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Streptococcus agalactiae
amylomaltase offers insight
into the transglycosylation
mechanism and the molecular
basis of thermostability
among amylomaltases

Suthipapun Tumhom?, Pitchanan Nimpiboon?, Kittikhun Wangkanont*3*! &
Piamsook Pongsawasdi'**

Amylomaltase (AM) catalyzes transglycosylation of starch to form linear or cyclic oligosaccharides
with potential applications in biotechnology and industry. In the present work, a novel AM from the
mesophilic bacterium Streptococcus agalactiae (SaAM), with 18-49% sequence identity to previously
reported AMs, was characterized. Cyclization and disproportionation activities were observed with
the optimum temperature of 30 °C and 40 °C, respectively. Structural determination of SaAM, the
first crystal structure of small AMs from the mesophiles, revealed a glycosyl-enzyme intermediate
derived from acarbose and a second acarbose molecule attacking the intermediate. This pre-
transglycosylation conformation has never been before observed in AMs. Structural analysis suggests
that thermostability in AMs might be mainly caused by an increase in salt bridges since SaAM has a
lower number of salt bridges compared with AMs from the thermophiles. Increase in thermostability
by mutation was performed. C446 was substituted with A/S/P. C446A showed higher activities and
higher k_,,/K,, values for starch in comparison to the WT enzyme. C446S exhibited a 5 °Cincrease in
optimum temperature and the threefold increase in half-life time at 45 °C, most likely resulting from
H-bonding interactions. For all enzymes, the main large-ring cyclodextrin (LR-CD) products were
CD24-CD26 with CD22 as the smallest. C446S produced more CD35-CD42, especially at a longer
incubation time.

Several different enzymes involved in the synthesis and degradation of starch have been studied'. Most of them,
based on the amino acid sequence homology, belong to the a-amylase family?. One group of enzymes in the
family is 4-a-glucanotransferase (4-aGTase), which cleaves an a-1,4-linkage of the glucan donor and transfers
the glycosyl moiety to the acceptor’. Amylomaltase (AM, EC 2.4.1.25) is an intracellular 4-aGTase that catalyzes
the intermolecular (disproportionation, coupling, hydrolysis) and intramolecular (cyclization) transglycosyla-
tion reactions to yield new linear oligosaccharides and LR-CD or cycloamylose (CA) products, respectively”.
LR-CDs are used as an artificial chaperone for protein refolding®. In addition, AM has demonstrated promising
applications in starch processing leading to several functional products®. It has been used in the production of
thermoreversible starch gel, commercially available at present, to replace gelatin in food products’. Potential
use of AM in the synthesis of functional oligosaccharides, such as isomaltooligosaccharides® and anticariogenic
maltooligosaccharides, has been recognized®. These beneficial aspects have created interests in developing novel
enzymes and improving AM through various strategies for targeted properties.
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AM was first identified in Escherichia coli as a maltose inducible enzyme that involved in maltose metabolism'.
AM gene was reported in many bacterial strains, including the thermophilic'**?, hyperthermophilic'® and meso-
philic bacteria'%; and also in plants, which is known as disproportionating enzyme or D-enzyme!>!°. Most of
the reported AMs are thermostable enzyme from thermophilic bacteria. The three dimensional structures of
about ten AMs have been published, most of which are from thermophiles, such as Thermus aquaticus’, Ther-
mus brockianus'®, Thermus thermophilus®®, and Aquifex aeolicus®®; while only two are from mesophilic bacteria
Corynebacterium glutamicum?' and E. coli*?. The first crystal structure of T. aquaticus AM (TaAM) in complex
with 34-meric CA, a polymeric substrate, has recently been successfully achieved®.

Thermostability is a desired property for industrial enzymes. However, the molecular basis for thermostabil-
ity in AM remains elusive. Direct comparison between AM structures is difficult due to the differences in their
sizes. CgAM (AM from C. glutamicum) and EcAM (AM from E. coli), which belong to the higher molecular
weight group (around 84 kDa), are not thermostable!*?%; but AM from Thermus, which has lower molecular
weight (around 57 kDa), is thermostable?***. To properly understand the thermostability in AMs, a search for
a mesophilic bacterium, which gives AM of a similar molecular weight to the Thermus, is required. From the
genome sequence of the mesophilic Streptococcus agalactiae, we found the putative AM sequence of the desired
size. This present work has reported, for the first time ever, on the structural and biochemical characterization,
and the catalytic mechanism of the AM from S. agalactiae (SaAM). Site-directed mutagenesis on a selected target
residue possibly involved in enzyme thermostability was performed in an attempt to understand the molecular
basis of thermostability in AMs.

Results and discussion

In this study, the SaAM gene, that encodes amylomaltase from mesophilic S. agalactiae, was cloned, expressed,
and characterized biochemically and structurally. Cysteine 446 was selected for mutagenesis experiment in an
attempt to enhance enzyme thermostability. Amino acid compositions and bonding interactions of SaAM in com-
parison to thermostable AMs were analyzed to better understand the rationale behind thermostability in AMs.

Gene cloning and molecular characterization of SdAM. When the putative 4-a-glucanotransferase
gene of S. agalactiae (SaAM) was cloned in E. coli; the ORF of 1,494 bps encoding for 498 amino acid residues
was obtained. The protein sequence was subjected to a BLAST search at the National Center of Biotechnology®
and the multiple sequence alignment was as shown (Fig. 1A). Our cloned sequence of SaAM is identical to the
sequence entry WP_000745455 deposited in GenBank; and the entry was derived by the automated computa-
tional analysis from the genome sequence of S. agalactiae®®. SaAM is a novel enzyme because it showed a low
amino acid sequence identity with previously reported AMs, even with an AM of the same genus S. preumo-
niae*’, which showed only 49.7% amino acid sequence identity (Fig. 1B). Compared with thermostable AMs
from Thermus, about 40.0% sequence identity was observed. Meanwhile very low homology with AMs from
E. coli and C. glutamicum mesophilic bacteria with long N-terminus, was found*"?? with the identities of only
20.4% and 18.3%, respectively. However, when analyzed from the phylogenetic tree, SaAM is grouped with AMs
from other mesophilic bacteria, away from those AMs of the thermophiles (Fig. 1C). SaAM has the conserved
catalytic and substrate recognition residues (D295, E342 and D396, SaAM numbering), which are found in all
AMs. In addition, SaAM contains the characteristic sequence corresponding to the (a/p); domain, with the three
inserted subdomains, four conserved regions and two unique loops of GH77 family, which is similar to all other
AMSW’ZS.

Expression and purification of recombinant SaAM. In the production of SaAM, the recombinant
cells were able to express high amount of crude enzyme in soluble fraction, when cultured at 37 °C under IPTG,
with a specific activity of 5.8 U/mg protein (Table 1). The high intensity protein band was observed in SDS
gel (Fig. S1). The crude SaAM was purified by HisTrap FF column (Table 1). The apparent molecular mass of
SaAM, as determined by SDS-PAGE analysis, was 57 kDa (Fig. S1) with the calculated pI value of 4.80. When
compared with other AMs, the size of SaAM was close to AMs from thermophilic bacteria (52-55 kDa), such
as T. brockianus, T. thermophilus, T. aquaticus (all consisting of 500 amino acid residues), and T. filiformis (485
residues)!®2423_ Besides, the size of SaAM was close to plant D-enzymes (59 kDa), such as cassava Manihot
esculenta Crantz (585 residues) and Arabidopsis sp. (576 residues)'®. Interestingly, SaAM showed significant dif-
ference in molecular mass when compared with AMs from the two mesophilic bacteria, ECAM (694 residues,
78 kDa)*? and CgAM (706 residues, 84 kDa)'*. However, a similar size enzyme containing 505 amino acid resi-
dues was found in the AM of S. pneumoniae, a mesophilic bacterium of the same genus?.

Structural characterization of WT SaAM. To date, three-dimensional structure of small AM from
mesophilic bacteria is not yet available. Therefore, we determined the X-ray crystal structure of SaAM in com-
plex with acarbose to gain an insight into its thermostability and catalytic mechanism. The data reduction and
refinement statistics are shown in Table 2. Eight chains of SaAM were identified in the asymmetric unit, and the
results showed that all chains are similar. Chain C, which has the best real-space correlation coeflicient, was used
for further analysis of SaAM in complex with acarbose (Fig. 2A). The RMSD values of SaAM is comparable to
T. brockianus (PDB2X11)", T. thermophilus (PDB 20WC)*, T aquaticus (PDB 1ESW)®, and A. aeolicus (PDB
1TZ7)* AMs which are 0.788, 0.793, 0.770, and 0.748, respectively. Thus, SaAM has similar overall three-dimen-
sional structure compared with thermophilic AMs. We found two ligands present in the active site (Figs. 2B and
S2). The first ligand is an acarbose molecule that had reacted with the catalytic nucleophile D295, cleaving off
a glucose residue at the reducing end, resulting in an acarbose-derived glycosyl-enzyme intermediate at D295.
The second ligand is an intact acarbose molecule close to the glycosyl-enzyme intermediate. The 4-OH group of
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Streptococcus agalactiae (Sa) .. .LRIDHFKGF...ITIAENLG...AGTHDNEVING...TITCMQDLLD... 498
Streptococcus pneumoniae (Sp) ...VRIDHFRGF...IIAEDLG...TGTHDNNTVLG...AIATMQDLLE... 505
Aquifex aeolicus (Aa) .. .LRLDHFRGF. . .FIAEDLG...TSTHDLPPIRG...AIIQMQDLLN... 485
Thermus filiformis (Tf) .. .VRLDHFRGL. ..VLAEDLG...TGTHDNDTTLG. ..AVFPVQDVLA. .. 485
Thermus brockianus (Tb) .. .VRIDHFRGF...ILAEDLG...TGTHDNDTTLG...AVYPVQDVLA... 500
Thermus thermophilus (Tt) .. .VRIDHFRGF...VLAEDLG...TGTHDNDTTLG...AVYPVQDVLA... 500
Thermus aquaticus (Ta) .. .VRVDHFRGF...ILAEDLG...TGTHDNDTTLG...AIYPVQDVLA... 500
Escherichia coli (Ec) .. .LRIDHVMSM. . .VIGEDLG...AATHDLPTLRG. . .ALLGLQPEDW. .. 694
Corynebacterium glutamicum(Cg) ...IRVDHVLGL...VIGEDLG...AATHDLPTLRG...ALTCVCLVDM... 706
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39.3  42.2  47.2 100.0  72.8 72.8 70.7  25.1  23.7
40.0  45.7  47.4  72.8 100.0  86.8  83.4  24.8  23.9
39.8 46.7 46.8 72.8 86.8 100.0  87.4  23.8  22.2
39.8 45,9  46.2 70.7 83.4  87.4 100.0  23.8  22.6
20.4  24.7 25.8 25.1 24.8 23.8 23.8 100.0  30.2
18.3  20.7 20.8  23.7 23,9 22.2 22.6 30.2 100.0
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Figure 1. (A) Alignment of amino acid sequence of amylomaltases from various bacteria around the

regions of interest. Sa; Streptococcus agalactiae (this study), Sp; Streptococcus pneumoniae (WP_00749291),

Aa; Aquifex aeolicus (AAC06897), Tf; Thermus filiformis (AKR04336), Tb; Thermus brockianus (2X11_A), Tt;
Thermus thermophilus (YP_144527), Ta; Thermus aquaticus (EED09753), Ec; Escherichia coli (P15977), Cg;
Corynebacterium glutamicum (NP_601497). The three catalytic residues are shown in red. C446 of Sa, the
residue that was mutated in this study is shown in blue. Amino acid conservation across the aligned sequences
is shown as: identical (asterisk), conserved substitutions (colon) and semi-conserved substitutions (dot). The
number at the end of each sequence denotes the total amino acid sequence length of each enzyme. (B) Amino
acid identity matrix. (C) Unrooted phylogenetic created by IQ-TREE with bootstrap values at the nodes. Length
scale is shown at the bottom-right corner.

Total protein | Total activity | Specific activity | Yield
Purification step | (mg) ) (U/mg protein) | % Purification fold
WT Crude extract 329 1915 5.8 100 1.0
HisTrap FF™ 21 1147 54.3 60 9.3
Crude extract 401 2109 5.3 100 1.0
C446A
HisTrap FF™ 23 1584 69.6 75 13
Crude extract 249 1537 6.2 100 1.0
C446P
HisTrap FF™ 17 846 51.1 55 8.3
Crude extract 386 1941 5.0 100 1.0
C446S
HisTrap FF™ 22 1313 59.7 68 12
Table 1. Purification table of WT and C446 mutated SaAMs. Crude extract was prepared from 1.2 L of cell

cultures (6.98 g cell wet weight).

the non-reducing end of the second acarbose molecule is around 3.9 A away from the anomeric carbon atom of
the glycosyl-enzyme intermediate. Therefore, we believe that we have captured the pre-transglycosylation step
of the catalytic mechanism with the acarbose molecule resembling a non-reducing end attacking the glycosyl-
enzyme intermediate. This catalytic conformation has not been reported before among AMs. The alkene moiety
in the non-reducing end may have caused the 4-OH to be in a sub-optimal position for nucleophilic attack, thus
allowing isolation of the catalytic intermediate. SaAM also makes extensive contacts with both the glycosyl-
enzyme intermediate and the attacking acarbose molecule. For the glycosyl-enzyme intermediate, the glucose
residue covalently linked to D295 (D293, TaAM numbering®) also interacts with H395 and the transition- state
stabilizer D396 at 2-OH and 3-OH. H395 and D396 are conserved in all reported AMs; their numberings in
TaAM and CgAM are H384 and H560, respectively'*?. The 4-amino-4,6-dideoxy-glucose residue interacts with
SaAM at the side chain of S56 and N460, as well as the NH group of the backbone peptide bond between P462
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Data collection statistics PDBID 6M6T
Wavelength (A) 0.999999

Resolution range (A) 29.82-2.75 (2.80-2.75)
Space group P2,2,2

Unit cell dimensions

103.7 216.1 224.5

Total number of reflections

921,329 (37,365)

Number of unique reflections 129,800 (6,317)
Multiplicity 7.1(5.9)
Completeness (%) 98.9 (98.1)
Mean I/o(I) 10.5 (2.1)
Wilson B factor (A2) 42.78

Roerge 0.136 (0.840)
Ry 0.147 (0.924)
Ryim 0.055 (0.377)
CCy 0.996 (0.745)
Refinement statistics

Resolution range (A)

29.82-2.75 (2.85-2.75)

R factor 0.2054 (0.2865)
Rpree (5%) 0.2869 (0.3852)
Number of atoms

Protein 32,590
Acarbose and derivatives 554
Water 252
Number of protein residues

Chain A 496
Chain B 497
Chain C 499
Chain D 496
Chain E 497
Chain F 496
Chain G 498
Chain H 495
RMSD for bonds (A) 0.010
RMSD for angles (deg) 1.128
Estimated coordinate error (ML, A) 0.41
Ramachandran favored (%) 94.24
Ramachandran outliers (%) 0.00
Average isotropic B factor (A?) 50.59
Chain A

Protein 54.75
Glycosyl-enzyme intermediate 62.23
Acarbose in the transglycosylation site 76.82
Water 46.72
Chain B

Protein 53.64
Glycosyl-enzyme intermediate 53.34
Acarbose in the transglycosylation site 63.26
Water 46.74
Chain C

Protein 44.06
Glycosyl-enzyme intermediate 42.72
Acarbose in the transglycosylation site 55.07
Water 39.06
Chain D

Protein 48.31
Glycosyl-enzyme intermediate 55.84
Acarbose in the transglycosylation site 73.72

Continued
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Refinement statistics

Water 41.95
Chain E

Protein 43.58
Glycosyl-enzyme intermediate 41.77
Acarbose in the transglycosylation site 57.46
Water 41.99
Chain F

Protein 48.23
Glycosyl-enzyme intermediate 52.59
Acarbose in the transglycosylation site 73.45
Water 44.17
Chain G

Protein 50.20
Acarbose by the catalytic residue 66.39
Acarbose in the transglycosylation site 74.94
Water 43.41
Chain H

Protein 61.05
Glycosyl-enzyme intermediate 63.28
Acarbose in the transglycosylation site 68.97
Water 45.96

Real-space correlation coefficient of ligands

Chain A
Glycosyl-enzyme intermediate 0.88
Acarbose in the transglycosylation site 0.79
Chain B
Glycosyl-enzyme intermediate 0.91
Acarbose in the transglycosylation site 0.87
Chain C
Glycosyl-enzyme intermediate 0.95
Acarbose in the transglycosylation site 0.92
Chain D
Glycosyl-enzyme intermediate 0.86
Acarbose in the transglycosylation site 0.88
Chain E
Glycosyl-enzyme intermediate 0.91
Acarbose in the transglycosylation site 0.86
Chain F
Glycosyl-enzyme intermediate 0.89
Acarbose in the transglycosylation site 0.82
Chain G
Acarbose by the catalytic residue 0.89
Acarbose in the transglycosylation site 0.81
Chain H
Glycosyl-enzyme intermediate 0.86
Acarbose in the transglycosylation site 0.86

Table 2. Data collection and refinement statistics for WT SaAM. Statistics for the highest-resolution shell are
given in parentheses.

and N463. For the acarbose molecule, the 3-OH group of the non-reducing end is recognized by H296 and E342,
the general acid-base catalysts. Both H296 and E342 are conserved residues in AMs with H296 corresponding
to H294 of TaAM and H461 of CgAM?**!. The 2-OH forms a H-bond with the carbonyl group of the backbone
peptide bond between L344 and G345. The interactions of the enzyme with the 2-OH and 3-OH groups of the
non-reducing end help position the 4-OH for nucleophilic attack and also block the 2-OH and 3-OH groups
from reacting with the glycosyl-enzyme intermediate. Thus, our novel structure also explains the regioselectivity
of the transglycosylation reaction. Other interactions of the acarbose molecule with the enzyme include the side
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Figure 2. (A) Crystal structure of SaAM (wheat) with acarbose and the acarbose-derived glycosyl-enzyme
intermediate (cyan). (B)D Stereo images of the SaAM active site. Interactions are shown in dash lines with
distances in angstrom (A).

chain of D251, D252, and the peptide bond between these two residues. The NH group of the backbone peptide
bond between L344 and G345 forms a bonding with the 6-OH of the second glucose residue of acarbose, the
6-OH of the first glucose residue of acarbose interacts with the side chain of D379.

As mentioned above, the pre-transglycosylation intermediate was first seen in our crystal structure of SAAM
in complex with acarbose. In TaAM, the first elucidated crystal structure of GH77, two acarbose molecules bound
to the enzyme, one in the active site at substrate- binding subsites — 3 to + 1 and another at 14 A away from the
non-reducing end of the first acarbose!”?*. Ligand interactions were identified, and the catalytic mechanism
through the glycosyl-enzyme intermediate was supported. In the more recent study, the first AM structure
from a mesophilic bacterium E. coli, ECAM, with the N-terminal extension of about 140 residues in comparison
with TaAM, has been determined through the three crystal structures in the apo form and in complex with
maltose substrate and acarbose inhibitor. The structure of acarviosine-glucose-acarbose, consisting of two acar-
bose molecules joined to obtain a heptasaccharide analog corresponding to the transglycosylation product, was
captured®. The ability to detect the pre-transglycosylation intermediate in the present study gave a direct clue
to the transglycosylation mechanism for AMs.

Site-directed mutagenesis of SaAM. From the observed 3D-structure of SaAM, a single cysteine
(C446) corresponds to the conserved proline (P450, TaAM numbering) in all reported AMs from Thermus. In
the C¢gAM and EcAM from mesophilic bacteria, the residues are C647 and G634, respectively (Fig. 1A). Since
proline, a nonpolar aliphatic amino acid, is known to contribute to protein stability by decreasing the conforma-
tional freedom of the protein backbone®**, and high amount of proline was observed in Thermus AM; thus, we
hypothesize that changing C to P would enable SaAM to work better at high temperature. In addition, mutations
to serine (S, polar uncharged) and alanine (A, nonpolar aliphatic) were performed. Serine mutants have been
found to increase thermostability in many enzymes due to its polar nature and ability to form H-bonding result-
ing in protein stabilization®; while alanine is nonpolar aliphatic, similar to proline but smaller. Hence, C446 of
SaAM was substituted by A/P/S. These mutations may shed lights to the understanding of control of thermosta-
bility in the AMs of thermophilic bacteria. The recombinant plasmid pET-28a containing SaAM gene was used
as a template for site-directed mutagenesis. The result of mutation on SaAM gene was confirmed by nucleotide
sequencing. The mutated SaAMs were expressed and purified using the same protocol as for the WT. Then, they
were biochemically characterized in comparison to the WT.

Biochemical characterization of WT and C446 mutated SaAMs. Amylomaltase activities. The in-
termolecular transglycosylation (starch transglycosylation, disproportionation, coupling, and hydrolysis) and
intramolecular transglycosylation (cyclization) activities of WT and mutated SaAMs were measured (Table 3).
The results showed that WT enzyme had high starch transglycosylation, disproportionation and cyclization ac-
tivities but low hydrolysis and coupling activities similar to all previously reported AMs'»'*!8, Mutation at C446
caused an obvious change in enzyme activities, especially of the A mutant which showed a significant increase
in three main activities of AM: starch transglycosylation, disproportionation and cyclization. However, C446P
showed a slight reduction in those activities while relatively similar activity was observed for the S mutant.

Optimum conditions and thermostability. 'The optimum temperature for disproportionation reaction of WT
SaAM was at 40 °C (Fig. 3A), the same as CgAM" but different from EcAM (35 °C)*%. Meanwhile the AMs from
the three thermopbhiles (T. filiformis, Thermotoga maritima, T. aquaticus) and the hyperthermophile A. aeolicus
displayed the optimum temperatures of 60 °C, 70 °C, 75 °C, and 90 °C, respectively''*?** Interestingly, C446S-
SaAM had an optimum temperature of 45 °C, a 5 °C increase over that of the WT, while the optimum tempera-
ture of A and P mutants did not change (Fig. 3A).
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Specific activities (U/mg protein)
Enzyme | Starch tranglycosylation | Disproportionation | Cyclization | Coupling | Hydrolysis
WT 572 54+1 0.9+0.2 0.19+£0.01 |0.05+0.01
C446A 73+1 70+1 1.3+0.2 0.16+0.02 | 0.03+0.01
C446P 46+1 51+1 0.7£0.1 0.12+0.01 |0.02+0.01
C446S 56+1 60+1 0.8+0.1 0.15+£0.01 | 0.040.01

Table 3. Activities of WT and C446 mutated SaAMs. Data are shown as the mean * standard deviation and
are derived from three independent experiments.
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Figure 3. (A) Optimum temperature of WT and C446 mutated SaAM. (B) Effect of temperature on SaAM
stability. WT and C446 mutated SaAMs were incubated in phosphate buffer pH 6.0 at 45 °C from 0 to 180 min.

The optimum pH of WT SaAM was at pH 6.0, the values of C¢gAM and those of Thermus are similar or more
or less the same'**. Mutation at C446 did not result in any change in optimum pH, suggesting that C446 was
not involved in catalysis affected by functional group ionization.

For enzyme stability, the effect of temperature was determined by following the disproportionation activity of
SaAM as a function of time. The enzyme was pre-incubated at different temperatures ranging from 30 to 50 °C
for 0-180 min as previously described*. Figure 3B displays enzyme stability at 45 °C. C446S showed a threefold
improvement of half-life time compared with the WT. At all temperatures studied, we surprisingly found that
stability of the P mutant was not much higher than the WT, and the S mutated enzyme was the most stable.

Because SaAM contains a single cysteine residue (C446), we proposed that mutation of C446 to serine
(C446S) will not only render reduction of oxidative damages to the protein, which is a favorable characteristic
for further enzyme applications, but also increase possibility of forming H-bonds with nearby residues resulting
in a favorable conformation for thermostability. The increase in thermostability is a major cause for an upward
shift of the optimum temperature. Possible interactions through H-bonding are evidenced as shown in the crystal
structures of the WT and the S mutant through structural modeling (Fig. 4). In the WT enzyme, C446 does not
form any H-bond. However, the S mutant could potentially form a H-bond with the side chain of D449. The
side chain of D449 can also make a H-bond with the main chain NH of 1400 in the WT enzyme. Thus, S446
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Figure 4. (A) Crystal structure of SaAM (wheat) and carbohydrate residues (cyan) near C446. (B) Model of
possible interactions when C446 is mutated to serine.

should hold the D449 side chain in place and help stabilize the interaction between D449 and 1400. 1400 is a part
of the loop containing H395 and D396 that interact with the glycosyl-enzyme intermediate by H-bonds. Thus,
we propose that C446S may stabilize the interactions between H395 and D396 and the substrate, and improve
both the thermostability and the catalytic activity. H395 of SaAM is corresponded to H394 of TtAM, which was
previously reported as a substrate-binding residue near the active site®.

Studies in different enzymes/proteins have shown similar results of serine replacement causing an increase in
enzyme/protein stability. Substitution with polar amino acids in lysozyme led to an increase in protein stability
through the creation of H-bonds*. In 2004, Kwa et al. reported that H-bond formed between serine and a keto
group of bacteriochlorophyll protein increased thermal stability of the model protein complex in the native
membrane®®. The number of H-bonds between the side chains of amino acid residues was found to correlate
with thermostability of a-amylase®. In AMs, a single substitution forming the A406V and N287Y mutated
CgAMs (the residues located around the second glucan binding site, 14 A from the active site) and the mutant
E27R at the surface of TfAM were reported to increase enzyme thermostability and also cause an upward shift
in optimum temperature**.

Substrate specificity and kinetic parameters. The ability of SaAM to utilize different substrates (G2-G7) in dis-
proportionation reaction was determined (Fig. 5). The results showed that while maltotriose (G3) was the most
efficient substrate, maltoheptaose (G7) was the poorest for both WT and C446 mutated SaAMs. The order of
preferred substrates of WT SaAM was G3 >G4 >G5>G6>G2>G7, which is in accordance with several WT
AMs from thermophilic and mesophilic bacteria'>'**2 The highest specificity for G3 was reported in almost all
AMs, including those from Thermus sp., A. aeolicus, E. coli, and C. glutamicum''>'*?2, Moreover, G3 was also
the best substrate for DPE1 from plants, such as potato and cassava'®. The C446 mutants showed the same order
of preferred substrates as the WT. On the other hand, the A and P mutants showed preferences for larger G4
to G6 and their specificities for G3 and G4 were almost the same. From these overall results, mutation at C446
residue of SaAM did not cause any major change in substrate specificity.

Scientific Reports |

(2021) 11:6740 | https://doi.org/10.1038/s41598-021-85769-3 nature portfolio



www.nature.com/scientificreports/

100 = WT
;\? 80 = C446A
2 mm C446P
2 60 == C446S
s
'g 40 i .

&
2 ’
12 N

G1 G2 G3 G4 G5 G6 G7

Substrate

Figure 5. Substrate specificity of WT and C446 mutated SaAM:s in disproportionation reaction using malto-
oligosaccharides (maltose, G2 to maltoheptaose, G7) as substrate. The activity of WT-SaAM on G3 substrate
was set as 100%. *P <0.05 (Student’s t-Test with respect to the disproportionation of WT). Data are presented as
the mean + SD and are derived from three independent experiments.

A
Vinax k.alK,
SaAM K,, (mM) (umole glucose min™! pg protein™) | k., (min™) [10*] | (mM™' min™!) [10%]
WT 21£3 2%0.1 180+2 9+2
C446A 22+2 3+0.1 220£2 10£1
C446P 24+2 1+0.1 100+3 4+1
C446S 23+1 2+0.1 164+3 7x1
B
SaAM K,, (mg/ml) |V, (ng CD min™' pg protein™") ke (min™') [10°] | k,,/K,,(mg.m]l"* min") [10°]
WT 24+6 0.08+0.01 9+1 0.35+0.07
C446A 20+5 0.08+0.01 8+1 0.42+0.03
C446P 27+8 0.06+0.01 7%1 0.25+0.02
C446S 28+7 0.07+0.01 71 0.28+0.02

Table 4. Kinetic parameters of WT and C446 mutated SaAMs from disproportionation reaction (A)
and cyclization reaction (B). Data are shown as the mean + standard deviation and are derived from three
independent experiments.

To follow whether interactions between SaAM and its substrates change upon mutation, kinetic analysis was
performed on both the disproportionation and cyclization reactions. For disproportionation, the most favorable
G3 substrate was used. The results indicated that C446A and C446S had k_,/K,, values close to that of the WT,
while C446P gave somewhat lower value (Table 4A). However, all SaAMs had similar K,, values in the range
of 21-24 mM. This suggests that the mutation did not cause any obvious change in substrate (G3) binding and
catalytic rate, which implies that not much of a change in enzyme conformation occurred.

The kinetic parameters for cyclization reaction were also investigated using pea starch as the substrate
(Table 4B) The K,, values of WT and C446A were around 20-24 mg/ml, while those of C446P and C446S were
27-28 mg/ml, indicating that the P and S mutants had a lower affinity to pea starch than the WT. When com-
pared with the W, the catalytic rates of the P and S mutants were lower and the A mutant slightly higher. Thus,
both binding of starch substrate and enzyme catalysis were affected upon C446 mutation to P and S. The change
in substrate affinity suggested that the enzyme conformation was not optimal for catalysis. For proline, lacking
an amide proton causes the P mutant the inability to form H-bond with side chain residues, thus, leading to
protein destabilization®.

Analysis of LR-CD product pattern. Production of LR-CDs by cyclization activity of SdAM was investigated.
SaAMs were incubated with 2% (w/v) pea starch at 30 °C and pH 6.0, which were their optimum conditions.
LR-CD mixtures obtained were analyzed by HPAEC-PAD*!. To compare the LR-CD patterns of WT and C446
mutated SaAMs, the enzymes were incubated at various times. Unique LR-CD profiles of WT and C446 mutated
SaAMs in the range of CD22-CD50 were obtained with CD24-CD26 as main products and CD22 as the small-
est product (Fig. 6A). Surprisingly, the product pattern of SaAM was similar to those of the thermostable AMs,
such as TaAM'"*, but different from CgAM of the mesophilic bacteria, which peaks at CD29-CD33** with
CD19 as the smallest'. We also found that the product pattern of larger LR-CD of the S mutant changed with
time, i.e. more CD35-CD42 was produced at 24 h incubation than at 6 h (Fig. 6A,B), this is most probably due
to their higher stability compared with the WT. At long incubation time, the yields of LR-CDs of all SaAMs were
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Figure 6. HPAEC-PAD analysis of LR-CD products synthesized at different incubation time: (A) 6 h and (B)
24 h, by WT and C446 mutated SaAMs (nC signal response, DP Degree of polymerization).

significantly increased, with the pattern of principle LR-CD products shifted to the smaller size (CD23-CD24)
at 24 h. The time dependence of product patterns observed was in accordance with that reported for CgAM™.

From the overall biochemical characterization of the WT and mutated SaAMs, the structure-function rela-
tionship could be explained in term of the obtained results. The importance of C446S in thermostability is evident
from the 5 °C increase in optimum temperature and the threefold increase in its half-life time at 45 °C together
with the increase in larger CD products observed at long incubation time. In addition, from structural analysis
in Fig. 4, the constructed model of C446S based on the crystal structure of WT enzyme showed higher number
of hydrogen bonds which is proposed to contribute to its thermostability.

Structural basis for thermostability in AMs. In the attempt to analyze the molecular basis for ther-
mostability in AMs, the structural data of different types of AM were compared (Table 5). As already men-
tioned, from the results of site-directed mutagenesis on optimum condition and thermostability of SaAM, we
proposed H-bonding contribution to enzyme thermostability, as supported by higher number of H-bonds in
C446S mutants (Fig. 4). Apart from H-bonding between the functional groups of charged amino acid residues,
other main factors that are known to stabilize proteins of hyperthermophiles are the number of ionic bonds and
the presence of salt bridges*’. It has been reported that the formation of salt bridges between nitrogen atom in
guanidinium group of surface Arg with side chain carbonyl oxygen atoms of Asp/Glu within 4 A and/or side
chain-side chain H-bond within 3.5 A are the interactions that play a major role in protein stability*. Analysis
of amino acid sequences comparing SaAM and thermophilic AMs revealed that Thermus has higher proline and
hydrophobic amino acid composition (Table 5)!7*!. However, because these Thermus are closely related species,
amino acid composition analysis could be biased. This is corroborated by an observation that A. aeolicus AM
(AaAM)'?, which is also thermophilic, has similar amino acid type composition (nonpolar, polar, and charged)
compared with SaAM. Thus, analysis of amino acid composition alone may not be sufficient to reveal the molec-
ular basis for thermostability in AMs. Nonetheless, analysis of potential salt bridges and H bonds, based on the
crystal structures showed that all thermophilic AMs have higher potential salt bridges; while the number of
potential H bonds is more or less similar. When comparing SaAM and AaAM, which have similar amino acid
type compositions, their number of H bonds are similar; but AaAM has significantly a higher number of poten-
tial salt bridges. One previous report from our group on mutation of E27R showed that forming an Arg cluster
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Amino acid composition (%) of amylomaltases
S. agalactiae (PDB ID T. aquaticus (PDB ID T. thermophilus (PDB ID T. brockianus (PDB ID A. aeolicus (PDB ID

Amino acid 6M6T) LESW)?® 20WC)" 2X11)'8 1TZ7)?
A 6.4 10.8 10.8 10.6 4.1
R 4.6 8.2 8.0 8.2 7.2
N 4.6 1.6 1.6 1.8 4.3
D 8.0 4.0 4.0 4.0 4.3
C 0.2 0.2 0.2 0.4 0.2
Q 4.0 2.0 2.2 2.2 1.4
E 8.0 10.0 10.0 10.4 11.8
G 6.8 9.0 9.0 9.0 6.4
H 1.6 2.6 2.6 2.6 1.9
I 6.6 2.2 2.2 2.8 4.3
L 7.6 10.8 10.8 10.8 12.4
K 6.2 3.4 3.4 2.6 8.0
M 2.8 2.0 2.0 1.6 1.0
F 5.8 6.2 6.2 6.4 7.4
P 4.0 7.6 7.6 7.2 4.9
S 4.0 2.8 2.8 3.0 4.1
T 6.4 3.0 3.0 34 2.3
w 2.8 4.2 4.2 4.4 3.1
Y 5.0 3.6 3.6 34 5.6
v 4.2 58 5.8 52 52
f;’ﬂ%"iﬁ er“;’ fPJ“)V LM 50 62.2 62.2 61.4 544
Polar (S+T+C+N+Q) 19.2 9.6 9.8 10.8 12.3
Charged (K+R+H+D+E) |28.4 28.2 28.0 27.8 33.2
lljr'ilé“g]z:f of potential salt | 3¢ 205 272 283 337
Egﬁger of potential H 261 288 276 271 264

Table 5. Amino acid compositions, number of potential salt bridges and H-bonds among AMs.

R27-R30-R31-R34 on the enzyme surface resulted in a 10 °C increase in optimum temperature, hence, suggest-
ing the contribution of salt bridge and H-bonding to thermostability of TfAM?*. Therefore, we could propose,
from the results of our present study, that the increased salt bridges play a major role on thermostability of AMs.

Conclusions

A novel amylomaltase from S. agalactiae showed high specific activities in the intermolecular transglycosylation
(starch transglycosylation and disproportionation) and intramolecular transglycosylation (cyclization) reactions.
Crystal structure determination confirmed its catalytic mechanism through the glycosyl-enzyme intermediate.
In addition, we have captured the novel pre-transglycosylation conformation, which explains why the transgly-
cosylation reaction is specific at the 4-OH. SaAM is phylogenetically grouped with AMs from the mesophilic
bacteria, but has a similar size to AMs of the thermopbhiles. It is, thus, a good model for studying thermostability
in AMs through structural comparison and site-directed mutagenesis. From the analyses of properties of the
mutated C446A/P/S, our results suggested the involvement of serine at the position 446 in the enhancement of
thermal stability of SaAM, as supported by a model structure showing an additional H-bonding with a nearby
residue in the S mutant. Nevertheless, salt bridges might be more important than H-bonding in AM thermosta-
bility contribution, as evidenced by the results from the structural analysis.

Materials and methods

Bacteria, plasmid and chemicals. Streptococcus agalactiae FPrA02* was kindly provided by Dr. Chan-
narong Rodkhum of the Department of Veterinary Microbiology, Faculty of Veterinary Science, Chulalongkorn
University, Bangkok. E. coli DH10 beta, restriction enzymes, DNA ligase, DNA polymerase and dNTPs were
products of New England Biolabs Inc. (England). Quick-change kit was purchased from Stratagene (USA). pET-
28a was from Novagen (USA). Plasmid purification kit was from Geneaid (Taiwan). HisTrap FF affinity column
was from GE Healthcare (England). Standard oligosaccharides (G1-G7) and LR-CD were products of Wako
Pure Chemical Industry Ltd. and Ezaki Glico (Japan), respectively. Glucose oxidase kit was from Human (Ger-
many). Pea starch (Emsland-Starke GmbH, Germany) was kindly provided by Prof. Wolfgang Zimmermann of
the University of Leipzig, Germany. All chemicals used were of analytical grade.
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Culturing of S. agalactiae and cloning of WT-AM gene. S. agalactiae was cultivated in brain heart
infusion broth (HiMedia). The genomic DNA was extracted using the ZR Fungal/Bacterial DNA MiniPrep kit
(Zymo Research). AM gene of S. agalactiae (SaAM) was amplified by PCR technique with the primers 5’-TATA
CCATGGCTAAAAAACGTGCAAGTGGTGTCTTAAT-3' and 5-GGTGCTCGAGTTTATTCCCTCTATT
ATAAATAGTTGTAATCTCTTTTA-3'. The PCR product was then cut with Ncol and Xhol and cloned into the
corresponding sites in pET28a. The nucleotide sequence was verified by sequencing to be identical to the previ-
ously reported sequence in the genome of S. agalactiae FPrA02%. The protein sequence is also identical to the
entry WP_000745455 in GenBank.

Amino acid sequence analysis, alignment and phylogeny. The multiple alignment of AMs was per-
formed using ClustalW*’; and the phylogenetic tree was constructed by a neighbour joining method*. Amino
acid composition was analyzed by ProtParam*>*°.

Expression and purification of recombinant SaAM. The recombinant E. coli cells containing SaAM
gene were cultured in LB medium with 50 pug/ml of kanamycin. The cells were grown under constant shaking
at 37 °C to ODyg, 0.3-0.4. Then, expression of SaAM was induced with 0.1 mM isopropylthio-p-p-galactoside
(IPTG); and bacterial growth was continued with constant shaking for 3 h. Cells were collected by centrifugation
(5000xg, 15 min at 4 °C) and suspended in 25 mM phosphate buffer pH 6.0. The collected cells were disrupted by
sonication (15 cycles, 1 min each, on ice) and crude enzymes were obtained by centrifugation (20,000xg, 45 min
at 4 °C). Both soluble and insoluble fractions were analyzed by SDS-PAGE. Crude enzymes were further purified
by HisTrap FF column chromatography'®. Protein bands were stained by Coomassie blue; and protein concen-
tration was determined by Bradford method>!. The purified fractions were pooled and assayed for AM activities.

X-ray crystallography. The WT-SaAM, that had been purified with Ni-NTA affinity chromatography, was
dialyzed against 20 mM Tris pH 7.5. The protein solution was applied onto Q Sepharose and eluted with a linear
gradient of 0-300 mM NaCl. Fractions containing pure WT-SaAM were pooled, dialyzed against 20 mM Tris
pH 7.5, concentrated to 40 mg/mL and supplemented with 10 mM acarbose. Crystallization was performed by
microbatch under mineral oil by mixing 2 uL of protein with equal volume each of 100 mM Tris pH 7.5, 100 mM
magnesium formate and 15% PEG 8000. The mixture was incubated at 16 °C. Crystals appeared and grew to full
size within 3-4 days. The crystals were cryoprotected (in 100 mM Tris pH 7.5, 100 mM magnesium formate, 30%
PEG 3350, and 10 mM acarbose), vitrified and stored in liquid nitrogen.

Single crystal diffraction data were collected at beamline BL13B1 of the National Synchrotron Radiation
Research Center (Taiwan, Republic of China) (Table 1). Reflections were indexed and integrated using XDS2.
Crystal symmetry determination and scaling were performed using AIMLESS™. Phaser** was used for molecular
replacement with the structure of A. aeolicus AM (PDB ID 1TZ7) as the search model (42.3% sequence identity
to SaAM). The model was built with PHENIX AutoBuild®. Refinement and model adjustment were performed
with phenix.refine® and COOT®, respectively. The structure was deposited at the Protein Data Bank under the
accession code 6M6T. Structures were illustrated using PyMOL. Analyses of hydrogen bonds® and salt bridges
(charged atoms within 7 A of each other) were performed using WHAT IF*,

Construction of C446 mutated SaAM gene. A recombinant plasmid (pET-28a) containing WT- SaAM
was used as a template. The cysteine 446 (C446) residue of SaAM was selected for site-directed mutagenesis.
Replacements of C446 with three amino acids: alanine (A), proline (P) and serine (S), were performed. The
mutated primers were shown in Table S1. PCR amplification technique was used to amplify C446 mutated SaAM
genes. PCR conditions were: an initial denaturation at 98 °C for 30 s; followed by 15 cycles of amplification, each
at 98 °C for 10 s, 55 °C for 30 s, and 68 °C for 4.5 min; and a post extension at 68 °C for 5 min. The pET-28a
plasmids containing mutated SaAM were transformed into E. coli DH10 beta. The transformation colonies were
selected on LB agar plate containing 50 pg/ml of kanamycin. After incubation at 37 °C for 16 h, the colonies
were picked and cultured in LB medium containing 50 ug/ml of kanamycin for 12 h. The point mutation was
confirmed by nucleotide sequencing and sequence alignment with Clustal W.

Biochemical characterization. Assays for AM activity. The intermolecular transglycosylation (starch
transglycosylation, disproportionation, coupling, and hydrolysis) and intramolecular transglycosylation (cycli-
zation) activities of WT and mutated SaAMs were determined at 30 °C or 40 °C as previously described***!. In
brief, starch transglycosylation activity was determined by measuring the reducing sugar released from starch
and glucose substrates using the iodine method at 600 nm. For disproportionation, G3 was used as substrate;
and glucose produced was determined by glucose oxidase method at 505 nm. Coupling activity was also meas-
ured by the glucose oxidase assay using LR-CDs and glucose as donor and acceptor substrates, respectively. The
hydrolysis activity was determined by measuring the release of reducing sugar, as glucose, from LR-CDs sub-
strate using the bicinchoninic acid assay at 562 nm. For cyclization activity, pea starch substrate was incubated
with the enzyme for 1.5 h; then the reaction was stopped and glucoamylase was added and incubated for 12 h
to hydrolyze linear oligosaccharides to glucose. The cyclic LR-CD product was detected by HPAEC-PAD and
the unit enzyme was referred to the CA25 product. The mean values of all activities were calculated from three
independent replicates.

Optimum conditions. The effects of pH and temperature on disproportionation activity of both WT and C446
mutated SaAMs were determined. For optimum pH, the enzymes were incubated with 50 mM G3 in 50 mM
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buffers of different pH values (pH 3.0-9.0) at 40 °C for 10 min; then, the activities were respectively measured?®.
For optimum temperature, incubation was done in phosphate buffer pH 6.0 at various temperatures between 30
and 70 °C. The results were shown as percentage of relative activity. The highest activity was defined as 100%.

Temperature stability. The effect of temperature on stability of SaAM was determined®*. WT and C446 mutated
SaAMs were incubated in 50 mM phosphate buffer pH 6.0 at 30-50 °C for 0-180 min. Then, enzyme activities
were measured. The results were presented as percentage of relative activity. The highest activity was defined as
100%.

Substrate specificity and kinetic studies. Malto-oligosaccharide substrates (G2-G7) were used for determining
the specificity of SaAM for disproportionation reaction®. 0.2 U of enzyme activity was incubated with 50 mM
of substrate in phosphate buffer pH 6.0 at 40 °C for 10 min. The amount of glucose produced was determined
by glucose oxidase method*!. The relative activities were calculated by using W activity with G3 substrate as
control.

Kinetics of WT and C446 mutated SaAMs were determined for disproportionation and cyclization reactions.
For disproportionaion, incubations of various G3 substrate concentrations (0-40 mM) with 0.2 U of SaAMs at
optimum conditions were performed.

The enzyme activities were measured by glucose oxidase method*. For cyclization reaction, 0.5 U starch
degrading activity of SaAMs was incubated with various concentrations of pea starch substrate (0-0.5%) in
50 mM phosphate buffer pH 6.0, 30 °C for 1.5 h. LR-CD products were analyzed by HPAEC-PAD*.. The kinetic
parameters of WT and C447 mutated SaAMs, K, and V,,,,,, were determined from the non-linear analysis of the
Michaelis—-Menten equation. k., and k.,/K,, were also calculated.

Analysis of LR-CD product pattern. The patterns of LR-CD cyclization products of SaAMs were investigated
at different incubation times. The reaction mixtures, containing 0.2% (w/v) of pea starch and 0.1 U of enzymes,
were incubated in 50 mM phosphate buffer pH 6.0 at 30 °C for 1.5, 6, 12, and 24 h. The LR-CD products were
analyzed by HPAEC-PAD*..

Received: 28 September 2020; Accepted: 4 March 2021
Published online: 24 March 2021

References

1. Van der Maarel, M. J., Van Der Veen, B., Uitdehaag, J. C., Leemhuis, H. & Dijkhuizen, L. Properties and applications of starch-
converting enzymes of the a-amylase family. J. Biotechnol. 94, 137-155 (2002).

2. MacGregor, E. A., Janecek, S & Svensson, B. Relationship of sequence and structure to specificity in the a-amylase family of
enzymes. Biochim. Biophys. Acta. 1546, 1-20 (2001).

3. Takaha, T. & Smith, S. M. The functions of 4-a-glucanotransferases and their use for the production of cyclic glucans. Biotechnol.
Genet. Eng. Rev. 16, 257-280 (1999).

4. Machida, S. et al. Cycloamylose as an efficient artificial chaperone for protein refolding. FEBS. Lett. 486, 131-135 (2000).

5. Roth, C. et al. Amylose recognition and ring-size determination of amylomaltase. Sci. Adv. 3, 1601386 (2017).

6. Miao, M., Jiang, B., Jin, Z. & BeMiller, J. Microbial starch-converting enzymes: recent insights and perspectives. Com. Rev. Food
Sci. Food Saf. 17, 1238-1260 (2018).

7. Van der Maarel, M. J. & Leemhuis, H. J. C. P. Starch modification with microbial alpha-glucanotransferase enzymes. Carbohyadr.
Polym. 93, 116-121 (2013).

8. Kaulpiboon, J., Rudeekulthamrong, P., Watanasatitarpa, S., Ito, K. & Pongsawasdi, P. Synthesis of long-chain isomaltooligosaccha-
rides from tapioca starch and an in vitro investigation of their prebiotic properties. J. Mol. Catal. B Enzym. 120, 127-135 (2015).

9. Saehu, S., Srisimarat, W., Prousoontorn, M. H. & Pongsawasdi, P. Transglucosylation reaction of amylomaltase for the synthesis
of anticariogenic oligosaccharides. J. Mol. Catal. B Enzym. 88, 77-83 (2013).

10. Boos, W. & Shuman, H. Maltose/maltodextrin system of Escherichia coli: Transport, metabolism, and regulation. Microbiol. Mol.
Bio. Rev. 62, 204-229 (1998).

11. Terada, Y., Fujii, K., Takaha, T. & Okada, S. Thermus aquaticus ATCC 33923 amylomaltase gene cloning and expression and enzyme
characterization: production of cycloamylose. Appl. Envi. Microbiol. 65, 910-915 (1999).

12. Bhuiyan, S. H., Kitaoka, M. & Hayashi, K. A cycloamylose-forming hyperthermostable 4-a-glucanotransferase of Aquifex aeolicus
expressed in Escherichia coli. . Mol. Catal. B Enzym. 22, 45-53 (2003).

13. Kaper, T. et al. Amylomaltase of Pyrobaculum aerophilum IM2 produces thermoreversible starch gels. Appl. Envi. Microbiol. 71,
5098-5106 (2005).

14. Srisimarat, W. et al. A novel amylomaltase from Corynebacterium glutamicum and analysis of the large-ring cyclodextrin products.
J. Incl. Phenom. Macrocycl. Chem. 70, 369-375 (2011).

15. Kakefuda, G. & Duke, S. H. Characterization of pea chloroplast D-enzyme (4-a-D-glucanotransferase). Plant. Physiol. 91, 136-143
(1989).

16. Tantanarat, K., O'Neill, E. C., Rejzek, M., Field, R. A. & Limpaseni, T. Expression and characterization of 4-a-glucanotransferase
genes from Manihot esculenta Crantz and Arabidopsis thaliana and their use for the production of cycloamyloses. Process. Biochem.
49,84-89 (2014).

17. Przylas, I et al. Crystal structure of amylomaltase from Thermus aquaticus, a glycosyltransferase catalysing the production of large
cyclic glucans. J. Mol. Biol. 296, 873-886 (2000).

18. Jung, J. H. et al. Structural and functional analysis of substrate recognition by the 250s loop in amylomaltase from Thermus brocki-
anus. Proteins Struct. Func. Bioinform. 79, 633-644 (2011).

19. Barends, T. R. et al. Three-way stabilization of the covalent intermediate in amylomaltase, an a-amylase-like transglycosylase. J.
Biol. Chem. 282, 17242-17249 (2007).

20. Barends, T. R. M., et al. Structural influences on product specificity in amylomaltase from Aquifex aeolicus. http://www.rcsb.org/
pdb/explore/explore.do?structureld=1TZ7 (2005).

Scientific Reports |

(2021) 11:6740 | https://doi.org/10.1038/s41598-021-85769-3 nature portfolio


http://www.rcsb.org/pdb/explore/explore.do?structureId=1TZ7
http://www.rcsb.org/pdb/explore/explore.do?structureId=1TZ7

www.nature.com/scientificreports/

21. Joo, S., Kim, S., Seo, H. & Kim, K. J. Crystal structure of amylomaltase from Corynebacterium glutamicum. J. Agric. Food. Chem.
64, 5662-5670 (2016).

22. Weiss, S. C., Skerra, A. & Schiefner, A. Structural basis for the interconversion of maltodextrins by MalQ, the amylomaltase of
Escherichia coli. J. Biol. Chem. 290, 21352-21364 (2015).

23. Kaper, T. et al. Identification of acceptor substrate binding subsites+ 2 and+ 3 in the amylomaltase from Thermus thermophilus
HBS. Biochemistry 46, 5261-5269 (2007).

24. Kaewpathomsri, P. et al. Characterization of amylomaltase from Thermus filiformis and the increase in alkaline and thermo-stability
by E27R substitution. Process. Biochem. 50, 1814-1824 (2015).

25. Madden, T. The NCBI Handbook [Internet] 2nd edn. (National Center for Biotechnology Information US, 2013).

26. Multispecies: 4-alpha-glucanotransferase (Streptococcus sp.). https://www.ncbi.nlm.nih.gov/protein/WP_000745455.1 (2019).

27. Stassi, D. L., Lopez, P, Espinosa, M. & Lacks, S. A. Cloning of chromosomal genes in Streptococcus pneumoniae. Proc. Natl. Acad.
Sci. USA 78, 7028-7032 (1981).

28. Svensson, B. Protein engineering in the a-amylase family: Catalytic mechanism, substrate specificity, and stability. Plant. Mol. Biol.
25, 141-157 (1994).

29. Przylas, I. et al. X-ray structure of acarbose bound to amylomaltase from Thermus aquaticus. Eur. ]. Biochem. 267, 6903-6913
(2000).

30. Van der Maarel, M., Euverink, G., Binnema, D., Bos, H. T. P. & Bergsma, ]. Amylomaltase from the hyperthermophilic bacterium
Thermus thermophilus: enzyme characteristics and application in the starch industry. Med. Fac. Landbouww. Univ. Gent. 65,
231-234 (2000).

31. Tumhom, S., Krusong, K., Kidokoro, S., Katoh, E. & Pongsawasdi, P. Significance of H461 at subsite+ 1 in substrate binding and
transglucosylation activity of amylomaltase from Corynebacterium glutamicum. Arch. Biochem. Biophys. 652, 3-8 (2018).

32. Prajapati, R. S. et al. Thermodynamic effects of proline introduction on protein stability. Proteins Struct. Func. Bioinform. 66,
480-491 (2007).

33. Bajaj, K. et al. Stereochemical criteria for prediction of the effects of proline mutations on protein stability. PLoS. Comput. Biol. 3,
241 (2007).

34. Shi, Z., Krantz, B. A., Kallenbach, N. & Sosnick, T. R. Contribution of hydrogen bonding to protein stability estimated from isotope
effects. Biochemistry 41, 2120-2129 (2002).

35. Liebl, W, Feil, R., Gabelsberger, J., Kellermann, J. & Schleifer, K. H. Purification and characterization of a novel thermosta-
ble 4-a-glucanotransferase of Thermotoga maritima cloned in Escherichia coli. Eur. ]. Biochem. 207, 81-88 (1992).

36. Nimpiboon, P. et al. Mutagenesis for improvement of activity and thermostability of amylomaltase from Corynebacterium glu-
tamicum. Int. J. Biol. Macromol. 86, 820-828 (2016).

37. Takano, K., Scholtz, J. M., Sacchettini, J. C. & Pace, C. N. The contribution of polar group burial to protein stability is strongly
context-dependent. J. Biol. Chem. 278, 31790-31795 (2003).

38. Kwa, L. G. et al. Hydrogen bonding in a model bacteriochlorophyll-binding site drives assembly of light harvesting complex. J.
Biol. Chem. 279, 15067-15075 (2004).

39. Prakash, O. & Jaiswal, N. a-Amylase: An ideal representative of thermostable enzymes. Appl. Biochem. Biotechnol. 160, 2401-2414
(2010).

40. Nimpiboon, P, Krusong, K., Kaulpiboon, J., Kidokoro, S. & Pongsawasdi, P. Roles of N287 in catalysis and product formation of
amylomaltase from Corynebacterium glutamicum. Biochem. Biophys. Res. Commun. 478, 759-764 (2016).

41. Srisimarat, W., Kaulpiboon, J., Krusong, K., Zimmermann, W. & Pongsawasdi, P. Altered large-ring cyclodextrin product profile
due to a mutation at Tyr-172 in the amylomaltase of Corynebacterium glutamicum. Appl. Envi. Microbiol. 78, 7223-7228 (2012).

42. Tumhom, S., Krusong, K. & Pongsawasdi, P. Y418 in 410s loop is required for high transglucosylation activity and large-ring
cyclodextrin production of amylomaltase from Corynebacterium glutamicum. Biochem. Biophys. Res. Commun. 488, 516-521
(2017).

43. Tanner, J. ], Hecht, R. M. & Krause, K. L. Determinants of enzyme thermostability observed in the molecular structure of Thermus
aquaticus D-glyceraldehyde-3-phosphate dehydrogenase at 2.5 A resolution. Biochemistry 35, 2597-2609 (1996).

44. Sokalingam, S., Raghunathan, G., Soundrarajan, N. & Lee, S. G. A study on the effect of surface lysine to arginine mutagenesis on
protein stability and structure using green fluorescent protein. PLoS ONE 7, 40410 (2012).

45. Kayansamruaj, P, Pirarat, N., Katagiri, T., Hirono, I. & Rodkhum, C. Molecular characterization and virulence gene profiling of
pathogenic Streptococcus agalactiae populations from tilapia (Oreochromis sp.) farms in Thailand. J. Vet. Diagn. Invest. 26, 488-495
(2014).

46. Kayansamruaj, P. et al. Comparative genomics inferred two distinct populations of piscine pathogenic Streptococcus agalactiae,
serotype Ia ST7 and serotype III ST283, in Thailand and Vietnam. Genomics 111, 1657-1667 (2019).

47. Larkin, M. A. et al. Clustal W and Clustal X version 2.0. Bioinformatics 23, 2947-2948. https://doi.org/10.1093/bioinformatics/
btm404 (2007).

48. Tamura, K., Stecher, G., Peterson, D., Filipski, A. & Kumar, S. MEGA6: molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 30, 2725-2729. https://doi.org/10.1093/molbev/mst197 (2013).

49. Gasteiger, E. et al. The Proteomics Protocols Handbook 571-607 (Springer, 2005).

50. Walker, J. M. The Proteomics Protocols Handbook (Springer, 2005).

51. Bollag, D. M., Rozycki, M. D. & Edelstein, S. J. Protein Methods (Wiley, 1996).

52. Kabsch, W. XDS. Acta. Crystallogr. D. Biol. Crystallogr. 66, 125-132. https://doi.org/10.1107/s0907444909047337 (2010).

53. Evans, P. R. & Murshudov, G. N. How good are my data and what is the resolution?. Acta. Crystallogr. D. Biol. Crystallogr. 69,
1204-1214. https://doi.org/10.1107/s0907444913000061 (2013).

54. McCoy, A.]. et al. Phaser crystallographic software. . Appl. Cryst. 40, 658-674. https://doi.org/10.1107/s0021889807021206 (2007).

55. Terwilliger, T. C. et al. Iterative model building, structure refinement and density modification with the PHENIX AutoBuild wizard.
Acta. Crystallogr. D. Biol. Crystallogr. 64, 61-69. https://doi.org/10.1107/s090744490705024x (2008).

56. Afonine, P. V. et al. Towards automated crystallographic structure refinement with phenix.refine. Acta. Crystallogr. D. Biol. Crystal-
logr. 68, 352-367. https://doi.org/10.1107/s0907444912001308 (2012).

57. Emsley, P, Lohkamp, B., Scott, W. G. & Cowtan, K. Features and development of coot. Acta. Crystallogr. D. Biol. Crystallogr. 66,
486-501. https://doi.org/10.1107/s0907444910007493 (2010).

58. Hooft, R. W, Sander, C. & Vriend, G. J. P. S. Positioning hydrogen atoms by optimizing hydrogen-bond networks in protein
structures. Proteins Struct. Funct. Bioinform. 26, 363-376 (1996).

59. Vriend, G. WHAT IF: A molecular modeling and drug design program. J. Mol. Graph. 8, 52-56 (1990).

60. Rodriguez, R., Chinea, G., Lopez, N., Pons, T. & Vriend, G. Homology modeling, model and software evaluation: Three related
resources. Bioinformatics 14, 523-528 (1998).

Acknowledgements

The authors are grateful for the beam time and technical services provided by the “Synchrotron Radiation Pro-
tein Crystallography Facility of the National Core Facility Program for Biotechnology, Ministry of Science and

Scientific Reports|  (2021) 11:6740 | https://doi.org/10.1038/s41598-021-85769-3 nature portfolio


https://www.ncbi.nlm.nih.gov/protein/WP_000745455.1
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/bioinformatics/btm404
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.1107/s0907444909047337
https://doi.org/10.1107/s0907444913000061
https://doi.org/10.1107/s0021889807021206
https://doi.org/10.1107/s090744490705024x
https://doi.org/10.1107/s0907444912001308
https://doi.org/10.1107/s0907444910007493

www.nature.com/scientificreports/

Technology” and the “National Synchrotron Radiation Research Center”, a national user facility supported by
the Ministry of Science and Technology of Taiwan, Republic of China.

Author contributions

Conceptualization, supervision and funding acquisition: K.W. and P.P; WT data on gene cloning and enzyme
production: P.N. and K.W.; Mutation and protein crystallization: S.T and K.W,; Data collection of crystals: S.T.
and K.W; Structural analysis: K.W.; writing- original draft preparation: S.T.; writing- review and editing: K.W.
and PP. All authors have read and agreed to the published version of the manuscript.

Fundin

This workgreceived funding from the Ratchadaphiseksomphot Endowment Fund, Chulalongkorn University
(C.U.) The Postdoctoral fellowship from Graduated School C.U. to ST is acknowledged. (Grant Number GDNS-
59-059-23-020, DNS-61-011-23-003-2, CU-GR-60-22-23-10, and CU-GR-62-28-23-10 to KW; and the 90th
Anniversary of C.U. Fund to ST). KW was also supported by the Thailand Research Fund and Office of the Higher
Education Commission, Ministry of Education Research Grant for New Scholar number MRG6180012 and the
C.U. grant to the Center of Excellence for Molecular Biology and Genomics of Shrimp, and to the Molecular
Crop Research Unit. Protein purification equipment was supported by the Sci-Super IV Grant, Faculty of Science,
C.U. (Grant Number Sci-Super IV_61_003 to KW).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-85769-3.

Correspondence and requests for materials should be addressed to K.W. or P.P.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:6740 | https://doi.org/10.1038/s41598-021-85769-3 nature portfolio


https://doi.org/10.1038/s41598-021-85769-3
https://doi.org/10.1038/s41598-021-85769-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Streptococcus agalactiae amylomaltase offers insight into the transglycosylation mechanism and the molecular basis of thermostability among amylomaltases
	Results and discussion
	Gene cloning and molecular characterization of SaAM. 
	Expression and purification of recombinant SaAM. 
	Structural characterization of WT SaAM. 
	Site-directed mutagenesis of SaAM. 
	Biochemical characterization of WT and C446 mutated SaAMs. 
	Amylomaltase activities. 
	Optimum conditions and thermostability. 
	Substrate specificity and kinetic parameters. 
	Analysis of LR-CD product pattern. 

	Structural basis for thermostability in AMs. 

	Conclusions
	Materials and methods
	Bacteria, plasmid and chemicals. 
	Culturing of S. agalactiae and cloning of WT-AM gene. 
	Amino acid sequence analysis, alignment and phylogeny. 
	Expression and purification of recombinant SaAM. 
	X-ray crystallography. 
	Construction of C446 mutated SaAM gene. 
	Biochemical characterization. 
	Assays for AM activity. 
	Optimum conditions. 
	Temperature stability. 
	Substrate specificity and kinetic studies. 
	Analysis of LR-CD product pattern. 


	References
	Acknowledgements


