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Abstract: The a-amylase enzyme specificity has been classified in the Carbohydrate-Active enZyme (CAZy) database
into the families GH13, GH57, GH119 and eventually also GH126. a-Amylase is a glycoside hydrolase (GH) that catalyses
in an endo-fashion the hydrolysis of the a-1,4-glucosidic linkages in starch and related a-glucans employing the retaining
reaction mechanism. The family GH13 is the main a-amylase family with more than 28,000 members and 30 different
specificities. The entire family GH13 has already been divided into 40 subfamilies; the a-amylase enzyme specificity being
found in the subfamilies GH13_1, 5, 6, 7, 15, 19, 24, 27, 28, 32, 36 and 37. The present in silico study delivers a proposal
to create a novel GH13 subfamily with the specificity of a-amylase. The proposal is based on a detailed bioinformatics
analysis consisting of sequence, structural and evolutionary comparison of experimentally characterized a-amylases from,
e.g., Bacillus aquimaris, Anozybacillus sp. SK3-4 and DT3-1 and Geobacillus thermoleovorans, and hypothetical proteins,
accompanied by a-amylases from well-established GH13 subfamilies and by closely related amylolytic enzymes (mainly from
the subfamily GH13_31). Three sequence-structural features can be ascribed to the members of the newly proposed GH13
subfamily: (i) the pair of adjacent tryptophan residues positioned between the CSR-V and CSR-II in the helix a3 of the
catalytic TIM-barrel; (ii) the sequence LPDIx in their CSR-V; and (iii) a ~30-residue long C-terminal region with a motif of
five conserved aromatic residues. From the evolutionary point of view, the novel GH13 a-amylase subfamily is most closely
related to fungal and yeast a-amylases classified in the subfamily GH13_1.

Key words: a-amylase; family GH13; GH13 subfamilies; unique sequence features; conserved sequence regions; a pair of
adjacent tryptophans; evolutionary relatedness.

Abbreviations: BaqA, Bacillus aquimaris a-amylase; CAZy, Carbohydrate-Active enZymes; CSR, conserved sequence
region; GH, glycoside hydrolase; PDB, Protein Data Bank.

Introduction

a-Amylase (EC 3.2.1.1) is an endo-type glycoside hy-
drolase (GH) catalysing with the retaining mechanism
the hydrolysis of the a-1,4-glucosidic linkages in starch
and related a-glucans (Janecek et al. 2014). Although
this enzyme specificity is generally widespread in na-
ture, individual c-amylases produced by various bac-
terial, archaeal and eukaryotic organisms may differ
from each other by their exact substrate preference and
product specificity (Svensson 1994; Leveque et al. 2000;
Stanley et al. 2005; Kelly et al. 2009; van Zyl et al. 2012;
Sharma & Satyanarayana 2013; Li et al. 2014).
Within the sequence-based classification of all GHs
(Henrissat 1991) incorporated in the Carbohydrate-

Active enZymes (CAZy) database (Cantarel et al.
2009), the a-amylase specificity is present in families
GH13, GH57, GH119 and, conditionally, also GH126
(Janecek et al. 2014; Lombard et al. 2014). The fam-
ily GH13 has been considered to be the main -
amylase family (more than 28,000 members and 30
different specificities), representing, in fact, the clan
GH-H formed by families GH70 and GH77 in addi-
tion to GH13 (Kuriki & Imanaka 1999; MacGregor
et al. 2001; van der Maarel et al. 2002). The fam-
ily GH57 has been known as the second and smaller
a-amylase family (more than 1,400 members and less
than 10 specificities) (Zona et al. 2004; Palomo et al.
2011; Blesak & Janecek 2012, 2013; Park et al. 2014) re-
cently shown as closely related with the very small fam-
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ily GH119 (Janecek & Kuchtova 2012) counting only
12 sequences with one member characterized as an a-
amylase (Watanabe et al. 2006; Lombard et al. 2014).
With regard to the family GH126, its member charac-
terized as an amylase active on maltooligosaccharides,
amylose and glycogen exhibits clear structural similar-
ity to O-glucan-active enzymes employing the inverting
mechanism (Ficko-Blean et al. 2011), so the presence of
a pure a-amylase specificity in GH126 (Lombard et al.
2014) may be considered as disputable (Janecek et al.
2014).

The a-amylase family GH13 as one of the largest
CAZy GH families (Janecek et al. 2014; Lombard et
al. 2014) has been in 2006 officially divided by cura-
tors into 35 subfamilies (Stam et al. 2006) in order
to reflect closer functional similarities and evolution-
ary relatedness among members of a subfamily. Some
polyspecific subfamilies, i.e. oligo-1,6-glucosidase and
neopullulanase ones, were proposed earlier (Oslancova
& Janecek 2002) based on unique differences in spe-
cific conserved sequence regions (CSRs) characteristic
for the a-amylase family (Janecek 2002). The subfamily
GH13_36 closely related to both subfamilies mentioned
above covers interesting a-amylases some of which pos-
sess also the activity toward pullulan and cyclodextrins
(Majzlova et al. 2013).

A few years ago two closely related a-amylases
ASKA and ADTA from two Anozybacillus species were
described (Chai et al. 2012). Subsequently, a prelimi-
nary bioinformatics analysis of a homologous c-amylase
from Bacillus aquimaris BagA revealed the presence of
two consecutive tryptophans positioned at the helix a3
of the catalytic (8/a)s-barrel domain (i.e. the TIM-
barrel), a feature discriminating this c-amylase from
other well-established GH13 subfamilies with the a-
amylase specificity (Puspasari et al. 2013). In fact, the
first biochemically characterized a-amylase with such
a “double-tryptophan” sequence feature could be the
AmyB from Anaerobranca gottschalkii (Ballschmiter et
al. 2005), but at that time in 2005 there were obviously
no clear GH13 homologues available with the same o-
amylase specificity. Importantly, the three-dimensional
structure has already been solved for a counterpart en-
zyme from Geobacillus thermoleovorans GTA (Mok et
al. 2013) that exhibits 100% sequence identity to a pre-
viously reported a-amylase from the same organism,
strain Pizzo (Finore et al. 2011). Mok et al. (2013)
pointed out that GTA possesses at its C-terminal end
5 conserved aromatic residues (phenylalanines and ty-
rosines), i.e. a motif that might be common for the
newly forming group of a-amylases. Furthermore, the
specific sequence signature LPDIx, representing the
CSR-V positioned in domain B, could be the addi-
tional feature of interest (Puspasari et al. 2013; Ran-
jani et al. 2014). Very recently, an additional a-amylase
from Geobacillus thermoleovorans GTA-II was found,
for which its domain C has been proposed to be respon-
sible for the enzyme adsorption to raw starch (Mehta
& Satyanarayana 2014).

Since these six novel and mutually closely related
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GH13 a-amylases have still not been ascribed to any
GH13 subfamily, we have undertaken a bioinformatics
study with the main goal to describe this group of a-
amylases as a novel GH13 subfamily. To achieve this
goal, as many as possible hypothetical homologous a-
amylases were retrieved from sequence databases and
their sequences were analysed in details in an effort to
identify their unique sequence-structural features that
would clearly discriminate the entire novel group from
all remaining, i.e. not only a-amylase, GH13 subfami-
lies.

Material and methods

Sequence collection

Sequences were collected based on protein BLAST (Altshul
et al. 1990) search against the non-redundant database us-
ing the entire amino acid sequence of Bacillus aquimarisa-
amylase BaqA (Puspasari et al. 2013). In addition to BagA,
the 4-5 more characterized a-amylases — two Anozybacil-
lus a-amylases ASKA and ADTA (Chai et al. 2012), two
Geobacillus thermoleovorans a-amylases GTA and GTA-II
(Finore et al. 2011; Mok et al. 2013; Mehta & Satyanarayana
2014) and eventually also the Anaerobranca gottschalkii o-
amylase AmyB (Ballschmiter et al. 2005) — have been recog-
nized as potentially forming the new GH13 subfamily. Based
on their comparison, the criteria for a sequence assignment
to the new GH13 subfamily were as follows: (i) presence of
all seven CSRs characteristic of the a-amylase family GH13
(Janecek 2002); (ii) complete catalytic machinery, i.e. the
aspartic acid at the strand (34 (CSR-II), glutamic acid at
the strand 85 (CSR-III) and aspartic acid at the strand 87
(CSR-1V) corresponding with Asp214, Glu243 and Asp311,
respectively, of the BagA a-amylase (Puspasari et al. 2013);
(iii) possessing the two consecutive tryptophans positioned
at the helix a3 preceding the strand (4 with the catalytic
nucleophile within the catalytic TIM-barrel; (iv) the se-
quence signature LPDIx in the CSR-V; and (v) a motif of up
to five conserved aromatic residues within the ~30-residue
long region at the C-terminus.

Those sequences that have not possessed the complete
a-amylase family GH13 catalytic machinery were eliminated
despite the fact they may contain the two above-mentioned
tryptophans. Any fragments, i.e. obviously incomplete se-
quences, were not taken into the comparison, too. Using
these criteria, a set of 101 sequences of the supposedly novel
GH13 a-amylase subfamily (Table S1) was obtained.

Several enzymes with non-a-amylase specificity from
closely related oligo-1,6-glucosidase and neopullulanase sub-
families (Oslancova & Janecek 2002; Majzlova et al. 2013)
were further added as follows: (i) five subfamily GH13_31 a-
glucosidases possessing the two tryptophans and the CSR-
V in the version QPDLx; (ii) two hypothetical members of
subfamilies GH13 29 and GH13_31 along with the currently
unclassified cyclomaltodextrinase from Flavobacterium sp.
No. 192 (Fritzsche et al. 2003) having the two tryptophans
and MPDLx as the CSR-V (intermediate character); and
(iii) representatives of oligo-1,6-glucosidase (Watanabe et
al. 1997), a-glucosidase (Nakao et al. 1994), dextran glucosi-
dase (Hondoh et al. 2008) and sucrose isomerase (Zhang et
al. 2003) — all from the subfamily GH13_31 — with QPDLx
as the CSR-V but having a phenylalanine in the position
corresponding with the first of the two tryptophans.

The entire set was finally completed by selected a-
amylases ascribed to the individual well-established GH13
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subfamilies, i.e. 1, 5, 6, 7, 15, 19, 24, 27, 28, 32, 36 and
37 (Lombard et al. 2014) that have been used in previous
bioinformatics studies (Hostinova et al. 2010; DaLage et al.
2013; Majzlova et al. 2013; Puspasari et al. 2013) so that
the final number of studied amylolytic enzymes and proteins
was 146 (Table S1).

FEvolutionary comparison
All 146 GH13 sequences were retrieved from GenBank (Ben-
son et al. 2014) and UniProt (UniProt Consortium 2014) se-
quence databases and the set was aligned using the program
Clustal-X (Larkin et al. 2007). A subtle manual tuning was
done in order to maximize similarities, especially with re-
gard to aligning the individual CSRs. The boundaries of the
CSRs were defined based on previous bioinformatics stud-
ies (Janecek 2002; Oslancova & Janecek 2002; Da Lage et
al. 2004; Majzlova et al. 2013; Puspasari et al. 2013). The
evolutionary tree was based on the final alignment of the se-
quence segment corresponding to 269-residue long region of
BaqA a-amylase (Puspasari et al. 2013) spanned almost the
entire catalytic (3/a)s-barrel domain including the domain
B from the beginning of the CSR-VI (strand (32; starting
with Gly82) to the end of the CSR-VII (strand (38; ending
with Ser350). The tree was calculated as a Phylip-tree type
using the neighbour-joining clustering (Saitou & Nei 1987)
and the bootstrapping procedure — the number of bootstrap
trials used was 1,000 (Felsenstein 1985) implemented in the
Clustal-X package (Larkin et al. 2007). The tree was dis-
played with the program iTOL (Letunic & Bork 2007).
The sequence logo for the CSRs was created using
the WebLogo 3.0 server (http://weblogo.threeplusone.com/;
Crooks et al. 2004).

Tertiary structure comparison
Three-dimensional structures were retrieved from the Pro-
tein Data Bank (PDB; Berman et al. 2000) for: (i) the
a-amylase GTA from Geobacillus thermoleovorans (PDB
code: 4E20; Mok et al. 2013) as a representative of
the novel a-amylase GH13 subfamily; and (i) if avail-
able, for members of all remaining subfamilies and groups
listed in Table S1. In the case there was not a three-
dimensional structure available in any of the remaining sub-
families and groups mentioned above (e.g. the a-amylase
GH13 subfamilies 19, 27, 32 and 37), structural models for
their representatives were created using the Phyre2 server
(www.sbg.bio.ic.ac.uk/phyre2/; Kelley & Sternberg 2009).
The model was also created for the a-amylase BaqA from
Bacillus aquimaris (Puspasari et al. 2013) as a leading rep-
resentative of the novel a-amylase GH13 subfamily.

The individual structures (regardless they represented
a real structure or a structural model) were compared to
both the real a-amylase GTA from Geobacillus thermoleovo-
rans and the model of the a-amylase BaqA from Bacillus
aquimaris, making their superimposition using the program
MultiProt (Shatsky et al. 2004).

Results and discussion

Sequence comparison

The present bioinformatics study delivers a proposal
to create a novel GH13 subfamily exhibiting the a-
amylase specificity. This subfamily is represented here
by six closely related and experimentally characterized
a-amylases described in the literature and 95 additional
hypothetical proteins caught by BLAST search (Ta-
ble S1). The former a-amylases, listed chronologically,
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are as follows: (i) AmyB from Anaerobranca gottschalkii
(Ballschmiter et al. 2005); (ii) AmyA from Geobacil-
lus thermoleovorans subsp. stromboliensis — strain Pizzo
(Finore et al. 2011); (iii) ASKA and ADTA from Anozy-
bacillus sp. SK3-4 and DT3-1, respectively (Chai et al.
2012); (iv) BaqA from Bacillus aquimaris (Puspasari
et al. 2013); (v) GTA from Geobacillus thermoleovo-
rans (Mok et al. 2013) (identical to that from the strain
Pizzo); and (vi) GTA-II from Geobacillus thermoleovo-
rans (Mehta & Satyanarayana 2014). The set of stud-
ied enzymes was completed (Table S1) by 32 represen-
tatives of all individual GH13 subfamilies with the a-
amylase specificity, i.e. the subfamilies 1, 5, 6, 7, 15, 19,
24, 27, 28, 32, 36 and 37 (Stam et al. 2006; Lombard et
al. 2014), as well as by 13 related amylolytic enzymes
exhibiting closely related sequence features especially
within the CSRs (Oslancova & Janecek 2002; Majzlova
et al. 2013).

Figure 1 shows the seven CSRs that are the
best conserved sequence stretches characteristic of the
entire a-amylase family (Janecek 2002). As can be
seen, the most exclusive sequence feature of the novel
GH13 a-amylase subfamily could be the pair of ad-
jacent tryptophan residues Trp201-Trp202 (Bacillus
aquimaris BagA a-amylase numbering), positioned be-
tween the CSR-V and CSR-II in the helix a3 of the
catalytic TIM-barrel since such a feature is not present
in any other GH13 subfamily with the a-amylase speci-
ficity. It is worth mentioning that the pair of trypto-
phans cannot be used as a sole sequence marker of
the novel a-amylase subfamily (Fig. 1a) since it may
be present in some members of the subfamily GH13_31
(Fig. 1b), i.e. of the so-called oligo-1,6-glucosidase sub-
family (Oslancova & Janecek 2002; Stam et al. 2006).
Thus the members of the novel GH13 a-amylase sub-
family should contain the sequence LPDIx in their
CSR-V (Fig. 1a), whereas the a-glucosidases from the
subfamily GH13_31 possess typically QPDLN (Oslan-
cova & Janecek 2002; Majzlova et al. 2013) as their
CSR-V (Fig. 1b). Remarkably, some other related en-
zymes, currently unassigned to any of the established
GH13 subfamilies, represented by the cyclomaltodex-
trinase from Flavobacterium sp. No. 92 (Fritzsche et
al. 2003), have the tryptophan pair, too, but these re-
lated enzymes differ also from the members of the novel
subfamily by their specific CSR-V sequence MPDLN
(Fig. 1b). This signature was previously suggested to
be a feature of a group of amylolytic enzymes inter-
mediate between true oligo-1,6-glucosidases and true
neopullulanases (Oslancova & Janecek 2002) that was
later classified as the subfamily GH13.36 (Stam et al.
2006; Lombard et al. 2014). However, the a-amylases
from the subfamily GH13_36 that exhibit also, e.g., cy-
clodextrinase and neopullulanase activities (Majzlova
et al. 2013), do not possess the pair of adjacent trypto-
phan residues (Fig. 1b).

The sequence logo created for all 101 real and
hypothetical a-amylases that could constitute a novel
GH13 subfamily (Fig. 2) clearly summarizes the resi-
dues typically present in the individual positions of each
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CSR. It is evident that most residues are conserved al-
most invariantly, the fact that might be a consequence
of, until now, taxonomically rather narrow spectrum of
producers (Table S1). Currently, the 4% position in the
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CSR-I (alanine and valine), the 5*" position in the CSR-
V (alanine and asparagine), the 8% position in the CSR-
IT (arginine and lysine), the 15* (phenylalanine and ty-
rosine), 3" (leucine and isoleucine) and 8** (mostly ser-
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Fig. 1. Sequence alignment of CSRs of studied family GH13 enzymes with focus on the novel a-amylase subfamily. The two consecutive
tryptophans characteristic for the novel a-amylase subfamily are also shown. Colour code for the selected residues: W, yellow; F, Y —
blue; V, L, I — green; D, E —red; R, K — cyan; H — brown; C — magenta; G, P — black. The catalytic triad is signified by asterisks and the
only one additional invariantly conserved position of the arginine in the CSR-II is marked by a hashtag under the alignment. (a) The
order from top reflects the relatedness of the new GH13 subfamily a-amylases to the BagA a-amylase (i.e. their sequence similarity) as
delivered by the BLAST search. (b) For the sequences of remaining a-amylases and related amylolytic enzymes, the order corresponds
with their arrangement in the evolutionary tree (Fig. 4). The label of the protein source consists of the UniProt (UniParc) accession
number and the name of the organism. If there is an additional number at the beginning of the protein source label, it means the
number of the GH13 subfamily. The alignment of all 146 enzymes spanning the sequence segment from the beginning of the strand
B2 (CSR-VI) to the end of the strand 88 (CSR-VII) is shown in Figure S1.

CSR-VI CSR-lll CSR-IV CSR-VII

(FAL

Fig. 2. Sequence logo of the novel GH13 subfamily. CSR-I, residues 10-15; CSR-II, residues 23-31; CSR-III, residues 32-39; CSR-IV,
residues 40-45; CSR-V, residues 16-20; CSR-VI, residues 1-9; CSR-VII, residues 46-54. The two adjacent characteristic tryptophans,
positioned between the CSR-V and CSR-II, are also shown. The catalytic triad, i.e. the catalytic nucleophile (No. 27, aspartic acid),
the proton donor (No. 36, glutamic acid) and the transition-state stabiliser (No. 45, aspartic acid) are indicated by asterisks. The logo
is based on 101 sequences of real and hypothetical a-amylases that potentially define the new GH13 subfamily.
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(Ranjani et al. 2014). It nevertheless can be awaited —
as the number of members of this novel subfamily will
increase — the future logo will reveal both the positions

ine, histidine and aspartic acid) positions in the CSR-
IT1, the 2°¢ position in the CSR-IV (leucine, isoleucine
and methionine), and the 5" (mostly methionine, va-

line and isoleucine) and 9*" (threonine and serine) po-
sitions in the CSR-VII — belong to positions within the
CSRs that obviously do not require a strictly invariant
amino acid residue (Fig. 2). For example, based on a
protein engineering study of the a-amylase from Anoxy-
bacillus sp. SK3-4 ASKA it was found that the naturally
present alanine at the end of the CSR-V (Fig. 1a) may
contribute to the high maltose production of the ASKA

evolutionarily conserved and those that are tolerant to
changes.

With regard to comparison of additional sequence
segments that connect the CSRs, their alignment span-
ning the region from the beginning of the CSR-VI to
the end of the CSR-VII is shown in Figure S1. It cov-
ers, in fact, almost the entire catalytic (5/a)s-barrel
domain (from the strand 2 to the strand $8) includ-
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Table 1. Tertiary structure comparison of two a-amylases from the novel subfamily with representatives of the remaining studied

family GH13 enzymes.®

G8N704_Geobacillus_thermoleovorans (4E20) G8IJAT_Bacillus_aquimaris (4e20)

Family GH13 representatives

Ca RMSD (&) Ca RMSD (&)
31_P94451_Geobacillus_stearothermophilus (2ze0) 315 1.64 318 1.66
77_Q8KKGO_Flavobacterium_sp-No92 (1H3G) 378 1.48 378 1.49
31_P21332_Bacillus_cereus (1UOK) 327 1.69 334 1.73
31_Q45517_Bacillus_sp-SAM1606 (luok) 329 1.71 307 1.55
31_Q2HWUS5_Streptococcus-mutans (2ZID) 312 1.70 314 1.55
31_Q8KRB4_Klebsiella_sp-LX3 (1M53) 331 1.62 327 1.54
36_Q8GPL8_Halothermothriz_orenii (1IWZA) 366 1.44 367 1.44
1_.POC1B3_Aspergillus_oryzae (2TAA) 379 1.70 379 1.71
5_P00692_Bacillus_amyloliquefaciens (3BH4) 291 1.65 292 1.66
6_-P00693_Hordeum_vulgare (1P6W) 287 1.63 287 1.63
7T-Q7LYT7_Pyrococcus_woesei (1IMXD) 315 1.69 315 1.69
15_P56634_Tenebrio_molitor (1JAE) 284 1.64 283 1.63
19_P25718_Escherichia_coli (4aee) 314 1.49 315 1.50
24_P04746_Homo_sapiens (1HNY) 265 1.58 277 1.63
27_P22630_Aeromonas_hydrophila (1jae) 271 1.55 270 1.56
28_P00691_Bacillus_substilis (1BAG) 265 1.52 275 1.57
32_P09794_Streptomyces_limosus (4jcl) 344 1.47 343 1.46
37_D9MZ14_Uncultured_bacterium (1tcm) 360 1.36 360 1.37

@ The label of the protein source consists of the UniProt (UniParc) accession number and the name of the organism. If there is an
additional number at the beginning of the protein source label, it means the number of the GH13 subfamily. The tertiary structures
indicated as PDB codes (in parenthesis) were obtained either as PDB co-ordinates of determined real tertiary structures (capital
letters) or model co-ordinates based on real PDB structures (small letters). Co and RMSD represent the number of superimposed

C-alpha atoms and the root-mean-square deviation, respectively.

ing the entire domain B that together, for all mem-
bers of the novel GH13 subfamily, consist of approx-
imately 270 residues (Table S1). The alignment re-
vealed that the a-amylases proposed here to define a
new GH13 subfamily contain, in addition to the above-
mentioned pair of adjacent tryptophans, several other
conserved tryptophan residues, such as Trp103, Trp149,
Trpl58, Trpl77 and Trp224 (Bacillus aquimaris BagA
a-amylase numbering). These may have their coun-
terparts mainly among the a-amylases from the sub-
families GH13_1 and GH13_36 as well as among the
a-glucosidases from the subfamily GH13_31 (Fig. S1).
Since the novel GH13 subfamily could be the group of
raw-starch degrading c-amylases (Finore et al. 2011;
Puspasari et al. 2011; Mehta & Satyanarayana 2014)
without any distinct starch-binding domain (Mok et al.
2013; Puspasari et al. 2013), the aromatic tryptophan
positions should be of interest (Janecek et al. 2011; Car-
valho et al. 2015). Moreover, Mok et al. (2013) have
pointed out the eventual role in raw starch binding and
degradation ability of a ~30-residue long C-terminal
region of Geobacillus thermoleovorans a-amylase with
five aromatic residues (phenylalanines and tyrosines),
which might be an additional characteristic feature of
the novel GH13 subfamily since that stretch is usually
present and well-conserved (Fig. 3). Since it was trun-
cated in the three-dimensional structure, it was only
predicted to be an a-helix and its exact role could not
be completely elucidated until now (Mok et al. 2013).

Structure comparison

In order to see the closest eventual structural homo-
logues, the solved tertiary structure of Geobacillus ther-
moleovorans a-amylase GTA (Mok et al. 2013) was

compared with those — either real structures or their
models if real structures were not available — of rep-
resentatives of all studied groups and/or subfamilies.
These data are summarized in Table 1, supported also
by data obtained when the structural model of Bacil-
lus aquimaris BagA a-amylase was used. It is obvious
that the a-amylase GTA from Geobacillus thermolo-
evorans exhibits the best structural similarity with the
a-amylase from Halothermothrixz orenii from the sub-
family GH13_36 (Sivakumar et al. 2006) and currently
unassigned cyclomaltodextrinase from Flavobacterium
sp. No. 92 (Fritzsche et al. 2003). Interesting similarity
(Table 1) was revealed also to the a-amylase from un-
cultured bacterium from the subfamily GH13_37 (Liu
et al. 2012), but for this a-amylase only the structure
modelled according to the template was used and very
probable lack of domain B in the subfamily GH13_.37
(Janecek et al. 2014) should also be taken into account.
Overall the presented structural comparison may thus
indicate also the evolutionary relatedness of the novel
proposed GH13 subfamily with the a-amylase subfam-
ily GH13.36, the group represented by the Flavobac-
terium sp. No. 92 cyclomaltodextrinase and, eventually,
with the a-amylase subfamily GH13_37.

FEvolutionary relationships

The evolutionary relationships among the members of
the novel proposed GH13 subfamily as well as those
of this subfamily with a-amylases from other GH13
subfamilies and several closely related amylolytic en-
zymes (mostly a-glucosidases) are depicted in Figure 4.
It is clear that currently there are three major clusters
reflecting taxonomy consisting of a-amylases from the
genera Geobacillus, Anozybacillus and mostly Bacillus
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GBIJAT7 Bacillus aguimaris

UPIOQ05093F37 Bacillus_aquimaris
UPI0005CSB251 Bacillus_agquimaris
UPI0005520609 Bacillus vietnamensis
UPI0006AS6CDA Bacillus marisfli
ADAUJS\?'B'BG_Baclllua_mar:Lsflavl
AQAQJSTGUL Bacillus marisflavi
AUAUJSYTED Bacillus marisflavi
UPIO005C45B52 Bacillus_sp SG 1

AGCT23 | Bacillus _sp_SG_1
UPI00047920D4_Bacillus_sp J33

02B943 Bacillus_sp NRRL B14911

ESWEA3 Bacillus_sp 2A 57 CT2
UPIO00BASD5AA Sporosarcina globispora
ADADJISWT14 Bac1llua firmus
UPIUOUQDTETOC Baclllua oceanisediminis
W7LK76_Bacillus firmus
V&TORS_Bacillus_sp_ 17376

AOAOD6ZF67 Bacillus subterraneus
AOAOABX764 Bacillus selenatarsenatis
UPI000625800A Bacillus sp SAZ2 6
AOAOC2RS5X4 Jeotgalibacillus soli
UFIO00596CE15_ Jeotgalibacillus_soli
UPIO00EATA3BC Bacillus_sp FJAT 27251
ADADBSAKV3 Jeotgalmacxllus sp_| , DS
AQAQOC2WOMS Jeotgalibacillus alimentarius
AOAOC2VTR6_Jeotgalibacillus_campisalis
UPI0005CCC4Ad Bacillus_alveayuensis
AOA023CSB0_Geobacillus _stearothermophilus
UPI0006707A3C * Bacillus_sp_ FJAT 27997
UPIO002E242FF | Ba01l1u5_psychrosaccharolytlcus
AOAD23DE78_Gecbacillus_caldoxylosilyticus
S5YWGZ_Gecbacillus_sp JFB
M5JAR3_Anoxybacillus_flavithermus

C5D683 Gecbacillus sp WCH70
M5QU10_Anoxybacillus_sp DT3 1

G4Y5W9 Anoxybacillus sp GXS BL

AOAOA2T270 Anoxybacillus gonensis
UPIO0040CS818_Bacillus_sp URHBOOOS
RAFIM5_Anoxybacillus_flavithermus
AQAODOHVJIE Anoxybacillus ayderensis
AQAQ94JUZ7 _Anoxybacillus sp KUZ 6
AAIKZ2 Gecbacillus thermndanltrlflcans
B?GLUG_Anoxybac;llus_flavxthsrmus
UPI0O002F2C1C0_Ancxybacillus_kamchatkensis
AQAQ93UZA9 Gecbacillus_sp G1Wl

ADAODOS219 _Anoxybacillus thermarum
MBDTEB_Anoxybacillus_ flavithermus
UPIO0041899BA Sporosarcina_sp EUR3 2 2 2
UPIO0041CO0EA Bacillus panaciterrae
UPIO003096FF2_Paenisporosarcina_sp TG_14
UPIOQ04BBAC21 Anoxybacillus tepldamana
UPI0005ASA01A Gecbacillus kaustophilus
UPI0O0040DEL31 _Gacbacillus_kaustophilus
U2X6P3 Gecbacillus kaustophilus

I3QIT4d Gecbacillus thermclecvorans
AQAQOEOT9FE_Geobacillus_sp Y412MC52
L7ZU32_Gecbacillus_sp GHHO1

AOAODBEP21 __Gecbacillus kaustcphilus
D6R179_Gecbacillus_thermolecverans
UPI000518C40C_Geobacillus _sp_WSUCF1
ADAOBTLECE_ Gecbacillus _stearothermophilus
S?SUPI_GeDbacl11us_5p_WSUCF1
AOADG3XUBl_Gecbacillus_sp 12AMOR1
UPIO005CD7B75_Anoxybacillus_sp ATCC_BAA2555
AQAQG3YUB4_Gecbacillus_sp CAMRS420
UPIO006A94TAB Gecbacillus _stearothermophilus
UPIO00517DE36_Geobacillus_stearothermophilus
UPIUODG?BIO29 Gecbacillus_sp LC300
Q5L238_Gecbacillus_kaustcophilus

BTUDCZ Gecbacillus _sp_GXS1
UPIOO0066FEBD0_Geobacillus_stearothermophilus
UPIN003144089 Gecbacillus_kaustophilus
ABQL62_Gecbacillus_sp POTS

UPIO006ASD12E Bacillus_koreensis
ADAQJOVAYZ Gecbacillus_sp T6
UPI0004DF9D29 Gecbacillus vulcani
UPIUOU&lCQEBC Bacillus_sp_ FJAT 14515
UPI000463D6BY | _Bacillus_sp M3 13
UPIOO06AF27AB_Bacillus_sp FJAT 18017
AQADJSGUTE_] Bacillus _sp_LLO1
UPI0005C5A33F Eaclllus _sp | EBO1

AOAO84GIJ4 Bacillus indicus

GBN704 Gecbacillus thermoleovorans

ADADB4HTXZ Bacillus_sp SJS
AOAO6BPFDE_Geobacillus s_sp_ SBS_d4S
UPIOQ06AEB314_Bacillus _sp | FJAT 22090
UPIO0064DD3ES Ornithinibacillus_contaminans
UPI000225AA66_Ornithinibacillus harcae
UPIO005AB0560_ Paucisalibacillus sp EBOZ
UPIO0064DFICD Ornithinibacillus californiensis
AQAOBOHR96 Anclxybac.\.llus sp._| BCOL
UPI00047CCB89 Paucisalibacillus globulus
UPIO0069F2415 Clostridium sp DMHC10
UPIO0068C2797_Caloranaercbacter_azorensis
UPIO006903FES Spirochaeta sp JC230

5 Anaercbranca gottschalkii
RICVX1l Caldisalinibacter kiritimatiensis
VSWDGZ_Salinispira pacifica
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*
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Fig. 3. Sequence alignment of ~30-
residue long C-terminal segment of a-
amylases of the newly proposed GH13
subfamily. This C-terminus was shown
(Mok et al. 2013) to contain five con-
served aromatic residues (phenylala-
nine and/or tyrosine). This feature
(signified by asterisks above the align-
ment) could also be unique for the
newly proposed GH13 subfamily of a-
amylases. All phenylalanines and ty-
rosines present in the C-terminal seg-
ment are signified, respectively, by blue
and green highlighting together with
all tryptophan positions (yellow). The
label of the protein source consists of
the UniProt (UniParc) accession num-
ber and the name of the organism.
Note that a few putative a-amylases
from Caloranaerobacter azorensis,
Caldisalinibacter kiritimatiensis and
Salinispira pacifica, obviously do not
contain such a C-terminus with 5 aro-
matic residues.



New GH13 subfamily with a-amylase specificity

0% 0y
Geobacillus vulcani

g ds snjjpeqeen 80448

sy s@
ADA093IUZAY Goobacilius sp G1W1

41 ds sn|I9eqoes ZOMASS
UPI0004DF3D2g

A Curyag

i ata
09794 .b[ft‘p:om','l:t‘.'; limosus
Xanthomonas campestris

monas hydrophila

28 Q48502 Lacte
28 P0OB91 E

reda rufa

1 BSBOC3 Hypae,

1Q8JE4 Lipomyces konenenkeas
eayioed eadsiules ZOAMSA

AdIKz2 g
ob,
‘0402305 acill

90001dnN

trificans

Us thermodan;,

Obaciljyg

pezor ds meey20ids 53 4E06

B0 G

1291

UPWDMTDZODQ Bacilius
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Fig. 4. Evolutionary tree of studied family GH13 enzymes with focus on the novel a-amylase subfamily. The label of the protein source
consists of the UniProt (UniParc) accession number and the name of the organism. If there is an additional number at the beginning
of the protein source label, it means the number of the GH13 subfamily. The tree is based on the alignment shown in Figure S1.

(covering also Paucisalibacillus, Ornithinibacillus and
Jeotgalibacillus). Each of the three named clusters con-
tains at least one real, i.e. biochemically characterised
a-amylase (cf. Table S1). Interestingly, the part of the
evolutionary tree, where the hypothetical a-amylases
from the genus Bacilus dominate, covers also those from
genera Sporosarcinag and Paenisporosarcina; both, how-
ever, belonging to the class of Bacilli of the phylum
Firmicutes.

It is worth mentioning that six sequences that,
in fact, are neighbouring with remaining a-amylases
and related amylolytic enzymes, represented in the tree
by fungal and yeast a-amylases from the subfamily

GH13_1, may represent some intermediates. In addi-
tion to the a-amylase from Anaeorobranca gottchalkii
(Ballschmiter et al. 2005; UniProt accession No.:
Q51943), they are five hypothetical proteins as follows:
Caloranaerobacter azorensis (UPI00068C2797), Caldis-
alinibacter kiritimatiensis (R1CVX1), Clostridium sp.
DMHC10 (UPI0O0069F2415), Spirochaeta sp. JC230
(UPI0006903FES5) and Salinispira pacifica (VEWDG2).
While Anaeorobranca, Caloranaerobacter, Caldisalin-
tbacter and Clostridium rank all among the class
of Clostridia under the phylum Firmicutes, both
Spirochaeta and Salinispira rank among the phylum
Spirochaetes. Despite all the six have been included in
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the present study (Table S1), none them might nec-
essarily belong to the newly proposed a-amylase sub-
family. It is also possible that the number of various
genera producing the a-amylases of this novel GH13
subfamily will not dramatically increase and from the
taxonomical point of view, the subfamily will remain
a bacterial subfamily containing predominantly Firmi-
cutes (Table S1).

The fungal and yeast a-amylases from the sub-
family GH13_1, represented by the Taka-amylase A
(Matsuura et al. 1984) are the group most closely
related to the novel GH13 subfamily. On the other
hand, the a-amylases belonging to the so-called “an-
imal” group of a-amylases (Janecek 1994; D’Amico
et al. 2000; Da Lage et al. 2004, 2007; Janecek et
al. 2014), i.e. those from subfamilies GH13 24 (e.g.
mammals), GH13_15 (e.g. insect) and GH13.32 (e.g.
actinomycetes) represent the «-amylases most dis-
tantly related to those from the newly proposed sub-
family. Interestingly, the unclassified cyclomaltodex-
trinase from Flavobacterium sp. No. 92 (Fritzsche
et al. 2003) exhibits on the other hand a close re-
latedness to the new subfamily, followed by the -
amylases from recently established subfamily GH13_37
(Lei et al. 2012). All remaining non-a-amylases from
the subfamily GH13.31 (and GH13.29) included in
the present study, i.e. the specificities of oligo-1,6-
glucosidase (Watanabe et al. 1997), a-glucosidase
(Nakao et al. 1994), dextran glucosidase (Hondoh et
al. 2008) and sucrose isomerase (Zhang et al. 2003),
are found to be clustered together (Fig. 4) and shar-
ing a common branch with the “intermediary” o-
amylases from the subfamily GH13_36 (Majzlova et al.
2013).

Conclusions

The amino acid sequences of experimentally character-
ized a-amylases BaqA from Bacillus aquimaris, ASKA
and ADTA from Anozybacillus sp. SK3-4 and DT3-1,
respectively, GTA and GTA-II both from Geobacillus
thermoleovorans and eventually also (although less con-
vincingly) the AmyB from Anaerobranca gottschalkii
were analysed in detail together with their 95 other
hypothetical protein homologues available in sequence
databases. These a-amylases are proposed to define
a novel GH13 subfamily with the a-amylase speci-
ficity, in addition to subfamilies 1, 5, 6, 7, 15, 19,
24, 27, 28, 32, 36 and 37, already established in the
CAZy database. The novel GH13 subfamily can be
characterized by a few exclusive sequence features,
such as the pair of adjacent tryptophan residues po-
sitioned between the CSR-V and CSR-II in the he-
lix a3 of the catalytic TIM-barrel, the sequence sig-
nature LPDIx in their CSR-V and a ~30-residue long
C-terminal region with a motif of five conserved aro-
matic residues.
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