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ABSTRACT Glucansucrases (GSs) in glycoside hydrolase family 70 (GH70) catalyze
the synthesis of a-glucans from sucrose, a reaction that is widely seen in lactic acid
bacteria (LAB). These enzymes have been implicated in many aspects of micro-
bial life. Products of GSs have great commercial value as food supplements and
medical materials; therefore, these enzymes have attracted much attention from
both science and industry. Certain issues concerning the origin and evolution of GSs
are still to be addressed, although an increasing number of GH70 enzymes have
been characterized. This study describes a GS enzyme with the appearance of a
branching sucrase (BrS). Structural analysis indicated that this GS enzyme produced
a type of glucan composed of an «a-(1—6) glucosidic backbone and a-(1—4)
branches, as well as a considerable amount of a-(1—3) branches, distinguishing it
from the GSs identified so far. Moreover, sequence-based analysis of the catalytic
core of this enzyme suggested that it might be an evolutionary intermediate be-
tween the BrS and GS subgroups. These results provide an evolutionary link be-
tween these subgroups of GH70 enzymes and shed new light on the origination
of GSs.

IMPORTANCE GH70 GSs catalyze the synthesis of a-glucans from sucrose, a reaction
that is widely seen in LAB. Products of these enzymes have great commercial value
as food supplements and medical materials. Moreover, these enzymes have attracted
much attention from scientists because they have potential in tailored synthesis of
a-glucans with desired structures and properties. Although more and more GSs have
been characterized, the origin and evolution of these enzymes have not been well
addressed. This study describes a GS with the appearance of a BrS (i.e., high levels
of similarity to BrSs in sequence analysis). Further analysis indicated that this enzyme
synthesized a type of insoluble glucan composed of an «a-(1—6) glucosidic back-
bone and many a-(1—4)- and «a-(1—3)-linked branches, the linkage composition of
which has rarely been reported in the literature. This BrS-like GS enzyme might be
an evolutionary intermediate between BrS and GS enzymes.

KEYWORDS GH70 enzymes, glucansucrase, branching sucrase, insoluble glucan,
Leuconostoc mesenteroides, intermediate

nzymes of glycoside hydrolase family 70 (GH70) are increasingly attracting attention
for their potential in producing a-glucans with wide applications in food and feed
products, as well as health care products (1-3). GH70 enzymes are structurally and
mechanistically related to the GH13 (4, 5) and GH77 (4, 6) families, with which they form
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the GH-H clan (4, 6) of glycoside hydrolases (5, 7, 8). To date, a total of 66 GH70 enzymes
have been biochemically characterized, most of which are distributed in the genera
Lactobacillus, Leuconostoc, Streptococcus, and Weissella (http://www.cazy.org/GH70
_characterized.html) (9). Crystallographic structures of these enzymes suggested that
they adopt a unique U-shaped fold organized into five distinct structural domains, i.e.,
A, B, C IV,and V (10-12), of which A, B, and C are shared by GH13 enzymes, suggesting
an evolutionary relationship between these two families (5).

Historically, GH70 enzymes are mainly glucansucrases (GSs) that catalyze the syn-
thesis of a-glucan homopolysaccharides from the sole substrate sucrose, and enzymes
of this type have been widely investigated (5, 7, 13). According to the CAZy database
(http://www.cazy.org/GH70.html; accessed 4 July 2017), most GH70 enzymes identified
in lactic acid bacteria (LAB) are GSs (9). However, several other types of enzymes have
been found recently in GH70. A truncated GH70 enzyme derived from DsrE, designated
GBD-CD2, was found to be inactive on sucrose, whereas it was active when dextran was
supplemented as a glucosyl acceptor, forming a-(1,2) linkages on linear dextran (11, 14,
15). Based on this enzyme characteristicc GBD-CD2 was identified as an a-(1—2)
branching sucrase (BrS) (11, 15). Thereafter, several other branching sucrases have
been identified, and these enzymes constitute a new subfamily of GH70 enzymes,
referred to as BrS enzymes (7, 8, 11, 16, 17). Moreover, two new subfamilies, i.e., the
glucosyltransferase B (GTFB)-like 4,6-a-glucanotransferases (4,6-a-GTs) and the gluco-
syltransferase C (GTFC)-like 4,6-a-GTs, have been established as GH70 enzymes (18, 19).
Like the BrS enzymes, 4,6-a-GTs are inactive on sucrose; however, they show enzyme
specificities distinct from those of BrS enzymes. As illustrated in previous studies (7, 18,
19), 4,6-a-GTs synthesize novel a-glucans but they use a-(1—4)-linked glucans (i.e.,
maltooligosaccharides and amylose), rather than a-(1—6)-linked linear glucan (sub-
strate of BrS enzymes), as substrates.

A conserved catalytic core composed of A, B, and C domains was identified in GH70
enzymes (10). At the level of the primary sequence, the catalytic core contains seven
conserved motifs in total, designated motifs | to VII (4, 12, 17, 19). There are seven
strictly conserved residues distributed among these motifs (7, 20), and these residues
were also conserved across the GH-H clan (4).

GH70 enzymes are generally thought to originate from GH13 enzymes; GH13 is
presently one of the largest families of glycoside hydrolases (4, 6), and its members
have been found to be widely distributed in organisms from all domains of life (9). An
evolutionary pathway based on “permutation per duplication” was proposed to illus-
trate the evolution of GH13 enzymes to GH70 enzymes (7, 19, 21, 22). As depicted in
this model, GH70 enzymes share with GH13 enzymes similar domains (i.e,, domain A,
B, and Q) in the catalytic core, whereas these domains were rearranged in GH70
enzymes in a permutation per duplication manner (7, 22). Despite these rearrange-
ments, there are several conserved motifs (e.g., motifs | to VII) in members of the two
families, and these conserved motifs provide crucial information for analyzing the
origin and evolution of GH70 enzymes.

Notably, members of GH70 without circular permutation have been identified
recently. GtfC from Exiguobacterium sibiricum 255-15 (19) and GtfD from Azotobacter
chroococcum NCIMB8003 (23) represent two GH70 subfamily members without the
circular permutation events discussed above.

Previously, we isolated BD3749, a strain of Leuconostoc mesenteroides with a high
capacity for insoluble exopolysaccharide (EPS) synthesis (24). To explore the mechanism
of insoluble EPS synthesis, the inventory of GH70-encoding genes in BD3749 was
investigated. In the present study, Gsy, a GH70 enzyme with the appearance of a BrS
enzyme, was examined for its enzymatic characteristics. The results showed that,
despite the appearance of a BrS enzyme, Gsy has the activity of de novo synthesis of
insoluble glucan. Further, structural analysis indicated that the glucan product is
composed mainly of a-(1—6)- and a-(1—4)-linked glucose, with a considerable amount
of a-(1—3) linkages. Moreover, phylogenetic analysis of the catalytic core of GH70
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FIG 1 De novo polymerization activity of the recombinant Gsy. (A) Morphology of E. coli strains carrying
pET28a(+)-gsy (left), compared to those carrying the empty vector (right). (B) SDS-PAGE analyses. (Left)
Total protein extracts of E. coli cells were analyzed by SDS-PAGE, followed by staining with Coomassie
brilliant blue (CBB). Note that a differentially expressed protein band was apparent in samples induced
with IPTG. (Right) An equivalent gel was subjected to an in situ polymerization assay. At the site similar
to the differential band in the CBB-stained gel, a polysaccharide-active band of ~170 kDa was obvious.

enzymes identified so far suggested that Gsy might be an evolutionary intermediate
between BrS and GS enzymes.

RESULTS

Gsy catalysis of de novo polymerization from sucrose. Strains of the genus
Leuconostoc are important sources of EPSs and GH70 enzymes. Previous studies dem-
onstrated that L. mesenteroides BD3749 produces large amounts of EPSs, including
water-soluble and insoluble ones. A recent study reported Gsy as the main enzyme
responsible for production of insoluble EPSs (24). To investigate the enzyme charac-
teristics of Gsy, the encoding gene gsy was PCR amplified from BD3749 genomic DNA
and introduced into Escherichia coli after ligation with the vector pET-28a(+) (Invitro-
gen). The transformants were then streaked on Luria-Bertani (LB) plates supplemented
with 0.1 mM isopropyl-B-p-thiogalactoside (IPTG) and 20 g/liter sucrose, for EPS syn-
thesis. As shown in Fig. 1A, colonies of the E. coli strain carrying pET28a(+)-gsy showed
slimy surfaces when plated on the plates, a conspicuous phenotype in comparison with
the control strain, which does not carry gsy. Notably, the morphology of the E. coli strain
carrying gsy is reminiscent of the appearance of EPS-producing L. mesenteroides.

Subsequently, the expression of the recombinant enzyme was confirmed by elec-
trophoresis of the total protein extract of the E. coli strain carrying pET28a(+)-gsy. As
shown by SDS-PAGE (Fig. 1B, left), a specific protein band with an apparent molecular
mass of ~170 kDa was obtained upon IPTG induction. This molecular mass is in
accordance with that of the recombinant Gsy, confirming the accurate expression of
Gsy. Moreover, to test whether the recombinant protein has the activity of a GS, an in
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FIG 2 Effects of pH and temperature on the activity of the purified Gsy. The effect of pH was assayed in
50 mM sodium acetate (pH 3.5 to 7.5), and the effect of temperature (20°C to 40°C) was assayed in 50
mM sodium acetate (pH 5.4). Reactions were carried out for 15 min. The enzyme activity was reflected
by the amount of fructose released. The highest activity was set as 100%, and the other values were
calculated accordingly (relative activity). Shown are the average values of three independent experi-
ments, and the error bars represent the standard errors (n = 3).

situ polymerization assay was carried out with SDS-PAGE, as described previously (25,
26). As shown in Fig. 1B, right, the ectopically expressed enzyme was active in the
transformation of sucrose into polysaccharides. This result showed that Gsy has the
activity of de novo polymerization and is a GS.

Gsy synthesis of an insoluble glucan. The recombinant enzyme was then purified
through Ni2*-nitrilotriacetate (Ni-NTA) column affinity chromatography (see Fig. S1 in
the supplemental material), and the polymer synthesized by purified Gsy was further
analyzed. Purified recombinant Gsy produced an insoluble polymer from sucrose in
sodium acetate buffer, with the release of fructose, as detected in the enzyme activity
assay. The polymer remained insoluble under acidic conditions, whereas it was soluble
in aqueous 0.5 M NaOH, giving a clear or slightly opalescent solution. Analysis of the
monosaccharide composition by high-performance anion-exchange chromatography
(HPAEC) demonstrated that the digested polymer displayed only one peak, at 5.875
min (Fig. S2), which accurately matched the retention time of glucose, indicating that
the insoluble polymer contained glucose as the only monosaccharide. Therefore, the
insoluble polymer produced by Gsy was a glucan.

Enzyme characterization. Monosaccharide composition analysis demonstrated
that Gsy is a GS. To study the enzyme characteristics of Gsy, an enzyme activity assay
was performed as described previously (27-29). The purified Gsy showed an activity of
3.5 U/ml (16.5 U/mg of purified enzyme), as determined by the release of fructose.

Previous studies showed that L. mesenteroides GSs have optimal reaction tempera-
tures and pH values ranging from 30°C to 35°C and from 5.0 to 6.0, respectively (13, 30).
To determine the optimal reaction conditions for Gsy, the effects of temperature and
pH on enzyme activity were examined. As shown in Fig. 2, the optimal pH for Gsy
activity was 5.5 in 50 mM sodium acetate buffer; at higher pH values, the enzyme
activity decreased rapidly. As for the temperature conditions, the enzyme activity
increased with higher temperatures up to 30°C and remained at a high level to 35°C,
after which it decreased sharply. These results showed that Gsy is a GS with typical GS
enzyme characteristics.

Structural characterization of the insoluble glucan. The types of glycosidic
linkages and the functional groups of the glucan were analyzed by using Fourier
transform infrared (FTIR) spectroscopy. As shown in Fig. 3, the glucan produced by Gsy
mainly contained a-(1—6) linkages, as demonstrated by the peak at 1,004 cm~—", which
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FIG 3 FTIR spectrum of the glucan synthesized by purified Gsy. The glucan sample was prepared as
described in Materials and Methods. The FTIR spectrum was obtained using a Nicolet Nexus 470
spectrometer.

characterizes the considerable chain flexibility present in dextran around this type of
glycosidic bond (31, 32). The a-glycosidic bond was also confirmed by the peak at 919
cm~ ' and the band at 1,147 cm~", caused by covalent vibrations of the C-O-C bond
and glycosidic bridge. The peak at 1,102 cm~" was due to vibration of the C-O bond
at the C-4 position of the glucose residue (31). The hydroxyl and C-H stretching
vibrations of the polysaccharide caused the bands in the regions of 3,281 cm~" and
2,922 cm™', respectively (33, 34). The band in the region of 1,645 cm~"' was due to
bound water, according to previous analyses (32, 35).

Subsequently, the types of glycosidic linkages were analyzed by "H NMR spectros-
copy. Since a-(1—6) linkages are flexible while a-(1—2), a-(1—3), and «a-(1—4) linkages
are more rigid, the insolubility of some a-glucans is usually the result of more rigid
linkages in their structure (36). In the "H NMR spectrum shown in Fig. 4, there are three
anomeric protons, at 4.82 to 5.10, 5.22, and 5.31 ppm, which are ascribed to the
anomeric protons of a-(1—6) p-Glcp, a-(1—3) p-Glcp, and a-(1—4) p-Glcp, respectively
(37-39), demonstrating that the polymer is an a-glucan. As listed in Table 1, integration
of the anomeric signals revealed that the mole percentages of the three corresponding
linkages were 63.1%, 14.3%, and 22.6%, respectively. Due to its limited solubility, as well
as the high concentration of NaOD in D,0, no ideal '3C NMR spectrum of the insoluble
glucan has been obtained yet. Even so, based on the FTIR and "H NMR data, it can be

H-
\ a-(1-3) H-6 » H-6'
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FIG 4 'H NMR spectrum of the glucan produced by purified Gsy. The '"H NMR spectrum was recorded at 500 MHz in D,O at 30°C. 'H
chemical shifts are given using sodium 2,2,3,3-tetradeutero-3-trimethylsilylpropanoate ("H = 0 ppm) as an internal reference. The 'H NMR

spectrum was obtained with a Varian Mercury Plus 400 spectrometer (Varian, USA).
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TABLE 1 Mole percentages of glycosidic linkages in different insoluble a-glucans, as
determined by methylation or NMR

Glycosidic linkage (mol %)

Strain a-(1—6) a-(1-2) a-(1—3) a-(1—4) Reference
L. mesenteroides R15107 67.7 12.5 19.8 0 49

L. mesenteroides NRRLB-12994.6 65 30 5 0 50, 51

L. mesenteroides NRRLB-13997 87.28 6.81 5.91 0 52

L. mesenteroides NRRLB-1254 76.49 0 0 23.51 51

L. mesenteroides NRRLB-11187 41.65 0 58.34 0 53

L. mesenteroides NRRLB-742 86.63 0 0.71 12.65 54

L. mesenteroides BD3749¢ 63.1 0 143 226 This study

aThe mole percentages of glycosidic linkages were determined by methylation.

bNRRLB-1299 was also classified as Leuconostoc citreum on the basis of repetitive-sequence-based PCR
analysis and fermentation profiles (55).

“The mole percentages of glycosidic linkages were determined by NMR.

confirmed that this insoluble glucan contained an a-(1—6) glucosidic backbone and
fairly considerable a-(1—4)- and «-(1—3)-linked branches.

Appearance of a branching sucrase. Although the biochemical studies described
above demonstrated the enzyme activity of Gsy as a GS enzyme, sequence-based
analysis showed that Gsy shares greater similarity (i.e, 50% identity) with the BrS
enzyme GBD-CD2 (11, 15) than with any other GS enzyme identified so far. Besides the
overall similarities, the seven functional sequence signatures (motifs | to VII) were also
exploited in sequence analysis of GH70 members (4, 11, 12, 19). Vuillemin et al.
compared the sequences of these conserved motifs of the BrS enzymes identified so far
with those of the GSs and found several unique amino acids that appear exclusively in
BrS enzymes (16). Accordingly, they suggested that BrS enzymes contain uniquely
conserved residues in the catalytic core, compared to GSs. To obtain a detailed
sequence feature of this peculiar enzyme, the sequence of the conserved motifs of Gsy
was aligned with that of the representative GSs (7, 12, 19), as well as the BrS enzymes
identified so far (8, 11, 16). As shown in Fig. 5A, although Gsy shared considerable
similarities with GBD-CD2 and other BrS enzymes at some of the unique sites identified
previously (marked with red asterisks in Fig. 5A) (16), it showed a pattern distinct from
that of any of the BrS enzymes at other unique sites. For instance, at site 695 (numbered
according to Gsy), an arginine was observed in most GSs, while a histidine was found
in all of the BrS enzymes identified so far; interestingly, Gsy contains an arginine at this
site, resembling a GS enzyme. At site 693, Gsy contains a methionine, distinct from
either GS or BrS enzymes. At site 549, Gsy contains an isoleucine, similar to Gtf180 in
Lactobacillus and gtf-S in Streptococcus and distinct from the BrS enzymes identified so
far. Moreover, a serine appears at site 771 in Gsy, whereas a conserved glycine has been
observed in the GS and BrS enzymes. Collectively, Gsy does not show the typical
sequence characteristics identified by Vuillemin et al. for BrSs (16).

Evolutionary intermediate between BrS and GS enzymes. To obtain a clearer
view of the relationship between BrS and GS enzymes, a phylogenetic analysis was
performed using MEGA 6.0 and an evolutionary tree was constructed based on the
sequence of the core motifs. As shown in Fig. 5B, the two subgroups (i.e., the GS
subgroup, shaded in red, and the BrS subgroup, shaded in green) were separated from
each other in the evolutionary tree. Interestingly, Gsy fell between these two subgroups
in the evolutionary tree. This evolutionary position, together with GS activity under BrS
appearance, suggested that Gsy might have significance in the separation of these two
subgroups. As indicated in previous studies, the BrS and GS subgroups are in close
relationship with each other in the evolutionary process (7, 11). Our analysis of the
peculiar enzyme Gsy suggests that it might be an evolutionary intermediate linking
these two subgroups.

Evolutionary aspects of GH70 subgroups. As previous studies have illustrated,
GH70 enzymes originated from GH13 (7, 10, 22), a large family of glycoside hydrolases
with members widely distributed in all three domains of life (4). In GH70, four sub-
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FIG 5 Sequence-based analysis of motifs | to VII of the catalytic core of different GH70 enzymes. (A) Alignment of motifs | to VIl from different
GH70 enzymes. Sequence alignment was performed with Align X (Vector NTI, Invitrogen), and motifs | to VIl are indicated above the sequences.
GSs are shown in the upper lines enclosed in the red box, while BrSs are shown in the lower lines enclosed in the green box; Gsy is shown between
the two subgroups. The numbers 1 to 7 indicate the highly conserved sites of GH70 enzymes, and the asterisks indicate the sites conserved
exclusively in BrSs, as identified by Vuillemin et al. (16). The black asterisks indicate the conserved sites shared by Gsy, and the red asterisks
indicate the sites at which Gsy showed a pattern distinct from that of the BrSs identified so far. (B) Phylogenetic analysis of GH70 enzymes, as
indicated. Phylogenetic analysis was performed using MEGA 6.0, and the evolutionary tree was constructed based on the sequences of the core
motifs shown in panel A. The scale bar represents a 5% difference in amino acid sequences. To illustrate the peculiar characteristics of Gsy, it is
marked in red font to emphasize its enzyme function as a GS enzyme, but it is shaded yellow to indicate its appearance as a BrS enzyme as well

as a GS enzyme. The dashed line indicates the separation of the GS and BrS clades.

groups of enzymes with distinct enzyme characteristics, i.e., the GS subgroup, the BrS
subgroup, and the GTFB-like and GTFC-like subgroups of 4,6-a-GTs, have been identi-
fied so far. According to Gangoiti et al., the 4,6-a-GT subgroup was formed in the
process of the evolution of ancient GH13 enzymes into GSs (19, 40), and the BrS
enzymes emerged after the separation of 4,6-a-GTs, as demonstrated in the previous
study (7).

To investigate the position of Gsy in the evolutionary process, a phylogenetic
analysis was performed with members of the four subgroups of GH70 and GH13. As
shown in Fig. 6, along with the process of evolution from the ancient GH13 enzymes
to modern GSs, three GH70 subgroups have emerged, in the following order: GTFC-like
4,6-a-GT subgroup, GTFB-like 4,6-a-GT subgroup (7, 19), and BrS subgroup (8, 16, 17).
The enzyme Gsy emerged after the formation of the BrS subgroup and before that of
the GS subgroup, indicating that Gsy might play an intermediate role in the divergence
of the BrS and GS subgroups.
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FIG 6 Phylogenetic analysis of the four subgroups of GH70 enzymes and GH13 proteins. Alignment was performed with the GH70 and GH13 enzymes listed
in Table S1 in the supplemental material. Overall, the GH70 enzymes were obtained by a BLAST analysis using the Gsy protein (GenBank accession number
ANJ45894.1) as the query sequence. Notably, all of the characterized GH70 enzymes (http://www.cazy.org/GH70_characterized.html) were included in the
alignment. Members of GH13 in the alignment were chosen according to previous studies (7, 19). The evolutionary tree is based on alignment of the full
sequences of these enzymes. The biochemically characterized GSs and GTFB-like and GTFC-like 4,6-a-GTs of GH70, as well as members of GH13, are included.
The evolutionary history was inferred using the maximum likelihood method, based on the JTT matrix-based model. The sequences are labeled with their
GenBank accession numbers. The bar represents a genetic distance of 0.3 substitution per position. The BrS and GS subgroups of GH70 are indicated in green
and red fonts, respectively. Gsy is shown in red font shaded with yellow, and its homologs that have not been biochemically characterized are shown in gray.

DISCUSSION

GH70 enzymes are transglucosylases produced by LAB, e.g., strains of Streptococcus,
Leuconostoc, Weissella, or Lactobacillus (7, 12). Most of the enzymes classified in this
family use sucrose as the p-glucopyranosyl donor to synthesize a-glucans of high
molecular mass (>10°¢ Da), with the release of fructose (12, 41). These enzymes catalyze
the de novo synthesis of polysaccharide polymers from small molecules and thus are
regarded as polymerases (11). In LAB, these enzymes are also referred to as glucosyl-
transferases (GTFs) (mainly used for Streptococcus) or glucansucrases (GSs). According
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to the differences in enzyme specificity and the type of glycosidic linkage formed, GSs
can be classified into the following types: dextransucrase (EC 2.4.1.5), alternansucrase
(EC 2.4.1.140), mutansucrase (EC 2.4.1.125), and reuteransucrase (EC 2.4.1.-) (7, 12).
Apart from the polymerases described above, many GH70 enzymes with other enzyme
characteristics have been identified recently (7, 12, 41). Overall, these enzymes do not
have the activity of de novo polymerization (i.e., they are inactive on the substrate
sucrose); instead, they can use oligosaccharides or polysaccharides as donor/acceptor
substrates (8, 16, 18, 19, 40). BrSs (EC 2.4.1.-) are found in strains of Leuconostoc that
produce exopolysaccharides with branching linkages (7). Although they are inactive on
sucrose, they catalyze the transfer of glucosyl units from sucrose to dextrans, resulting
in the synthesis of branching linkages onto dextrans (8, 11, 16). According to the type
of branching linkage, BrS enzymes are classified into a-(1—2) and a-(1—3) branching
sucrases, of which several members have been identified (11, 15, 16). «a-4,6-
Glucanotransferases (4,6-a-GTs) (EC 2.4.1.-) predominantly cleave an a-(1—4) glycosidic
linkage from the nonreducing end of the donor substrate a-(1—4)-glucan and transfer
the cleaved glucosyl unit to the nonreducing end of another a-(1—4)-glucan acceptor
substrate, forming mainly «-(1—6) linkages, which results in the formation of
isomaltooligosaccharide/maltooligosaccharide and polysaccharide mixtures with in-
creasing percentages of a-(1—6) linkages (7). To date, two subgroups of 4,6-a-GTs have
been implicated as GH70 enzymes, i.e, GTFB-like 4,6-a-GTs, with transglucosylase
activity between a-(1—4)-glucans, and GTFC-like 4,6-a-GTs, with transglucosylase ac-
tivity on maltodextrins and starch (7, 18, 19).

The origin and evolution of GH70 enzymes have been investigated extensively (7,
11, 20, 40, 42), and a generally accepted permutation-per-duplication-based model
illustrated the evolution of the ancient GH13 to GH70. Moreover, in GH70, subgroups
with distinct enzyme functions have been established (8, 11, 16, 18, 19, 40). Studies on
the relationships of these subgroups have provided an evolutionary perspective on the
structure-function relationships of GH70 enzymes (7, 18). However, certain issues
regarding these models of evolution remain to be addressed. One of the remaining
issues is the lack of intermediates in the conversion of enzyme activity. Based on
bioinformatic data, Kralj et al. suggested that GTFB-like and GTFC-like 4,6-a-GTs rep-
resent the evolutionary intermediates between GH70 and GH13 enzymes (18). The BrS
subgroup was established recently, and an increasing number of BrS members have
been found and characterized (8, 11, 16, 17). Evolutionary analysis performed in a
recent study suggested that BrSs formed a separate clade from the main cluster of GSs,
reflecting their different enzyme specificity (7). Divergence from the BrS clade to the GS
clade was accompanied by the conversion of enzyme specificity, i.e., from branching to
polymerization (7). However, no intermediates have yet been observed in the conver-
sion of BrS to GS enzymes, and the structural basis that underlies the conversion of
enzyme specificity remains to be elucidated.

In this study, we identified Gsy, a GS with the appearance of a BrS enzyme.
Sequence-based analysis (Fig. 5) suggested that it might be an intermediate between
the BrS and GS clades of GH70 enzymes. Further study on the peculiar enzyme Gsy
provided biochemical (Table 1 and Fig. 3 and 4) and bioinformatic (Fig. 6) data to
support Gsy as an intermediate in the evolution of BrS to GS enzymes.

Moreover, this intermediate provides clues to the structural basis underlying the
conversion of enzyme specificity and the acquisition of de novo polymerizing activity.
As shown in Fig. 5A, alignment of the core motifs of Gsy with those of representative
GS and BrS members identified several sites (including sites 695, 693, and 549, num-
bered according to Gsy) at which Gsy showed a pattern distinct from that of either GS
or BrS enzymes, suggesting that these sites play important roles in the specificity of
these enzymes and that residue changes at these sites might have led to the conversion
of BrS enzymes to GS enzymes. Further studies, such as site-directed mutagenesis, will
be required for full elucidation of the mechanism that underlies the conversion of the
specificity of these enzymes and for better understanding of the structure-function
relationships of GH70 GS and BrS enzymes.
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MATERIALS AND METHODS

Cloning and recombinant expression of gsy in E. coli. The sequence of gsy was obtained from
GenBank under accession number KU306931. The gsy gene was cloned and transformed into E. coli as
described previously (1). In brief, the gsy gene was PCR amplified from genomic DNA of L. mesenteroides
BD3749. After purification and double digestion by BamHI and Xhol (Fermentas, USA), the fragment was
ligated into the pET-28a(+) vector. The recombinant plasmid pET28a(+)-gsy was then transformed in
Rosetta strains of E. coli, as described previously (1, 29). Transformants harboring the chimeric plasmid
were selected on LB agar plates containing 20 pg/ml kanamycin. For induction of the recombinant Gsy,
IPTG was added into the culture medium to a final concentration of 0.1 mM. For observation of EPSs on
LB plates, 20 g/liter sucrose was included in the medium as a substrate.

Preparation and purification of the recombinant enzyme. Recombinant Gsy was produced by
growing the Rosetta strain harboring the recombinant plasmid pET28a(+)-gsy at 37°C in 20 ml of LB
medium supplemented with 20 pg/ml kanamycin, with shaking. The overnight culture was then
transferred into 500 ml of LB medium (as described above) and incubated until the optical density at 600
nm (ODg,,) reached 0.4 to 0.6. Subsequently, expression was induced by adding IPTG to a final
concentration of 0.1 mM, and the culture was incubated overnight at 16°C, with constant shaking at 150
rpm. Subsequently, cells were harvested by centrifugation (10,000 X g for 10 min), resuspended in 40 ml
of lysis buffer (5 mM imidazole, 20 mM Tris-HCI buffer [pH 8.0], 300 mM NaCl, 0.5 mg/ml lysozyme, 1 mM
dithiothreitol, and one tablet of protease inhibitor cocktail [EDTA-free; Rochel), and sonicated for 10 min.
After centrifugation (15,000 X g for 15 min), the recombinant enzyme was purified at 4°C by His-tag
affinity chromatography using Ni-NTA as the column material (Sangon Biotech, Shanghai), according to
the manufacturer’s instructions. Elution was carried out with 200 mM imidazole buffer solution (200 mM
imidazole, 20 mM Tris-HCl buffer [pH 8.0], and 300 mM NaCl), and the imidazole was removed by loading
the sample onto a 10-DG column (Econo-Pac; Bio-Rad) that had been preequilibrated in 50 mM sodium
acetate buffer (pH 5.6) with 0.45 mM CaCl,, 100 mM NaCl, and 0.1% (vol/vol) Tween 80, as described
previously (16, 20). The purified enzyme was quantified with a Nanodrop 2000 spectrophotometer
(Thermo Scientific) and detected by SDS-PAGE before further analysis.

SDS-PAGE. E. coli cells were harvested and protein samples were prepared as described previously
(29, 43). The protein concentrations of the crude extracts were determined by using the Bradford
method. For each sample, an equivalent amount of total protein was suspended in SDS loading buffer
(Sangon Biotech, Shanghai) and incubated at 37°C for 2 h. Each sample was then loaded and separated
by 8% SDS-PAGE (120 V for 120 min). After electrophoresis, SDS was removed by washing the gel with
distilled water, followed by 10 min of incubation at room temperature (repeated twice). The gel was then
stained with Coomassie brilliant blue G250 (Sangon Biotech), according to the manufacturer’s instruc-
tions.

In situ polymer synthesis. In situ polymerization was carried out as described for previous studies
(24, 43, 44). In brief, after electrophoresis and removal of SDS as described above, the SDS-PAGE gel was
washed three times at room temperature with 50 mM sodium acetate buffer (pH 5.6) containing 2
mM CaCl, and 0.1% (vol/vol) Triton X-100, for recovery of enzyme activity. Subsequently, the gel was
incubated for 24 h at room temperature in the same buffer supplemented with 50 g/liter sucrose,
and the active bands were detected by the appearance of glucan polymer, as described by Miller and
Robyt (25).

Enzyme activity assays. The activity of the purified Gsy enzyme was detected at 30°C in 50 mM
sodium acetate containing 50 g/liter sucrose and 0.34 mM CaCl, (buffered at pH 5.4), as described
previously (24, 29). The enzyme activities were determined by measuring the amount of released fructose
from 50 g/liter sucrose. The fructose concentrations were determined using the dinitrosalicylic acid
method (8, 45). One unit was defined as the amount of enzyme that catalyzed the production of 1 umol
fructose per minute under the assay conditions. The protein concentration was measured with the
bicinchoninic acid (BCA) protein assay kit (Pierce, Thermo Fisher Scientific), according to the manufac-
turer’s instructions. The enzyme activity of the purified protein is described as units per milligram of total
protein.

In order to examine the pH optimum of purified Gsy, the buffer described above was used for
measurements in the pH range of 3.5 to 7.5, at intervals of 0.5 pH units. Assays were performed at
30°C. To determine the optimal temperature, the buffer (pH 5.4) described above was used and
reactions were performed in the temperature range of 20°C to 40°C, at intervals of 5°C. All of the
reaction mixtures were incubated for 15 min, and then the concentrations of fructose were
determined as described above.

Preparation and purification of exopolysaccharides. For polymer synthesis, enzymatic reactions
were performed at 30°C for 24 h in the presence of 50 g/liter sucrose, 50 mM sodium acetate, and 0.34
mM CaCl, (pH 5.4). One milliliter of purified enzyme (3.5 U/ml) was added, and the reaction was
carried out overnight at 30°C. The insoluble product was harvested as described in previous studies
(28, 32). In brief, the insoluble material was collected by centrifugation at 15,000 X g for 30 min at
4°C, washed with three rounds of suspension in 20 ml water and centrifugation, and then washed
once in 50% ethanol and once in 95% ethanol before freeze-drying using a FreeZone 12-liter system
(Labconco Corp., USA).

Structural analysis of the polysaccharide. (i) Monosaccharide composition. To determine the
monosaccharide composition, 3 mg of the polymer synthesized by recombinant Gsy was hydrolyzed with
4 M trifluoroacetic acid (TFA) at 100°C for 4 h. The excess TFA was removed by adding equal volumes of
methanol to the digested sample and blowing the sample dry with a nitrogen purge. The hydrolyzed
sample was then dissolved in deionized water, adjusted to its initial volume, and filtered through a
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0.22-um membrane (Millipore, USA). The monosaccharides were identified and quantified with a Dionex
1CS-3000 HPAEC system equipped with a Dionex lonPac PA20 column (3 by 150 mm) and a pulsed
amperometric detector (Thermo Fisher Scientific). The monosaccharides were eluted with a linear
gradient of NaOH solution (6 mM to 300 mM) at a flow rate of 0.5 ml/min, according to the procedure
described by Wood et al. (46). Rhamnose, arabinose, galactose, glucose, xylose, mannose, and fructose
(Sigma, USA) were used as references. The percentages of the monosaccharides were calculated from the
peak areas using a response factor.
(i) FTIR analysis. Five milligrams of the polymer was mixed with 150 mg of KBr, under pressure. The
FTIR spectrum was obtained using a Nicolet Nexus 470 spectrometer (Nicolet Co., Waltham, MA). The
sample was prepared as a KBr pellet and scanned against a blank KBr pellet background over a
wavelength range of 4,000 to 500 cm~', with a resolution of 4.0 cm~—".
(i) "H NMR spectroscopic analysis. Ten milligrams of the lyophilized polymer was dissolved in 0.5
ml of 0.5 M NaOD and then placed into 5-mm NMR tubes. One-dimensional 'H NMR utilizing tetrame-
thoxysilane as an internal standard was performed with a Varian Mercury Plus 400 spectrometer (Varian,
USA) at 70°C. The "H NMR data collection consisted of 256 acquisitions.
Sequence-based analysis of GH70 enzymes. (i) Sequence alignment. The sequences of conserved
motifs | to VII from representative GH70 enzymes, as indicated, were obtained through alignment of the
GH70 enzymes with sequences of motifs | to VIl identified in previous studies (6, 14, 19, 47). Alignments
of the sequences of the conserved motifs were performed with Align X (Vector NTI, Invitrogen).

(ii) Phylogenetic analysis. The full amino acid sequence of Gsy was used as the query sequence in
BLASTp searches in NCBI (http://blast.ncbi.nm.nih.gov/Blast.cgi). Alignment of Gsy with the BLAST hits,
other characterized GH70 enzymes (9), and representative GH13 enzymes (7, 19) was performed as
described previously (31, 40). Sequence information for the GH70 enzymes was obtained from the CAZy
database (http://www.cazy.org/GH70.html), with cross-reference to GenBank (see Table S1 in the sup-
plemental material for details). Phylogenetic analysis of Gsy and the characterized GH70 enzymes was
performed as in previous studies (5, 7, 24, 40). The phylogenetic tree was constructed with the maximum
likelihood method, based on the JTT matrix-based model, using MEGA6 (48). Each protein was labeled
with its GenBank accession number. The value on each branch is the estimated confidence limit for the
position of the branches, as determined by bootstrap analysis. The scale bar represents the proportion
of differences in amino acid sequences (42). Sequences of the core motifs (motifs | to VII) (Fig. 5B) or full

sequences (Fig. 6) of the GH70 enzymes were used for phylogenetic analysis.
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