GAG-
A_ thaliana Mitochondrial DNA pol y (pol 1) ST2ERARKAK®TMLNFSIAY GK-
A thaliana Mitochondrial DNA pol y (pol 2) SSTAERARKAKETPMLNF SIAY *GK-
Human Mitochondrial DNA pol y STTTVGISRAEHAK*IFNYGRIY*GAG-
A thaliana Chloroplast DNA pol 1A -ST3E R-4R KAKESMLNF SIAY *GK-
A. thaliana Chloroplast DNA pol 1B -STER“RKAK®™?MLNFSIAY (GK-

Adapted from Palanivelu [1-3, 43, 44]
NEPs, Nuclear Encoded Pols; #gRNA. Genomic RNA (replicase type); Repl, Replicase. Pfu, Pyrococcus furiosus.

The confirmed active site amino acids (by SDM, X-ray crystallography and active site-directed inhibitors) are highlighted in dark blue. In E. coli pol I,
the replacement of K758 with Ala caused a 1,000-fold reduction in k. The Ala substitutions result in moderate to severe effects on the polymerase
activity of the individual mutant enzymes. Severe loss of activity is associated with R734—A, K758—A, F762—A, and Y766—A (highlighted in dark blue) in
the E. coli DNA pol L. Tyr 766 and Phe’’! are either involved in template-primer binding or are in the vicinity of the DNA-binding track. Residues
Arg754, Lys758, Phe’¢2, and Tyr76¢ appear to be required for the binding of Mg.dTTP, while only Arg75¢ and Lys758 are utilized in the polymerization of
Mn.dTTP [45 and references therein].

In Taq pol I, the invariants Ré5% and K¢63 in the active site were found to be immutable [45 references therein].

Table 2 shows the highly conserved catalytic amino acids in the hydrolytic and transferase active site domains of
fructosyl transferases, viz. levansucrases and inulosucrases. It is interesting to note, that the fructosyl transferases also
follow the same transferase active site amino acid pattern like the nucleotidyl transferases and their active site is also
composed of a similar catalytic triad, where a basic amino acid (K/R/H) acts as the proton abstractor, a -L/1/V/YG-
could act as the template-binding pair which is placed downstream to the proton abstractor and a donor (Fru) selection
amino acid usually an R which is placed at -3 from the proton abstractor. It is interesting to note that the G.
stearothermophilus enzyme is reported to be inactive where the regular basic amino acid K is replaced by a Q.
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Table 2 Proposed amino acids in the active site of hydrolytic and transferase domains of levan- and inulosucrases from
different organisms.

Inwertase module’s active site Transferase module's active site
Fru- transferase type Hucleophile GBEM  Proten FEM Fru selection/Proton abstractor
Donor Template-binding pair

1. Levansucrases

[Bacteria

|Baciius subiiis {PD5ESS) WDEW- -OWSG- -EIER LRDP- -ER*GEK'MTIDGITESNDIYML=GEYY.
Geohaclivs Searcthermophdus (PS4458) WDEW- -OWSG- -EIER LRDF. -ERGEEMTIDGITSNDIY ML YY
Fabbacfenuwm salarmum [AMM4ZEMZE4) WDTW- -OWSG- -EIER FRDOP- -AR*GEK'MTIDGIDDEDIYMLEGYY
|Bacilius megatenurm (ARAIDAEXE53) WDEW- -OWSG- -EIER LRDP- -ER*GEK'MTIDGIGODDVYMLGYW
IPacribaailus graminis (ARDEIMCNT) WDEW- -OWSG- -EIER LRDP- -ER*GEK'MTIDGIGANDVYMLEGEYV
Clostriciom rrrobulpfcem (ADAISEMPED)  WDEW.- -OWEG- -EIER LRDP- -ER*GEK'MTIDGIEDEDIYMLIGYY
Closfriciurm pastfeurtanom (RAKBE1) WDEW- -OWSS- -EIER LRODF. -ER*GEK'MTIDGIGHNEKOVYMLEGFT
Giluconacetobaster diazrofrophicrs WDTW- -EWSG- -QTER FROFP FTAHSH'RTTFAAGVEZPDGWY G
|Beyjennciia indica WDTW- -EWSG- -QTER FRDP FTASH'RTTYAAGVDGPDEVY BGFV
Erwinia amplowara WDTM: -EWAS- -QTER FRDF FTHEH'KY TFADNLTGP DGV Y ' GFY
Erwinia lasrmaniensis WDOTM: -EWAG- -OQTER FRDF FT HEH'KY TFADMLTGP DGV Y "SGR
Zyrmornanas sotaiis WDTW- -EWAG- -QTER FRD® FTASHHETYADGL EGPDGVY SGFV

2. Inulosucrases

la) Eubacterial lnulosucrases

ILacfabsolus deibriecky (EDDDES45.1) WDEW- -OWSE- -EVEH- -LRDA- -GRALTR'ATDTDLLAKAMNS TIGDNVAMLEGEY-
Fireplococcys sekvanus (WTY24006.1) WDEW- -OWSE- -EVEH- -LRDP- -BRHISK'STDAEGTWVAVEGAVGDDVVMLEAGF V-
Fireplococcys malans (WTY49511.1) WDEW- -OWEBE- -ELER- -MRDP- -ERPLNH'GENNDAWNKANEYYGDOMNYYMLEEEY Y-
Canwang irlesine (CAHTBOE4FE 1) WDEW- -OWSGE- -EIEH- -LRDS- -TRYLMNR'GEMDYAWDOKANEYIEDNVAMIESEY Y-
ILimeazigcoban lus reulen (QBEGH32) WDEW- -OWEG- -EIEH- -MRDA- -TRYLMNR'GENDOCAWRMNAM YAV GOMVAMYEEY Y-
Fireplococcys tharmmophius (ACZEFZEE.1) WDEW- -OWEG- -EIER- -MRDA- -TRYLMR'GEMNDOAWMAANKAY GOMNVAMIEEE Y-

b) HaloArchea Inulosucrases

Halofera gibbonsii -WDTW- -QWAGS--ELER- -FRDP- -FV-SSH'VHTFAPGLTGYDALY "*GFV-
Natronococcus amylolyticus -WDTW- -QWAGS--ELER- -FRDP- -FL-*SSH'EHTFAEGLEGYDALY 8GFV-
Halalalkalicoccus jeotgali -WDTW- -QWAGS--ELER- -FRDP- -FV-SSH'DHTFAPGLEGPDGLY #GFV-
Halomicrobium sp. -WDTW- -TWAGS--ELER- -FRDP- -FV- SSH'DHTFAPGLDGYDALY ®GFV-
Haloarcula sp -WDTW- -QWAGS--ELER- -FRDP-  -FISSSHILHTFAPGLEGFDALY6GFV-
Halorubrum saccharovorum -WDTW- -QWAGS--ELER- -FRDP- -FV-3CSH'WHTFAPGVTGPDGLY "8GFV-

NB: GBM, Glucose-binding motif; FBM, Fructose-binding motif.

8. Conclusion

The data presented here reveal that the enzyme active sites are designed not at random, but based on the chemical basis
of a particular reaction. Therefore, it is imperative that each enzyme active site is designed based on the molecular
interactions between specific amino acids at its active site and its corresponding substrate. The present data also
confirm that not only the same active site amino acids are employed for the same type of reactions, but are also
conserved and adapted from viruses, bacteria, plants to humans during the long evolutionary process. It is likely that
the transferase domain of fructosyl transferases harbouring a similar active site amino acid structure as the nucleotidyl
transferases might have been acquired from them during the evolutionary process. After tight binding of an enzyme to
its substrate, the movements of the subatomic particles, viz. the proton and electron flow, could take place
spontaneously between the active site and substrate molecule, effecting transformation in the substrate. A deeper
understanding of the evolution of active sites of enzymes could play an important role in enzyme engineering to design
novel enzymes for degrading recalcitrant substrates and also in drug development.
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