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Abstract Gracilibacillus dipsosauri is a moder-
ately-halophilic Gram-positive bacterium which
forms an extracellular a-amylase that is induced by
starch, repressed by Dp-glucose, and active in 2.0 M
KCI. Previous studies showed that while enzyme
activity could be measured with the synthetic substrate
2-chloro-4-nitrophenyl-o-p-maltotrioside  (CNPG3),
other assays were inconsistent and the protein showed
aberrant mobility during nondenaturing gel elec-
trophoresis. To clarify the properties of this enzyme,
the genome of G. dipsosauri was sequenced and was
found to be 4.19 Mb in size with an overall G4C
content of 36.9%. A gene encoding an o-amylase
composed of 691 amino acids was identified. The
protein was a member of the glycosyl hydrolase 13
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family, which had a molecular mass of 77,396 daltons
and a pl of 4.39 due to an unusually large number of
aspartate and glutamate residues (95/691 or 13.7%).
BLAST analysis of the amino acid sequence revealed
significant matches to other proteins with cyclodextrin
glycosyltransferase activity. Partial purification of the
protein from G. dipsosauri showed that fractions
catalyzing the hydrolysis of CNPG3 and p-nitro-
phenyl-p-maltoheptoside also catalyzed the formation
of B-cyclodextrin but not a-cyclodextrin or y-cy-
clodextrin. Formation of B-cyclodextrin was not
stimulated by high salt concentrations but did occur
with rice, potato, wheat, and corn starches and
amylopectin. These studies explain the unusual fea-
tures of the o-amylase from G. dipsosauri and indicate
it should be classified as EC 2.4.1.19. The availability
of the complete genomic sequence of G. dipsosauri
will provide the basis for studies on other enzymes
from this halophile which may be useful for
biotechnology.
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Introduction

Microorganisms that have evolved to grow in habitats
characterised by high temperatures, extremely acidic
or alkaline pH, high salt concentrations, and high
pressures have been termed extremophiles (Madigan
and Marrs 1997; Horikoshi and Grant 1998; Gerday
and Glansdorff 2007; Canganella and Wiegel 2011).
They have been investigated as models for life outside
of the planet Earth (Rothschild and Mancinelli 2001;
Merino et al. 2019), as potential contributors to
bioremediation on the Earth (Orellana et al. 2018),
and as sources of proteins for biotechnology (Hough
and Danson 1999; Niehaus et al. 1999; Schiraldi and
De Rosa 2002; Dalmaso et al. 2015; Kriiger et al.
2018). Among the enzymes isolated and purified from
extremophilic bacteria and archaea are amylases,
cellulases, chitinases, proteases, and DNA
polymerases.

Gracilibacillus dipsosauri strain DD1 is a moder-
ately halophilic bacterium that was originally isolated
from the nasal cavity of a desert iguana (Deutch 1994).
Strain DD1 was identified as the type strain of new
species of Bacillus based on its 16S rRNA sequence
and shown to be loosely associated with other salt-
tolerant bacteria such as Sporosarcina halophila and
Marinococcus albus (Lawson et al. 1996). It was later
reclassified as Gracilibacillus dipsosauri after reorga-
nization of several halotolerant genera (Waing et al.
1999). Other species of Gracilibacillus have subse-
quently been identified and linked phylogenetically to
G. dipsosauri including G. orientalis (Carrasco et al.
2006), G. boraciitolerans (Ahmed et al. 2007), G.
quingheiensis (Chen et al. 2008a), G. lacisalsi (Jeon
et al. 2008), G. halophilus (Chen et al. 2008b), G.
saliphilus (Tang et al. 2009), G. thailandensis (Cham-
roensaksri et al. 2010), G. ureilyticus (Huo et al. 2010),
G. kekensis (Gao et al. 2012), G. bigeumensis (Kim
et al. 2012), G. xinjiangensis (Yang et al. 2013), G.
marinus (Huang et al. 2013), G. alcaliphilus (Hirota
etal. 2014), G. kimchi (Oh et al. 2016), G. massiliensis
(Diop et al. 2016), G. aidingensis (Guan et al. 2017),
G. phocaeensis (Senghor et al. 2017), G. eburneus
(Guan et al. 2018), and G. timonensis (Diop et al.
2018). The current edition of Bergey’s Manual of
Systematics of Archaea and Bacteria Online (Editorial
Board 2015) contains a summary of the genus
Gracilibacillus and shows the relationship of these
bacteria to others in the order Bacillales. Several
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recent papers illustrate the phylogenetic relationships
of G. dipsosauri and other species in this genus based
on their 16S rRNA sequences (Senghor et al.
2017; Diop et al. 2018; Guan et al. 2018).

In its initial characterisation, G. dipsosauri strain
DD1 gave positive results for the hydrolysis of starch,
triacylglycerides, esculin, and o-nitrophenyl-p-p-
galactoside (Deutch 1994). As part of a long-term
project to purify enzymes from this microorganism
which can function in high salt concentrations, an
extracellular enzyme capable of degrading starch was
isolated and described as an a-amylase (Deutch 2002).
The enzyme produced clear zones of hydrolysis on
agar plates containing soluble starch, was induced by
starch but repressed by p-glucose, and showed its
highest activity after growth of the bacterium in 1.0 M
KCI. The enzyme had a pH optimum of 6.5, was
stable at 60 °C, and was stimulated by 1.0 M Na,SOj,.
While the enzyme resembled other a-amylases, it had
several unusual properties. First, although its activity
could be measured quantitatively using 2-chloro-4-
nitrophenyl-o-p-maltotrioside (CNPG3) as the sub-
strate (Gella et al. 1997; Suganuma et al. 1997; Foo
and Bais 1998; Lorentz et al. 1999), assays based the
formation of reducing sugars like p-glucose (Bernfeld
1955), binding of iodine to starch (Laderman et al.
1993), or hydrolysis of dye-labeled polymers
(McCleary 1988) were inconsistent. Second, the
purified enzyme had a denatured molecular mass in
SDS-polyacrylamide gel electrophoresis of about
80 kDa but behaved in non-denaturing gels as if it
had a mass of about 30 kDa. Third, the purified
enzyme was active in high concentrations of KCI or
NaCl (up to 2.0 M) and was stable in salt for long
periods of time. Attempts to clone the gene for the
enzyme from G. dipsosauri genomic DNA into
plasmids such as pGEM-3Zf(+) for E. coli or to
amplify the gene using primers based on salt-tolerant
a-amylase sequences from Halobacillus halophilus,
Oceanobacillus iheyensis, and Gracilibacillus halo-
philus between 2005 and 2013 were unsuccessful. To
clarify the properties of this novel o-amylase, the
sequence of the G. dipsosauri genome has now been
determined and the properties of the gene encoding
this enzyme analyzed. We now report that the o-
amylase activity in strain DDlis associated with a
protein that can also function as a cyclodextrin
glycosyltransferase (CGTase).
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Materials and methods
Sequencing of the G. dipsosauri genome

The DNA of G. dipsosauri strain DD1 was sequenced
and assembled using a set of basic methods that have
now become widely used (Ekblom and Wolf 2014;
Simpson and Pop 2015). Bacteria were grown over-
night in 25 ml of Difco™ tryptic soy broth containing
1.0M KCIl at 37 °C with aeration in a shaker-
incubator at 250 rpm. Genomic DNA was extracted
using the reagents in a Zymo Research Fungal/
Bacterial Mini-prep kit as directed by the manufac-
turer (Zymo Research, Tustin, CA USA). The prepa-
ration had a DNA concentration of 182 ng/ul with a
Asgo/Asgo ratio of 1.85. The sample was sent to the
Center for Genomics and Bioinformatics at Indiana
University, where sequencing was done with an
INlumina MiSeq system. There were 986,585 paired
reads, with a total of about 592,154,880 bases. The raw
Ilumina MiSeq 2x300 bp reads were quality checked
using FastQC v0.10.1 (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc), followed by adapter
trimming and quality clipping by Trimmomatic 0.35
(http://www.usadellab.org/cms/?page=trimmomatic).
Any reads shorter than 150 bp were dropped. Any
reads with start, end, or the average quality within a
4 bp window falling below quality scores of 15 were
trimmed. A clean set of 698,667 read pairs was saved
for further insert size estimation. Kmer analysis was
run by Jellyfish 2.2.4 (https://www.cbcb.umd.edu/
software/jellyfish/) over both the entire 986,933 read
pairs and the clean 698,667 read pairs for genome size
estimation. Clean reads were aligned to the G. orien-
talis reference genome (https://www.ncbi.nlm.nih.
gov/assembly/GCF_900114645.1/) by bwa mem
0.7.15 for insert size estimation. Spades 3.11.1 (http://
cab.spbu.ru/software/spades/) with mismatch correc-
tor mode was applied for whole-genome assembly
with kmer sizes of 21, 33, 55, and 77. The best whole
genome assembly with kmer size 77 was evaluated by
comparing it to G. orientalis reference genome by
Quast 4.5 (http://bioinf.spbau.ru/quast). When sorting
contigs from largest to smallest, the first 28 contigs
with minimum length of 1000 bp were extracted.
CAR, a novel reference-based contig assembly and
scaffolding tool (http://genome.cs.nthu.edu.tw/CAR/
), was applied to the 28 contigs for scaffolds. 21
contigs were kept in the final four scaffolds. Quast was

used again to evaluate the assembly with 28 contigs
and 21 contigs. BUSCO, a tool for assessing genome
assembly and annotation completeness with bench-
marking universal single copy orthologs (http://busco.
ezlab.org/), indicated 98.7% genome completeness
with 146 complete BUSCOs out of 148 total BUSCOs
defined in bacteria database. A total of 1602 genes
were predicted de novo by Glimmer (Gene Locator
and Interpolated Markov Model ER https://ccb.jhu.
edu/software/glimmer/). Additional genome annota-
tion was performed by a protein homology-based
tblastn (blast + 2.3.0) approach using protein
sequences of the Gracilibacillus orientalis reference
genome. Genes predicted de novo were compared to
genes annotated by tblastn, of which 1311 matched.
The assembly gave an average coverage across the
genome of 141x. The complete genome has been
deposited at the National Center for Biological Infor-
mation (NCBI Reference Sequence:
NZ_QGTDO00000000.1).

Assays for a-amylase and cyclodextrin
glycosyltransferase activities

The a-amylase activity of the G. dipsosauri enzyme
with 2-chloro-4-nitrophenyl-o-p-maltotrioside
(CNPG3) as the substrate was measured as previously
described (Deutch 2002). Briefly, 1.0 ml reaction
mixtures contained 50 mM potassium MES buffer, pH
6.1, 5mM CaCl,-2H,0, 200 mM KSCN, 1.0 M
NaySOy, 2.25 mM CNPG3 (Toronto Research Chem-
icals, Toronto Canada), and varying volumes of an
enzyme solution. The reactions were incubated at
room temperature in a Shimadzu U-160 spectropho-
tometer and the absorbance at 405 nm measured
continuously for 10-30 min. Activity was expressed
as nmol/min ml using a molar extinction coefficient of
14.6 x 10* for 2-chloro-4-nitrophenol (Winn-Deen
et al. 1988). Amylase activity with p-nitrophenyl-p-
maltoheptoside (PNPG7) as the substrate (Sheehan
and McCleary 1988) was measured using an assay kit
from TECO Diagnostics (Anaheim, CA USA). The
reagent powder was dissolved in 6.0 ml distilled water
and 1.0 ml portions combined with varying volumes
of an enzyme solution. The absorbance was measured
at405 nm in a Shimadzu U-160 spectrophotometer for
10 min and the activity in International Units/liter was
calculated as directed by the manufacturer. Cyclodex-
trin glycosyltransferase activity leading to the
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formation of PB-cyclodextrin was measured by a
modification of the procedures described by Goel
and Nene (1993) and Basappa et al. (1998). Enzyme
solutions were diluted 1/10 into a substrate mixture
containing 50 mM potassium MES, pH 6.1, 5 mM
CaCl,.2H,0, 1.0 M KCl, and 1% (w/v) soluble starch
(Difco Laboratories, Detroit, MI USA). The reactions
were incubated at room temperature for up to 60 min
and terminated by heating in a heat block at 95 °C for
5 min. Samples were stored at — 20 °C, thawed, and
tested for B-cyclodextrin by adding 100 pl portions to
900 pl of a working phenolphthalein solution con-
taining 0.1 mM phenolphthalein (Biopharm Inc.,
Hatfield, AR USA) in 125 mM Na,COs;. The decrease
in absorbance relative to the absorbance of the stock
substrate solution was measured immediately at
550 nm in the Shimadzu U-160 spectrophotometer.
The amount of B-cyclodextrin was calculated using a
linear standard curve covering the range of 0-300 ng
of pure B-cyclodextrin (L’eternel LLC, Aurora, OH
USA). For some assays, the KCI in the substrate
mixture was omitted or replaced by other salts. For
other assays, the 1% soluble starch was replaced by
other purified starch samples including rice, potato,
wheat, and corn. Reactions were also tested for the
formation of o-cyclodextrin with methyl orange
(Lejeune et al. 1989) and for the formation of y-
cyclodextrin with bromcresol green (Kato and Hor-
ikoshi 1984) using standard curves prepared from
purified samples of a-cyclodextrin and y-cyclodextrin
(L’eternel LLC, Aurora OH USA). All assays were
done in triplicate independently at least twice and
varied by < 10%.

Partial purification of the G. dipsosauri strain DD1
enzyme

The a-amylase activity from G. dipsosauri strain DD1
was partially purified from culture fluid by a modifi-
cation of the procedure previously described (Deutch
2002). The bacteria were grown overnight in 10 ml of
Bacto tryptic soy broth without dextrose (Becton,
Dickinson and Company, Sparks, MD USA) contain-
ing 1.0 M KClI and 0.1% (w/v) soluble starch (Difco
Laboratories, Detroit, MI USA) at 37 °C with aeration
in a shaker incubator at 250 rpm. The culture was
diluted 1/50 into 300 ml of fresh medium and grown
overnight again at 37 °C with aeration. The bacteria
were removed by centrifugation at 10,000 x g in a Bio-
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Lion XC-H165 centrifuge and the culture fluid stored
at 4 °C. Two volumes of ice-cold 95% ethanol were
added slowly to 100 ml of the culture fluid and the
mixture stored at — 20 °C for 2 h. The proteins were
collected by centrifugation at 10,000 x g in a Bio-Lion
XC-H165 centrifuge and resuspended in 10 ml of
50 mM potassium MES buffer, pH 6.1. The suspen-
sion was stored overnight at 4 °C and centrifuged
again to remove any residual starch and the super-
natant saved as the concentrated culture fluid.

To further purify the protein, a 10 ml portion of the
concentrated culture fluid was applied to a
2.5 x 20 cm column of Bio-Gel P-6 desalting gel
(Bio-Rad Laboratories, Hercules, CA USA) and
200-drop fractions collected during elution with
50 mM potassium MES buffer, pH 6.1. The fractions
were tested for absorbance at 280 nm. Those in the void
volume, as determined with a solution of blue dextran,
were tested for o-amylase activity with CNPG3 and
PNPG7 as substrates and for the formation of -
cyclodextrin. The four most active fractions were
pooled and retested for all three activities. The solution
was concentrated by centrifugation at 5000x g through
a Millipore 3000 MWCO filter (Millipore Corporation,
Cork Ireland) and 2.0 ml applied to a 1.5 x 15 cm
column of Fast Flow DEAE-Sepharose (GE Health-
care, Pittsburgh, PA USA). Fractions (200-drop) were
collected during elution with 50 mM potassium MES
buffer, pH 6.1 and tested for absorbance at 280 nm, for
o-amylase activity with CNPG3 and PNPG7 as
substrates, and for the formation of B-cyclodextrin.
The two most active fractions were pooled and retested
for all three activities.

Protein assays

Protein concentrations were determined by the bicin-
choninic acid method (Smith et al. 1985) using
reagents from Gene and Cell Technologies (Rich-
mond, CA USA) and bovine serum albumin as the
standard.

Results and discussion

General features of the G. dipsosauri genome

The genome of G. dipsosauri was observed to be
4.19 Mb in size with an overall G+C content of
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36.9%. It was composed 4052 genes, 3941 of which
appeared to code for proteins. Table I shows a
summary of all of the Gracilibacillus genomes
currently available at the NCBI. Phylogenetic analyses
of the various Gracilibacillus species based on 16S
rRNA sequences have indicated that G. dipsosauri is
most closely related to G. ureilyticus (Senghor et al.
2017; Diop et al. 2018; Guan et al. 2018). The next
most-closely related lineage includes G. orientalis and
G. phocaeensis. The genome of G. dipsosauri is
similar in size and composition to that of G. ureilyti-
cus, but both of these genomes are smaller than those
of G. orientalis and G. phocaeensis.

Characterization of the G. dipsosauri o-amylase
gene and protein

Analysis of the complete genome of G. dipsosauri
revealed the presence of a genetic locus
(DLJ74_06065) in node 2 (nucleotides
438287-440362) which appeared to code for an o-
amylase of 691 amino acids. It is described as
PWU69658.1 in the NCBI Protein database (https://
www.ncbi.nlm.nih.gov/protein/PWU69658.1) and as
AOA317L430 in the UniProtKB database (https://
www.uniprot.org/uniprot/?query=accession:AOA317L
430). The complete amino acid sequence is shown in
Fig. 1 along with a graphical representation of the
conserved domains and a model of its three-dimen-
sional structure. The protein appeared to be a member
of the glycosyl hydrolase 13 family. The predicted
molecular mass of the protein was 77,396 daltons, the
predicted pl was 4.39, and the protein was hypothe-
sized to fold into a compact structure with 59.9% o-
helixes and 43.6% f-strands. BLAST analysis of the

amino acid sequence revealed significant matches to
an a-amylase from Paraliobacillus ryukyuensis (87%
identity), an a-amylase from Bacillus sp. FJAT-45505
(73% identity), an o-amylase from Gracilibacillus
orientalis (70% identity), and a cyclodextrin glyco-
syltransferase (CGTase) from Bacillus cereus (66%
identity). There were many matches to other CGTases
in the range of 55% to 65% identity. Of the other
Gracilibacillus species that have been identified, only
some show a positive reaction for starch hydrolysis
including G. kekensis, G. boracitolerans, G. ureilyti-
cus, G. saliphilus, G. orientalis, G. halophilus, and G.
halotolerans (Gao et al. 2012) and are predicted to
contain a-amylases. Supplementary figure S1 shows a
multiple alignment of the a-amylase sequences from
G. dipsosauri, G. halophilus, G. orientalis, G. keken-
sis, and G. ureilyticus. There are large variations in the
sequences and only 4.27% overall identity.

Properties of the G. dipsosauri o-amylase protein

We used the predicted amino acid sequence of the G.
dipsosauri do-amylase to answer three unresolved
questions about this enzyme. First, why did the
enzyme show good activity with 2-chloro-4-nitro-
phenylmaltotrioside (CNPG3) as the substrate but
poor activity in other assays for a-amylase activity?
BLAST analysis of the amino acid sequence revealed
sequence similarities to other enzymes that have
CGTase activity. These enzymes are members of the
glycosyl hydrolase 13 family which catalyze the
breakdown of starches to yield cyclic molecules with
6 (o-cyclodextrins), 7 (P-cyclodextrins), or 8 (y-
cyclodextrins) glycosyl units (Qi and Zimmermann
2005; Stam et al. 2006; Leemhuis et al. 2010). B-

Table 1 Comparison of Species® NCBI ID Total length (Mb) GC% Genes Proteins
Gracilibacillus dipsosauri
genome with those of other G. dipsosauri 69579 4.19 36.9 4052 3941
Gracilibacillus species G. lacisalsi 15331 4.14 36.8 4290 4145
G. halophilus 17234 3.03 37.9 2999 2968
G. boracitolerans 30982 3.65 35.8 4510 4450
G. ureilyticus 49793 4.07 37.5 4066 3988
G. orientalis 50012 4.61 36.3 4358 4284
G. kekensis 50796 3.98 36.0 3842 3693
“Species shown after G. G. massiliensis 52713 421 36.1 3887 3757
dipsosauri are listed in G. timonensis 52875 4.55 39.8 4335 4177
order of their year of G. phocaeensis 76232 4.66 39.8 4390 4255

genome deposition at NCBI
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Fig. 1 Characteristics of the a-amylase protein from Gra-
cilibacillus dipsosauri strain DD1. Panel a shows the amino acid
sequence of the protein, which is described in more detail as
PWUG69658.1 in the NCBI Protein database (https://www.ncbi.
nlm.nih.gov/protein/PWU69658.1) and as AOA317L430 in the
UniProtKB database at the Swiss Institute of Bioinformatics
(https://www.uniprot.org/uniprot/?query=accession:AOA317L

Cyclodextrin is the most common product and has
been extensively investigated for its possible use in
drug delivery (Duchéne and Bochot 2016; Jansook
et al. 2018). Because cyclodextrins are internally
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430). Panel b shows an image of the conserved domains of the
protein from the NCBI site. Triangles show conserved residues
at the active site or for the binding of calcium ions or starch.
Panel ¢ shows a diagram of the possible three-dimensional
structure of the protein as created by the Phyre2 program based
similarities of the amino acid sequence to one from Ther-
moanerobacterium thermosulfuruigenes (Kelley et al. 2015)

linked, they behave as nonreducing sugars and do not
react with reagents such as 3,5-dinitrosalicylic acid
(Bernfeld 1955) that are often used in assays of a-
amylase activity.
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To determine if the enzyme from G. dipsosauri is a
CGTase, the culture fluid from bacteria grown in
tryptic soy broth without dextrose containing 1.0 M
KCI and 0.5% soluble starch was tested for the
formation of B-cyclodextrin using phenolphthalein as
the colorimetric reagent and found to give a positive
result. The same culture fluid also gave positive tests
for the hydrolysis of 2-chloro-4-nitrophenyl-o-p-mal-
totrioside (CNPG3) and for the hydrolysis of p-
nitrophenyl-p-maltoheptoside (PNGP7). The proteins
in the culture fluid were concentrated by ethanol
precipitation and retested for each enzyme activity.
Although the units of activity with the three assays
were different, the increase in activity after concen-
tration was about 6-fold with each assay (Table 2).
There was an increase in the specific activity with all
three assays as peptides in the culture medium were
removed. When the proteins in the concentrated
culture fluid were separated on a column of Bio-Gel
P-6 desalting gel, all three activities eluted in the same
fractions (Fig. 2a). These fractions corresponded to
the void volume, which would be the predicted
location for a protein with a mass of about 80 kDa.
When the proteins in the concentrated culture fluid
were further purified on a column of Fast Flow DEAE-
Sepharose, all three activities eluted in the same
fractions (Fig. 2b). These results were consistent with
the hypothesis that a-amylase and cyclodextrin gly-
cosyl transferase activity are associated with the same
protein.

Second, why did the protein with a predicted
molecular mass of about 80 kDa, which behaved as
expected during gel filtration chromatography on
columns of Bio-Gel P-6 desalting gel and Sephadex
G-100 or during electrophoresis in SDS-PAGE dena-
turing gels, exhibit an apparent molecular mass of
about 30,000 in nondenaturing polyacrylamide gels?
The explanation for this is that the predicted isoelec-
tric point (pI) of the a-amylase was 4.39 and that
95/691 or 13.7% of the amino acids in its sequence
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Fig. 2 Elution of proteins with o-amylase activity from G.
dipsosauri strain DD1 during column chromatography. Panel
a shows the elution of proteins in the ethanol precipitate of
culture fluid from a column of Bio-Gel P-6 desalting gel. Panel
b shows the elution of proteins in the desalting column pool
from a column of DEAE-Sepharose. In each case, (O) indicates
absorbance at 280 nm, (A) indicates activity as measured by
hydrolysis of CNGP3, (OJ) indicates activity as measured by
hydrolysis of PNPG7, and (<) indicates activity as measured by
the formation of B-cyclodextrin. Activities were determined as
described in Materials and methods

were aspartate or glutamate. Under non-denaturing
conditions in the standard Laemmli buffer system (pH
8.8 in running gel, pH 6.8 in stacking gel), the protein
would be negatively-charged and would be expected
to move rapidly towards the positive electrode with a
smaller than expected apparent mass. Similar

Table 2 Detection of o-amylase activity in culture fluid from G. dipsosauri strain DD1 with different assays

Sample Protein conc. CNPG3 hydrolysis PNGP7 hydrolysis B-cyclodextrin formation
(mg/ml) (nmol/min ml) (int units/l) (ng/min ml)

Culture fluid 5.62 8.58 £ 0.42 7.25 £ 0.38 26.98 £ 0.03

Concentrated culture fluid 0.687 42.88 £+ 6.26 44.31 + 0.38 165 £+ 0.8
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aberrations in mobility during gel electrophoresis have
been observed before (Hames 1998).

Third, why did the a-amylase from G. dipsosauri
have such a high tolerance to salts? It retained high
activity in 2.0 M KCl, and was strongly stimulated by
1.0 M Na,SOy. Previous studies have shown that salt-
tolerance is associated with a high ratio of acidic to
basic residues and a small number of hydrophobic
residues (Lanyi 1974; Madern et al. 2000; Graziano
and Merlino 2014)). As noted above, 95/691 (13.7%)
of the residues are aspartate or glutamate. By contrast,
only 39/691 (5.6%) of the residues are arginine and
lysine. Similarly, only 115 (16.6%) are phenylalanine,
leucine, or isoleucine. It is interesting to note that the
a-amylase of G. dipsosauri has only one cysteine
residue and so disulfide bonds play no role in the
stabilisation of the protein’s structure.

Characterisation of the G. dipsosauri cyclodextrin
glycosyltransferase activity

To determine if the enzyme from G. dipsosauri can
also catalyze the formation of a-cyclodextrin or y-
cyclodextrin in addition to B-cyclodextrin, the purified
protein was also tested for the other activities using
methyl orange (Lejeune et al. 1989) or bromcresol
green (Kato and Horikoshi 1984) as the colorimetric
reagent. There was no detectable a-cyclodextrin or -
cyclodextrin after 60 min of incubation in a reaction
mixture containing 1% soluble starch and 1.0 M KCI.
There was no hydrolysis of p-nitrophenyl-o-p-glu-
copyranoside as a substrate in either the standard
reaction mixture used for CNPG3 hydrolysis or in
reaction mixtures containing just 0, 0.5 M, or 1.0 M
KClL.

Previous studies of the a-amylase activity using
CNPG3 as the substrate indicated that the enzyme was
stimulated by increasing concentrations of KCI and
almost four-fold by 1.0 M Na,SO, (Deutch 2002). To
determine if the formation of B-cyclodextrin is also
stimulated by various salts, the CGTase activity of the
purified protein was tested in reactions containing 1%
soluble salt (Fig. 3a). Unlike the hydrolysis activity
with CNPG3 as the substrate, the activity gradually
decreased as the KCI concentration increased and was
inhibited about 50% by 1.0 M Na,SO,. Studies of
other CGTases has shown that these enzymes can act
on a variety of different starches. To further charac-
terise the enzyme from G. dipsosauri strain DD1, the
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Fig. 3 Formation of B-cyclodextrin by the purified a-amylase
from G. dipsosauri strain DD1. Panel a shows the effect of
different salt concentrations on the enzyme activity. Panel
b shows the enzyme activity with different starches in the
absence (light bars) and presence (dark bars) of 1.0 M KCI.
Panel C shows the enzyme activity with 1% amylose or 1%
amylopectin in the absence and presence of 1.0 M KCI. In each
case, the bars shows the means + one standard deviation based
on three replicate assays in each experiment. The protein
concentration of the purified fraction was 78 pg/ml
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partially purified protein was incubated in reaction
mixtures containing without or with 1.0 M KCI and
1% (w/v) concentrations of Difco soluble starch,
Sigma rice starch, Sigma potato starch, Sigma wheat
starch, or Sigma corn starch. The activities with the
purified starches as measured by the formation of B-
cyclodextrin were about two times higher than that
seen with the Difco soluble starch (Fig. 3b). 1n each
case, addition of 1.0 M KCl caused a reduction in the
activity of about 10%. The activity of the partially
purified enzyme also was measured without or with
1.0 M KCI and 1% potato amylose or potato amy-
lopectin as the substrate (Fig. 3c). The formation of B-
cyclodextrin was much higher with amylopectin than
with amylose, although this appeared to be related in
part of the greater solubility of the latter compound.
Again, addition of 1.0 M KCI caused a slight reduc-
tion in B-cyclodextrin formation. Previous studies did
show large zone of hydrolysis with G. dipsosauri
strain DD1 was streaked on agar plates containing
amylopectin (Deutch 2002).

Conclusions

These studies clarify the properties of the salt-tolerant
a-amylase from G. dipsosauri. Although the enzyme’s
activity could be clearly demonstrated on agar plates
containing soluble starch and measured quantitatively
with the synthetic substrate CNPG3, other assays
including those based on the formation of reducing
sugars were inconsistent. The data presented here from
an analysis of the gene sequence and from various
biochemical tests indicate that the enzyme functions
primarily as a cyclodextrin glycosyltransferase. It can
degrade a variety of starches, but unlike the o-amylase
activity measured with CNPG3 as the substrate, the
CGTase activity is not stimulated by high salt
concentrations. The protein has an actual molecular
mass of about 78,000 daltons and a strongly acidic pl.
It falls into subfamily GH13_2 as described by Stam
et al. (2006) and thus should be classified as an
example of EC 2.4.1.19. With the complete genomic
sequence of G. dipsosauri now available, we are in a
position to characterize other salt-tolerant enzymes
from this bacterium with potential biotechnological
applications.
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