Biochemical and Biophysical Research Communications 456 (2015) 500-505

journal homepage: www.elsevier.com/locate/ybbrc

Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

Extracellular and cell-associated forms of Gluconobacter oxydans dextran
dextrinase change their localization depending on the cell growth

@ CrossMark

Juri Sadahiro, Haruhide Mori, Wataru Saburi, Masayuki Okuyama, Atsuo Kimura *

Research Faculty of Agriculture, Hokkaido University, Sapporo 060-8589, Japan

ARTICLE INFO ABSTRACT

Article history:
Received 20 November 2014
Available online 6 December 2014

Keywords:
Gluconobacter oxydans
Dextran dextrinase
Dextran

Subcellular localization
Outer membrane
Secretion

Gluconobacter oxydans ATCC 11894 produces dextran dextrinase (DDase, EC 2.4.1.2), which synthesizes
dextran from the starch hydrolysate, dextrin and is known to cause ropy beer. G. oxydans ATCC 11894
was believed to possess both a secreted DDase (DDex¢) and an intracellular DDase (DDjy;), expressed upon
cultivation with dextrin and glucose, respectively. However, genomic Southern blot, peptide mass finger-
printing and reaction product-pattern analyses revealed that both DDey; and DD;, were identical. The
activity in the cell suspension and its liberation from the spheroplast cells indicated that DD;,, was local-
ized on the cell surface. The localization of DDase was altered during the culture depending on the growth
phase. During the early growth stage, DDase was exclusively liberated into the medium (DDcy), and the
cell-associated form (DD;,) appeared after depletion of glucose from the medium.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Dextran is a bacterial homopolysaccharide of glucose composed
of an a-(1 — 6)-linked main chain with branches [1-3]. Dextransu-
crase (EC 2.4.1.5) from Leuconostoc mesenteroides is the most well-
known dextran-synthesizing enzyme. It produces dextran for use
in the pharmaceutical and biochemical fields as a plasma volume
expander and a carrier for column chromatography [3]. While dex-
transucrase synthesizes dextran from sucrose [4], dextran dextri-
nase (DDase) uses dextrin (maltooligosaccharides) as a substrate
and catalyzes a successive a-(1 — 6)-glucosyl transfer reaction to
produce dextran [5,6]. Particular strains of Gluconobacter oxydans
are known to produce DDase [7-9]. G. oxydans ATCC 11894, iso-
lated as a bacterium causing ropy beer [10], secreted extracellular
DDase (DDey) by cultivation in the presence of dextrin [5,11]. This
strain also produced intracellular DDase (DDjy,) in the presence of
glucose. DDy, was extracted from the cells with n-butanol [8]. Both
DDex: and DDj, synthesized dextran from maltooligosaccharides.
They catalyzed o-(1 — 6)-glucosyl transfer from maltooligosaccha-
rides [5,8,12] and isomaltooligosaccharides [6,13]. In addition,
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DD;y catalyzed an a-(1 — 4)-transfer from maltooligosaccharides
[6], whereas DDey; did not [13]. For the glucosyl transfer from mal-
tooligosaccharides, the acceptor for DDy was limited to saccha-
rides having o-(1 — 4/6)-linkages at the non-reducing termini
[13], but DD;y, transferred glucosyl residues to various saccharides
such as glucose and oligosaccharides containing a glucosyl group
[14]. The relationship between DD, and DD;,,, has been examined
to some extent [15], but it remains unclear.

In this paper, we clarify that DD;,; and DDy, are identical with
respect to the reactions they catalyze and their protein sequences.
Furthermore, we also describe that DD;, is present on the cell sur-
face and that its unique alteration of localization occurs during
fermentation.

2. Materials and methods
2.1. Fermentation of G. oxydans and fractionation

G. oxydans ATCC 11894 was cultured according to the method of
DDj,¢ production [8] in a 500-mL baffled flask with 100 mL PYG
medium at 30°C for 21 h until the optical density at 600 nm
(OD) reached 0.63 (i.e., 63-OD units). During cultivation, the con-
centration of glucose was monitored with the Glucose C-II-Test
Wako (Wako Pure Chemical Industries, Osaka, Japan). Culture
supernatant containing DD., was collected by centrifugation at
2000xg at 4°C for 20 min and concentrated to 1.7 mL using a
Vivaspin 20 (MWCO 10,000; Sartorius Stedim Biotech, Goettingen,
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Germany). The precipitated cells were washed with 10 mM sodium
acetate buffer (pH 4.8) twice to remove DDy and were divided in
half (31-0OD units of cells for each). One part was suspended in
350 pL buffer and subjected to n-butanol extraction as previously
described [8,16]. The aqueous layer was obtained as the n-butanol
extract (containing cell-surface DDase). The other half was sus-
pended in 350 pL of 50 mM HEPES buffer (pH 7.0), and disrupted
by sonication. The supernatant prepared by centrifugation was
regarded as the cell-free extract (containing cellular DDase). The
cell debris was sonicated again to obtain the second sonicated
extraction in a similar fashion as for the treatment of the first
extract.

2.2. Preparation of recombinant DDy,

The expression plasmid for recombinant DDeys (rDDey:) wWas
constructed as described elsewhere [17] using pCold I DNA (Takara
Bio, Otsu, Japan) and the gene coding DDcy: (GenBank: LC008541,
location in 4725-8579). Escherichia coli BL21(DE3)-CodonPlus-RIL
(Agilent Technologies, Santa Clara, CA, USA) was used as a host.
The production was induced with 0.5 mM isopropyl B-p-thiogalac-
toside (Wako) for 22 h at 15 °C. The cells were sonicated in 50 mM
HEPES buffer (pH 7.0). The N-terminal His-tagged rDD.y; Was puri-
fied by chromatography using a Ni-chelating Sepharose column
(GE Healthcare, Uppsala, Sweden). rDDey was dialyzed against
20 mM sodium acetate buffer (pH 5.3), and concentrated by ultra-
filtration using a Vivaspin 20 (MWCO 10,000). Protein concentra-
tions were determined from amino acid analysis of the
hydrolysates. Southern blotting analysis was done using the DNA
fragment corresponding to the N-terminal region of DDase [18].

2.3. Electrophoresis analyses

Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophore-
sis (PAGE) [19] and native PAGE [20,21] were performed using a 6%
separation gel. Protein bands were visualized by Rapid CBB KANTO
(Kanto Chemical, Tokyo, Japan). For activity staining, the gel after
native PAGE was equilibrated with 0.1 M sodium acetate buffer
(pH 4.8), and kept on the 1.5% agar plate containing a 50 mM
maltohexaose/maltoheptaose mixture (Nihon Shokuhin Kako,
Tokyo, Japan) in the same buffer (pH 4.8) at 37 °C for 30 min. The
gel was rinsed, and the formed polysaccharides were visualized
by periodic acid-Schiff staining (Schiff's Reagent Solution; Nacalai
Tesque, Kyoto, Japan) [22].

2.4. Confirmation of dextran formation from maltooligosaccharides

Enzymes were reacted with 50 mM maltotetraose (G4; Nihon
Shokuhin Kako) in 250 mM sodium acetate buffer (pH 4.8) at
37°C for 13 h, and inactivated by heating at 100 °C for 5 min.
Maltooligosaccharides were digested by p-amylase from soy bean
(1.7 mg/mL; Nagase ChemteX Corporation, Osaka, Japan) in
250 mM sodium acetate buffer (pH 5.4) at 37 °C for 1 h. After heat-
ing at 100 °C for 3 min, carbohydrates were precipitated by incuba-
tion in 40% methanol at 4°C for 40 min. The precipitate was
collected by centrifugation at 13,000xg at 4 °C for 10 min, dried,
and dissolved in water. The carbohydrates were incubated with
dextranase L (Amano Enzyme) in 250 mM sodium acetate buffer
(pH 4.5) at 37°C for 30 min. The products were analyzed by
thin-layer chromatography (TLC) as described elsewhere [23].

2.5. Analysis of the initial reaction products from G4
The culture supernatant and the n-butanol extract at 22- and

37-h cultivation, respectively, were prepared as described in
Section 2.11. The crude enzyme samples (derived from culture

containing cells at 0.054-OD units; 40 pL) were reacted in 80 pL
with 15mM G4 in 250 mM sodium acetate buffer (pH 4.8) at
35°C. Aliquots (15 pL) were taken at the indicated times, and
heated at 100 °C for 3 min. The samples were analyzed by high-
performance anion exchange chromatography with pulsed amper-
ometric detection (HPAEC-PAD) using a CarboPac PA1 column
(4 x 250 mm; Dionex, Sunnyvale, CA, USA). An isocratic mobile
phase with 640 mM sodium hydroxide and a flow rate of 0.8 mL/
min were applied.

2.6. Preparation of 6"-0-o-p-glucosyl-maitotriose (B4) and 6"V-0-0-p-
glucosyl-maltotetraose (B5)

B4 and B5 were produced by the o-(1 — 6)-transglucosylation
of a-glucosidase from Aspergillus niger (Transglucosidase L; Amano
Enzyme) as previously reported [24]. G4 (100 mM) was reacted
with the a-glucosidase in 25 mM sodium acetate buffer (pH 4.2)
at 37°C for 30 min, followed by digestion with B-amylase as
described in Section 2.4.

2.7. Analysis of acceptor specificity

The culture supernatant (equivalent to a culture containing
0.038-0OD units of cells; 1 pL) and the n-butanol extract (from
0.090-0D units; 1 pL), prepared in Section 2.1, were incubated in
a volume of 4 puL with 2.5 mg/mL amylose EX-I (Hayashibara,
Okayama, Japan; donor substrate) and 50 mM acceptor candidates,
trehalose (Nacalai Tesque), kojibiose (Wako), nigerose (Wako),
maltose (Nihon Shokuhin Kako), isomaltose (Tokyo Chemical
Industry, Tokyo, Japan), sucrose (Nacalai Tesque), and cellobiose
(Nacalai Tesque), in 25 mM sodium acetate buffer (pH 4.8) at
37°C for 18 h. Reaction products were analyzed by TLC as
described in Section 2.4.

2.8. Peptide mass fingerprinting (PMF) analysis

From the culture supernatant and n-butanol extract
(Section 2.1), DDey; and DD;,, were separated by SDS-PAGE,
respectively, and subjected to in-gel digestion with trypsin [25].
Peptides obtained were purified using a C18 Zip-Tip (Millipore,
Billerica, MA, USA), and analyzed by matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry (MALDI-TOF)
using a Voyager DE-STR (Applied Biosystems, Framingham, MA,
USA) in the peptide sensitivity reflector mode. o-Cyano-4-
hydroxycinnamic acid (Sigma-Aldrich, St. Louis, MO, USA) was
used as the matrix. The masses collected from the samples were
assigned to the known mass of peptides deduced from the DDey,
sequence (PeptideMass tool, http://web.expasy.org/peptide_mass).

2.9. Activity in n-butanol extract and cell suspension

The cells (69-OD units) after 61-h cultivation were washed
twice with 10 mM sodium acetate buffer (pH 4.8), and divided in
half to prepare the n-butanol extract and cell suspension (each
made up to 300 pL containing 10 mM sodium acetate buffer, pH
4.8). A portion of each sample (from 0.058-OD units of cells;
5 uL) was incubated in 20 pL with 15 mM G4 and 250 mM sodium
acetate buffer (pH 4.8) at 35 °C for 2 h. Aliquots were taken at 0, 10,
30, 60, and 120 min, and carbohydrates were analyzed by TLC as
described in Section 2.4.

2.10. Spheroplasting
Spheroplasts were prepared according to a previous report [26].

Briefly, cells (35-OD units) harvested after 26-h of cultivation were
incubated with 0.4 mg/mL lysozyme (Nacalai Tesque) in 4 mL of
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0.1 M Tris-HCI (pH 8.0) containing 0.5 M sodium chloride at 30 °C
for 1 h with gentle shaking. The spheroplast formation was verified
by the cell lysis under hypotonic conditions shown as a decrease in
ODggo. The supernatant (the outer membrane/periplasmic fraction)
and the precipitate (spheroplast fraction) were separated by
centrifugation.

2.11. Change of DDase localization during cultivation

Cultivation (250 mL) of G. oxydans cells was done as described
in Section 2.1. Aliquots of 40 mL were taken to prepare the culture
supernatant and the n-butanol extract. For the SDS-PAGE analysis,
samples from 5-OD unit equivalents were used. The protein sam-
ples containing DD,y from the culture supernatant were prepared
by the precipitation method with centrifugation (17,800xg, 4 °C,
40 min) after concentration using an ultrafiltration apparatus
(Vivaspin 20) [11]. No DDy was remaining in the supernatant as
verified by SDS-PAGE analysis of precipitates with acetone. For
the activity measurement, the samples were incubated with
15 mM G4 for 10, 20, and 30 min, and the produced maltopentaose
(G5) was quantified by HPAEC-PAD (as described in Section 2.5).
G5 (5-100 uM) was used as the standard for quantification. Sorbi-
tol (100 uM) was used as an internal standard. One unit was
defined as the amount of enzyme that catalyzes the formation of
1 pmol G5 per min.

3. Results
3.1. Two DDases produced by G. oxydans

G. oxydans ATCC 11894 cells were cultured for 21 h at 30°C
under the conditions for the DD;,, production [8], using 5 g/L glu-
cose as the sole carbon source. The OD reached 0.63, and the pH
and glucose concentration of the culture medium decreased from
pH 7.0 to pH 3.7 and 6.8 mg/L, respectively. The culture superna-
tant and the cells were separated and then both cell-free and n-
butanol extracts were prepared. By SDS-PAGE (Fig. 1A), a protein
band migrating at 180 kDa was found in all three samples and
identified as rDDey.. The intensity of this protein was high in the
n-butanol extract and low in the cell-free extract. Native-PAGE fol-
lowed by protein staining and DDase-activity staining was done
(Fig. 1B). A single band with the same migration as rDDey was
observed by activity staining for all three samples. The amount
of DDase in the n-butanol extract was comparable with that in
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the total extract judging from their protein band intensities
(Fig. 1A and B; DDase-activity seemed to partly decrease upon n-
butanol-treatment). The lower recovery of DD, from the second
sonic extraction compared with other proteins suggests that DD;y;
is easily extractable, particularly with n-butanol.

Polysaccharides produced from 50 mM G4 by DDases contained
in the culture supernatant and the n-butanol extract were con-
firmed. The polysaccharides were resistant to -amylase, but sus-
ceptible to dextranase, generating isomaltose (Fig. 1C). Hence,
both polysaccharides were dextran, and the enzymes in the two
fractions possessed DDase activities. DDase in the n-butanol
extract is DD, because it was prepared reported [8], and the other
released from cells is DDey:.

3.2. Reactions catalyzed by DDey, and DDy,

Initial reaction products of DDy and DDy, from G4 were ana-
lyzed by HPAEC-PAD (Fig. 2A). G3 and G5, judging from their reten-
tion times, were increased as the reactions proceeded. The o-
(1 - 6)-glucosyl transfer product, B5, was not detected in either
sample. Therefore, DDy and DDy, catalyzed an a~(1 — 4)-glucosyl
transfer on G4 during the initial stage of reaction, with no evidence
of the ability to catalyze an a-(1 — 6)-glucosyl transfer reaction.

The acceptor specificity of two DDases was analyzed by TLC
(Fig. 2B). Seven disaccharides served as acceptor substrates in the
absence or presence of amylose (average degree of polymerization
was 18; donor substrate). Both DDases catalyzed the same product
pattern. In the presence of amylose, glucosyl transfer products
were detected when kojibiose, nigerose, isomaltose, and cellobiose
were employed as acceptor substrates. Maltose acted as both
donor and acceptor in the glucosyl transfer reaction, and therefore
DDase generated glucose, G3, and panose from maltose. Both
enzymes catalyzed glucosyl-transfer reactions with broad acceptor
specificity toward disaccharides. The products catalyzed by DDyt
and DD;, were indistinguishable from each other.

3.3. DD¢y: and DDy, are structurally identical

PMF was employed to investigate the protein identity. The two
DDases were extracted from the SDS-PAGE gel, and the tryptic
peptides prepared were analyzed by MALDI-TOF. The detected
masses from both samples were almost identical (Fig. 3). Besides
6 peptide masses derived from trypsin, 5 peptide masses expected
from the theoretical protein sequence of DD.y; were detected in
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Fig. 1. Electrophoresis analyses of G. oxydans DDases and TLC analyses of the products of DDase catalysis. (A) SDS-PAGE. Lane 1, culture supernatant; lane 2, cell-free extract;
lane 3, n-butanol extract (each extract from 18-OD unit cells, and culture supernatant from culture medium containing 7.6-OD unit cells); lane 4, rDDey: (5 pg); M, size
makers. The gel was stained with CBB. The rDDey; is indicated by an arrow. (B) Native-PAGE. The samples are the same as in (A), but the extracts from 0.90-OD unit cells, and
the supernatant from 0.76-OD unit cells-containing culture medium. Lane 2’, the second sonication extract. The gels were stained with CBB (left), and using DDase activity
(right) (see Section 2.3). (C) TLC analysis. Products of DDase in culture supernatant (left) and in n-butanol extract (right) were digested by dextranase (Section 2.4). Glc,
glucose; G2-G5, maltose to maltopentaose; IG2-1G5, isomaltose to isomaltopentaose; pan, panose.
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Fig. 3. PMF of DDy and DDjy. Tryptic peptide masses were measured by MALDI-TOF. Arrow and the letter “T” indicate the peptide fragments derived from DDase and

trypsin, respectively.

Table 1
Tryptic peptide masses derived from DDey; and DDjp,.
Calculated mass® Position® DDext DDin¢ Peptide No.”
(Da) (Da) (Da)
559.3351 539-542 559.4808 559.5446 1
1829.8704 214-229 1829.9489 1830.0437 2
2419.1888 543-565 2419.2071 2419.3752 3
2780.2944 620-643 2780.3132 2780.4611 4
2803.4009 326-352 2803.3502 2803.6153 5

@ The deduced amino-acid sequence of the DDy gene.
b The peptide fragment number is indicated by arrows in Fig. 3.

both samples (Fig. 3 and Table 1). These results indicate that DDey,
and DDj, share the same protein sequence, and our Southern
hybridization analysis demonstrates that DDase is coded by a
single gene.

3.4. Localization of DDy,

The subcellular localization of DD;,, was investigated. First the
n-butanol extract and cell suspension, prepared from the same
amount of cells, were separately incubated with G4 and the prod-
ucts were analyzed by TLC (Fig. 4A). In both reactions, dispropor-
tionation of maltooligosaccharides proceeded to almost the same
degree for 2 h, with similar product patterns, suggesting that
almost all n-butanol-extractable DD;,; was located on the surface
of the cells. We also generated spheroplasting G. oxydans cells by
lysozyme treatment to obtain protein fractions from the outer
membrane/periplasmic space and the spheroplast. SDS-PAGE anal-
ysis clearly indicated that DDase was predominantly present in the
outer membrane/periplasmic fraction (Fig. 4B). This supported the
idea that DD;y, is localized on the surface in the outer-membrane/
periplasmic space, and a negligible amount of DD;,; occurs in the
cytoplasm.
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3.5. Change of DDy, and DD,y expression during the cultivation

G. oxydans was cultured in the presence of glucose, and the
presence of DD;,; and DD, was investigated using activity mea-
surements and SDS-PAGE (Fig. 4C). A total of 19 h after the start
of the culture, glucose was depleted and the pH values decreased
to 3.4 (Fig. 4D). During the early logarithmic growth phase
(17 h), when 7 mM glucose still remained in the medium, only
DDex: Was detected (Fig. 4C). At 20 h when glucose was depleted
and the pH had dropped to 3.6, DDy, still remained in the superna-
tant accompanied by the appearance of DD;y. At longer cultivation
times, the amount of DD;,. was not significantly changed, while
DDy gradually decreased. Consequently, the expression of DDase
was drastically influenced by cell-growth with only DDy evident
at the early stage and predominantly DD;,; present at the later
stage.

4. Discussion

G. oxydans ATCC 11894 has been reported to produce DDase
both extracellularly and intracellularly depending on whether dex-
trin or glucose is supplied in the culture medium, and therefore
DDcx: and DDy, have been regarded as different enzymes [8,11].
However, our PAGE and PMF results (Figs. 1 and 3) clearly demon-
strate that the two enzymes are identical. Previously, the reactions
catalyzed by the two DDases were reported to be different: only
DDjy; assisted the o-(1 — 4)-glucosyl transfer on maltooligosac-
charides with broad acceptor specificity [6,13,14]. However, we
found that DDy also predominantly the catalyzed o-(1 — 4)-
transfer on G4 during the initial stage of the reaction (Fig. 2A),

and acted on various disaccharides with the same broad acceptor
specificity as DDy, (Fig. 2B). Consequently, with respect to enzy-
matic properties, the two enzymes appear to be identical. Although
DDase synthesizes dextran with o-(1 — 6)-glucan linkages, evi-
dence for o-(1 — 4)-transfer is unclear. Analysis of this phenome-
non is currently in progress.

Although DDy, has been regarded as an intracellular enzyme,
our study provides evidence for its cell surface localization.
Gram-negative bacteria including G. oxydans have three layers in
their envelope: the outer membrane, the peptidoglycan cell wall,
and the cytoplasmic or inner membrane [27]. The removal of the
peptidoglycan cell wall by spheroplasting revealed that DDj,¢
occurred in the outer membrane/periplasmic spaces, but not in
the cytoplasmic space (Fig. 4B). The outer membrane harbors lipo-
proteins and B-barrel proteins [27], and is covered with lipopoly-
saccharides [28]. The biomaterials associated with the outer
membrane are extracted with n-butanol [29-31]. Therefore, in
addition to the results from the spheroplasting fractionation, the
efficient extraction of DD, with n-butanol also supported that
DD;,: was localized to the cell surface.

The mechanism of association of DDase with the outer mem-
brane remains to be determined, but we observed fluctuation of
the localization of the two states (cell surface-bound and free
forms) of DDase during cell growth (Fig. 4C and D). Only DDey;
was found in the early phase, whereas DD;,; appeared during the
middle stage and later. The reasons behind the changes in alter-
ation of the protein localization are unknown, but the extent of cell
growth, the glucose concentration, and the medium pH may be
possible contributing factors (Fig. 4D). Previously, DDeys Was pro-
duced by cultivation in a dextrin-containing medium [5,11],
whereas DD;,; was only generated in a glucose medium [8].



J. Sadahiro et al./Biochemical and Biophysical Research Communications 456 (2015) 500-505 505

Therefore, dextrin may be responsible for liberation of DDase from
cells. Naessens et al. provided evidence that addition of maltodex-
trin to the medium decreased DDy, and increased DDy compared
with the maltodextrin-free fermentation [15], suggesting that mal-
todextrin and its related carbohydrates, for example products of
DDase catalysis, are the DDase-releasing factors. In addition, mal-
todextrin may function as an inducer of the DDase expression in
G. oxydans. DDase production in culture containing 63-OD unit
cells was 180 pg for DDy, [11], and 40 pig for DDjy [8]. In the work
reported herein, approximately 40 pg of DDase was obtained (esti-
mated from the band intensity from SDS-PAGE) from the equiva-
lent amount of cells (Fig. 1A). The previous work [15] also clearly
demonstrated that the production yield of total DDase increased
several times in the presence of maltodextrin. Therefore, malto-
dextrin or its related compounds are possible inducers of DDase
expression in addition to the releasing factors from the cell surface.
Glucose is also a releasing factor candidate because DDy is not
observed in the early stage (where glucose is still present), mean-
ing that the entire amount of DD;, is released from cells by glucose
(Fig. 4C and D). After the depletion of glucose in the medium, rapid
accumulation of DD;, was observed. Therefore, the change of the
localization and amount of DDase during the fermentation in the
present study may be explained as follows: (1) glucose is a possible
releasing factor of DDase from cells; (2) after depletion of glucose,
the liberation was terminated, and the produced DDase was accu-
mulated on the cell surface; (3) the DDase in the medium was
gradually decreased by possible protease catalyzed degradation.
Further investigation into the mechanism of the DDase liberation
is currently underway in our laboratory.
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