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ABSTRACT: Lactic acid bacteria use glucansucrase enzymes for synthesis of gluco-
oligosaccharides and polysaccharides (α-glucans) from sucrose. Depending on the glucansucrase
enzyme, specific α-glucosidic linkages are introduced. GTFA-ΔN (N-terminally truncated
glucosyltransferase A) is a glucansucrase enzyme of Lactobacillus reuteri 121 that synthesizes the
reuteran polysaccharide with (α1 → 4) and (α1 → 6) glycosidic linkages. Glucansucrases also
catalyze glucosylation of various alternative acceptor substrates. At present it is unclear whether the
linkage specificity of these enzymes is the same in oligo/polysaccharide synthesis and in
glucosylation of alternative acceptor substrates. Our results show that GTFA-ΔN glucosylates
catechol into products with up to at least 5 glucosyl units attached. These catechol glucosides were
isolated and structurally characterized using 1D/2D 1H NMR spectroscopy. They contained 1 to 5
glucose units with different (α1 → 4) and (α1 → 6) glycosidic linkage combinations. Interestingly,
a branched catechol glucoside was also formed along with a catechol glucoside with 2 successive
(α1 → 6) glycosidic linkages, products that are absent when only sucrose is used as both glycosyl
donor and acceptor substrate.

■ INTRODUCTION

Glucansucrases are extracellular enzymes with high molecular
masses, most of them ranging 120−200 kDa. According to the
carbohydrate-active enzymes (CAZy) classification system, they
belong to the glycoside hydrolase family 70 (GH70)1 and are
only reported to occur in lactic acid bacteria, in members of the
genera Leuconostoc, Streptococcus, Lactobacillus, andWeissella. As
main activity they convert sucrose into α-glucan oligo- and
polysaccharides. Glucansucrase enzymes strongly differ in
reaction specificity, introducing one or more glycosidic linkage
types [(α1 → 2), (α1 → 3), (α1 → 4), or (α1 → 6)] in their
glucan products. Their polymers also differ in the degree and
type of branching, and in molecular mass.2−4

GTFA-ΔN of Lactobacillus reuteri 121 produces a reuteran-
type branched glucose polymer with both (α1 → 4) and
(α1 → 6) glycosidic linkages.5,6 Incubation of GTFA-ΔN with
sucrose results in elongation of sucrose with glucose units via
alternating (α1 → 4) and (α1 → 6) linkages into linear gluco-
oligosaccharides up to a degree of polymerization (DP) of at least
12. Oligosaccharides with successive (α1 → 4) linkages were
observed only up to DP4, but no linear (α1→ 6) structures were
found. Simultaneously with oligosaccharide synthesis, also
polymers were formed from the beginning of the reaction,
suggesting that oligosaccharides longer than DP12 have higher
affinity with the GTFA-ΔN enzyme and are rapidly elongated
into branched reuteran with a high molecular mass (4 × 107

Da).7,8

Glucansucrases also glucosylate several other hydroxyl-group-
containing molecules, in the so-called acceptor reaction.2

Glycosylation is one of the most important reactions in nature

and the glycosides formed often have improved physicochemical
and biological properties, such as increased solubility, bioavail-
ability, and stability.9 Glycosylation may also improve bioactivity
of antibiotics and modulate flavors and fragrances.10 Glucansu-
crases are successfully used for glycosylation of acceptor
substrates such as hydroquinone,11 L-ascorbic acid,12 and
puerarin.13

Phenolic antioxidants like catechol are reported as inhibitors of
proinflammatory pathways.14−17 Zheng et al. (2008), for
instance, have shown that catechol has anti-inflammatory and
neuroprotective properties on cultured microglia. Microglia are
the principle immune cells in the central nervous system;
overactivation of microglia leads to the secretion of numerous
proinflammatory mediators that cause neurotoxicity.18,19 Cat-
echols could therefore be considered as potential drug candidates
for treating neurodegenerative diseases, such as Alzheimer’s and
Parkinson’s disease, and other inflammatory disorders.15

However, at physiological pH catechol easily auto-oxidizes,
making it less suitable as a drug.15 Glycosylation of catechol may
result in more stable catechol glucosides with improved
pharmacological and physicochemical properties. Glucosylation
of catechol by a glucansucrase enzyme has been reported
before;20 however, no catechol-glucoside product character-
ization has been performed.
At present it is unknown whether glucansucrase enzymes

glucosylate phenolic compounds with the same linkage
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specificity as used for oligo- and polysaccharide synthesis. In this
study we used GTFA-ΔN to glucosylate catechol, and
structurally characterized catechol glucoside products up to
DP5 using 1D/2D 1H NMR spectroscopy. Comparison of these
catechol glucoside products with the oligosaccharides synthe-
sized by GTFA-ΔN, when incubated with sucrose only, revealed
not only interesting similarities, but also clear structural
differences.

■ RESULTS
Synthesis of Catechol Glucosides Using the GTFA-ΔN

Enzyme. GTFA-ΔN efficiently glucosylated catechol when
incubated with 100 mM sucrose as the donor substrate. Sucrose
was hydrolyzed as well, however, resulting in loss of glycosylation
potential. To optimize the acceptor reaction for transglycosyla-
tion of catechol, the effect of sucrose concentration on the
GTFA-ΔN transglycosylation to hydrolysis ratio was examined.
For this, the transglycosylation and hydrolysis activities of
GTFA-ΔNwere determined in a range of 3.1−1000 mM sucrose
(Figure 1). GTFA-ΔN showed higher transglycosylation to
hydrolysis ratios with increasing sucrose concentrations, i.e., with
a ratio of ∼0.76 at 3.1 mM sucrose, compared to ∼6.51 at 1000
mM sucrose. A higher overall transglycosylation activity also was
observed with increasing sucrose concentrations. At 3.1 and 1000
mM sucrose the transglycosylation activity was 2.1 and 39.8
μmol/min/mg GTFA-ΔN, respectively, a∼20-fold increase. For
quantitative synthesis of catechol glucosides, 1000 mM sucrose
was used as glucosyl donor.
Characterization of Catechol Glucosides Produced by

GTFA-ΔN. A quantitative synthesis of catechol glucosides was
performed by incubating 10 mL 250 mM catechol with three
batches of 1000 mM of sucrose donor (added at t = 0, 45, and 90
min) to a total of 3000 mM sucrose, using 12.8 U (0.48 mg)
GTFA-ΔN/mL. After prepurification on Strata-X SPE columns,
catechol glucosides were isolated by preparative NP-HPLC
(Figure 2), collecting 10 fractions. Relative abundances were
determined based on NP-HPLC peak areas (Table 1).
Structural Analysis of Catechol Glucosides. NP-HPLC

fractions were analyzed by high pH-anion exchange chromatog-
raphy (HPAEC-PAD) (Supporting Information, Figure S1) and

MALDI-TOF-MS (Table 1) to confirm purity and composition
of the fractions. Analysis of fraction 6 on HPAEC-PAD
(Supporting Information) showed one major and one medium
peak, with a 2:1 ratio. MALDI-TOF-MS showed only one peak at

Figure 1. Transglycosylation (orange bars) and hydrolysis (blue bars) activity of GTFA-ΔN at different sucrose concentrations. The data represent the
means of two independent enzyme activity assays.

Figure 2.NP-HPLC profile of products of an incubation of 12.8 U (0.48
mg) GTFA-ΔN/mL with 250 mM catechol and 1000 mM sucrose for
135 min at 37 °C. At t = 45 and 90 min another 1000 mM sucrose was
added to the incubation, resulting in a total amount of 3000mM sucrose.
The peak 1−10 compounds were isolated and structurally characterized.

Table 1. Compositions and Relative Abundance of NP-HPLC
Fractions Determined by Peak Area and MALDI-TOF-MS

m/z composition NP-HPLC area%

1 295.1 Hex1Catechol 13.7
2 457.3 Hex2Catechol 32.2
3 457.3 Hex2Catechol 18.3
4 619.0 Hex3Catechol 7.5
5 619.0 Hex3Catechol 6.3
6 619.0 Hex3Catechol 5.5
7 619.0 Hex3Catechol 1.3
8 780.8 Hex4Catechol 4.0
9 780.8 Hex4Catechol 7.9
10 942.6 Hex5Catechol 3.3
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m/z 619.0, fitting with a Glc3catechol structure. Fraction 6 was
further separated on HPAEC-PAD under isocratic conditions
with 150mMNaOAc in 100mMNaOH, resulting in fractions 6a
and 6b.
Fraction 1. Using 1D (Figure 3) and 2D NMR (Supporting

Information, Figure S2) spectroscopy all 1H and 13C chemical
shifts could be determined (Table 2). Comparison of the
catechol H-3, H-4, H-5, and H-6 values with those for free
catechol revealed clear shifts, with the strongest shift in H-6
(from δ 6.937 to δ 7.266 ppm). The glucose H-1 signal is shifted
significantly downfield to a unique position δ 5.626 ppm (Figure
3).7,8,21 The J1,2 coupling of 3.2 Hz indicates an α-linkage.
Moreover, 2D 1H−1H ROESY spectra (not shown) revealed a
cross-peak between A-1 and Cat-6, indicating a glucosidic bond
between Glc residue A and catechol. These data resulted in a
structure α-D-Glcp-(1 → 1)-catechol, A1 → 1Cat for fraction 1
(Figure 4).

Fraction 2.The 1D 1HNMR spectrum (Figure 3) showed α-
anomeric peaks at δ 5.634 (AH-1; J1,2 3.2 Hz) and δ 5.449 (BH-
1; J1,2 3.7 Hz), the former slightly shifted from the value observed
for fraction 1, and the latter fitting with values observed for α-D-
Glcp-(1→ 4)- residues.8,22 The catechol peaks showed a pattern
fitting to a glucosylated structure. Using 2D NMR spectroscopy
(Supporting Information, Figure S3) all 1H and 13C chemical
shifts were assigned (Table 2). Residue B showed a 1H and 13C
chemical shift pattern fitting a terminal residue. Particularly, the
structural-reporter-group signal for terminal α-D-Glcp-residues
of H-4 at δ 3.419 ppm supports this observation. Residue A
shows significant downfield shifts in H-3 and H-4, to δ 4.255 (Δδ
+ 0.269) and δ 3.76 (Δδ + 0.224), respectively, compared to
residue A in fraction 1. These shifts fit with a 4-substitution of
residue A.22 This observation is further supported by the
significant downfield shift of the C-4, to δ 77.4 ppm.21 Moreover,
1H−1H ROESY spectroscopy (Supporting Information, Figure

Figure 3. 1D 1H NMR spectra of isolated structures 1−10 and the reaction mixture.
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S3) revealed inter-residual correlations between BH-1 and AH-
4, and between A H-1 and Cat H-6. These data result in a
structure for fraction 2 of α-D-Glcp-(1 → 4)-α-D-Glcp-(1 → 1)-
catechol, i.e., B1 → 4A1 → 1Cat (Figure 4).
Fraction 3. The 1D 1H NMR spectrum (Figure 3) showed

major α-anomeric signals at δ 5.648 (A H-1; J1,2 3.4 Hz) and δ
4.901 (BH-1; J1,2 3.6 Hz). The minor peak at δ 5.447 most likely
belongs to a contamination with fraction 2. Using 2D NMR
spectroscopy (Supporting Information, Figure S4) all 1H and 13C
chemical shifts could be assigned (Table 2). The 1H chemical
shift pattern of residue A showed strong downfield shifts for H-5
and H-6b, whereas H-6a showed an upfield shift. These shifts fit
with a 6-substitution of residueA.22 Moreover, the C-6 signal was
shifted downfield to 66.4 ppm, clearly indicating 6-substitution.21

The pattern of 1H and 13C chemical shifts for residue B fit with
those expected for a terminal α-D-Glcp-(1→6)-residue. Note in
particular the H-4 at δ 3.419 and H-2 at 3.508 ppm.8 1H−1H
ROESY spectroscopy (Supporting Information, Figure S4)
revealed cross-peaks between B H-1 and A H-6a and between
A H-1 and Cat H-6. These data lead to the conclusion that
structure 3 is α-D-Glcp-(1→6)-α-D-Glcp-(1→1)-catechol, i.e.,
B1→6A1→1Cat (Figure 4).
Fraction 4. The 1D 1HNMR spectrum (Figure 3) showed α-

anomeric peaks at δ 5.635 (AH-1; J1,2 3.2 Hz), 5.444 (BH-1; J1,2

3.6 Hz) and 5.398 (C H-1; J1,2 3.6 Hz). 2D NMR spectroscopy
(Supporting Information, Figure S5) was used to assign all 1H
and 13C chemical shifts (Table 2). The chemical shift pattern of
residue A fits with a 4-substituted Glc residue. Moreover, residue
B shows shifts of H-3 and H-4 to δ 3.970 (Δδ + 0.276) and 3.65
(Δδ + 0.231), respectively, compared to residue B in structure 2.
These values, as well as the C-4 at 77.5 ppm, fit with a 4-
substituted residue B. Residue C shows a chemical shift pattern
fitting a terminal residue. ROESY spectroscopy showed
interactions between C H-1 and B H-4, between B H-1 and A
H-4, and between A H-1 and Cat H-6. These data result in a
structure for 4 of α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-α-D-Glcp-
(1→1)-catechol, i.e., C1→4B1→4A1→1Cat (Figure 4).

Fraction 5. The 1D 1H NMR spectrum showed α-anomeric
signals at δ 5.636 (AH-1; J1,2 3.1 Hz), 5.445 (BH-1; J1,2 3.2 Hz),
and 4.951 (C H-1; J1,2 3.1 Hz). Using 2D NMR spectroscopy
(Supporting Information, Figure S6) all 1H and 13C chemical
shift values were determined (Table 2). Residue A showed a
pattern matching that of a 4-substituted residue (compare A in
structures 2 and 4), whereas residue B showed a pattern fitting a
6-substituted residue.8,21,22 ROESY spectroscopy showed
correlations between C H-1 and B H-6a and H-6b, between B
H-1 and A H-4, and between A H-1 and Cat H-6. These data
result in a structure for 5 consisting of α-D-Glcp-(1→6)-α-D-

Figure 4. Established catechol glucoside structures obtained with 1D/2D 1H and 13C NMR spectroscopy. Glucose units are represented by blue circles.

Bioconjugate Chemistry Article

DOI: 10.1021/acs.bioconjchem.6b00018
Bioconjugate Chem. 2016, 27, 937−946

942

http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00018/suppl_file/bc6b00018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00018/suppl_file/bc6b00018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00018/suppl_file/bc6b00018_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.6b00018/suppl_file/bc6b00018_si_001.pdf
http://dx.doi.org/10.1021/acs.bioconjchem.6b00018


Glcp-(1→4)-α-D-Glcp-(1→1)catechol, i.e., C1→6B1→4A1→
1Cat (Figure 4).
Fraction 6a. Fraction 6a showed a 1D 1H NMR spectrum

(Figure 3) with α-anomeric signals at δ 5.643 (A H-1; J1,2 3.1
Hz), 4.888 (B H-1; J1,2 3.7 Hz), 5.331 (C H-1; J1,2 3.7 Hz). 2D
NMR spectroscopy (Supporting Information, Figure S7)
revealed all 1H and 13C chemical shift values. The pattern of
chemical shifts of residue A fit with a 6-substituted residue,
similar to residue A in structure 3, particularly notable are H-5,
H-6a, and H-6b and C-6.21,22 Residue B showed the pattern of a
4-substituted residue.21,22 Residue C showed a pattern fitting
with a terminal residue as shown by in an α-D-Glcp-(1→4)-
configuration.8,22 ROESY spectroscopy showed correlations
between C H-1 and B H-4, between B H-1 and A H-6a and H-
6b, and between A H-1 and Cat H-6. These data result in a
structure for 6a of α-D-Glcp-(1→4)-α-D-Glcp-(1→6)-α-D-Glcp-
(1→1)-catechol, i.e., C1→4B1→6A1→1Cat (Figure 4).
Fraction 6b. The 1D 1H NMR spectrum (Figure 3) of 6b

showed α-anomeric peaks at δ 5.638 (A H-1; J1,2 3.2 Hz), 5.406
(B H-1; J1,2 3.6 Hz), and 4.918 (C H-1; J1,2 3.7 Hz). Using 2D
NMR spectroscopy (Supporting Information, Figure S8) all 1H
and 13C chemical shifts were assigned (Table 2). Residue A
showed a pattern in which H-3 (δ 4.275, Δδ + 0.289), H-4 (δ
3.80;Δδ + 0.264), H-5 (δ 4.132;Δδ + 0.292), and H-6b (δ 3.93;
Δδ + 0.150) were shifted downfield, compared to residue A in
structure 1. Combined with 13C chemical shifts for C-4 and C-6
at δ 78.0 and δ 66.8, respectively, these data indicate a 4,6-
disubstituted Glc residue.21,22 Residues B and C show a pattern
fitting with a terminal residue, where B has an anomeric signal H-
1 fitting with an (α1−4)-linkage, and residue C H-1 fitting with
an (α1−6)-linkage. ROESY spectroscopy (Supporting Informa-
tion, Figure S8) revealed correlations between C H-1 and A H-
6a, between B H-1 and A H-4, and between A H-1 and CatH-6.
These data lead to the conclusion that structure 6b is α-D-Glcp-
(1→4)-[α-D-Glcp-(1→6)-]α-D-Glcp-(1→1)-catechol, i.e., C1→
4[B1→6]A1→1Cat (Figure 4).
Fraction 7. The 1D 1HNMR spectrum (Figure 3) showed α-

anomeric peaks at δ 5.660 (AH-1; J1,2 3.5 Hz), 4.910 (BH-1; J1,2
3.7 Hz), and 4.957 (C H-1; J1,2 3.7 Hz). From 2D NMR
spectroscopy (Supporting Information, Figure S9) all 1H and 13C
chemical shifts could be assigned (Table 2). Residue A showed
chemical shift patterns fitting a 6-substituted residue. Residue B
showed a pattern corresponding with a 6-substituted α-D-Glcp-
(1→6)-residue,21,22 while residue C showed the pattern for a
terminal residue in an α-D-Glcp-(1→6)- configuration. ROESY
spectroscopy revealed cross-peaks between C H-1 and B H-6a,
between B H-1 and A H-6a, and between A H-1 and Cat H-6.
These data lead to a structure for 7 of α-D-Glcp-(1→6)-α-D-Glcp-
(1→6)-α-D-Glcp-(1→1)-catechol, i.e., C1→6B1→6A1→1Cat
(Figure 4).
Fraction 8. The 1D 1HNMR spectrum (Figure 3) showed α-

anomeric peaks at δ 5.637 (AH-1; J1,2 3.4 Hz), 5.445 (BH-1; J1,2
3.5 Hz), 5.390 (C H-1; J1,2 3.7 Hz), and 4.950 (D H-1; J1,2 3.4
Hz), fitting with two (α1→4)-linked and one (α1→6) linked
glucose residue, beside one residue linking (α1→1) to catechol.
Using 2D NMR spectroscopy (Supporting Information, Figure
S10) all 1H and 13C chemical shifts were assigned (Table 2). The
chemical shift patterns of residue A match that of residue A in
structures, 2, 4, and 5, suggesting 4-substitution. Residue B also
showed chemical shift patterns fitting a 4-substituted residue;
compare residue B in structure 4. Residue C showed a pattern
fitting 6-substitution.21,22 Residue D showed a pattern fitting a
terminal residue in an α-D-Glcp-(1→6)- configuration, as

evidenced by the H-1 signal at δ 4.950. ROESY spectroscopy
revealed correlations betweenDH-1 and CH-6a, between CH-
1 and BH-4, between BH-1 and AH-4, and between AH-1 and
CatH-6. These data lead to a structure for 8 of α-D-Glcp-(1→6)-
α-D-Glcp-(1→4)-α-D-Glcp-(1→4)-α-D-Glcp-(1→1)-catechol,
i.e., D1→6C1→4B1→4A1→1Cat (Figure 4).

Fraction 9.The 1D 1HNMR spectrum (Figure 3) showed α-
anomeric signals at δ 5.640 (AH-1; J1,2 3.5 Hz), 4.889 (BH-1; J1,2
3.7 Hz), 5.326 (C H-1; J1,2 3.7 Hz), and 4.953 (D H-1; J1,2 3.2
Hz). These anomeric signals fit with a glucose linked to catechol,
two (α1→6)-linked residues and one (α1→4)-linked residue.
Using 2D NMR spectroscopy (Supporting Information, Figure
S11) all 1H and 13C chemical shifts were assigned (Table 2). The
chemical shift patterns show that residue A is 6-substituted,
residue B is 4-substituted, residue C is 6-substituted, and residue
D is terminal. ROESY spectroscopy showed cross-peaks between
D H-1 and C H-6a, between C H-1 and B H-4, between B H-1
and AH-6a, and between AH-1 and CatH-6. These data lead to
a structure 9 of α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-D-Glcp-
(1→6)-α-D-Glcp-(1→1)-catechol, i.e.,D1→6C1→4B1→6A1→
1Cat (Figure 4).

Fraction 10. The 1D 1H NMR spectrum (Figure 3) showed
five α-anomeric signals at δ 5.638 (A H-1; J1,2 3.4 Hz), 5.428 (B
H-1; J1,2 3.7 Hz), 4.948 (CH-1; J1,2 3.9 Hz), 5.380 (DH-1; J1,2 3.4
Hz), and 4.956 (E H-1; J1,2 3.9 Hz). These signals fit with one
residue (A) linked to catechol, two (α1→6) linked residues, and
two (α1→4)-linked residues. The H-4 peak at δ 4.259 indicates a
4-substitution of residue A, linked to catechol. Using 2D NMR
spectroscopy (Supporting Information, Figure S12) all 1H and
13C chemical shifts were assigned (Table 2). The chemical shift
patterns confirm a 4-substitution for residues A and C.21,22 Both
residues B and D show chemical shifts fitting a 6-substitution, as
evidenced by C-6 at δ 66.8 and 66.4, respectively.21 Residue E
shows the pattern fitting a terminal residue. In the ROESY
spectrum correlations are observed between E H-1 and D H-6a,
betweenDH-1 andCH-4, betweenCH-1 and BH-6a, between
B H-1 and A H-4, and between A H-1 and Cat H-6. These data
lead to the proposed structure for 10: α-D-Glcp-(1→6)-α-D-
Glcp-(1→4)-α-D-Glcp-(1→6)-α-D-Glcp-(1→4)-α-D-Glcp-(1→
1)-catechol, i.e., E1→6D1→4C1→6B1→4A1→1Cat (Figure
4).

Catechol Glycoside Mixture. 1D 1H NMR spectroscopy
(Figure 3) of the reaction mixture showed α-anomeric signals
fitting with (α1→4)-linked (δ 5.33−5.46) and (α1→6)-linked (δ
4.48−4.96) residues in a relative abundance of 52% and 48%,
respectively, indicating an almost equal amount of (α1→4)- and
(α1→6)-linkages in the total product mixture.

■ DISCUSSION

The GTFA-ΔN enzyme is capable of efficiently glucosylating
catechol (Structure 1). The subsequent reactions also use 1 as an
acceptor substrate, making diglucosylated catechol products with
an (α1→4) (Structure 2) and an (α1→6) linkage (Structure 3).
It should be noted that the main activity is (α1→4) elongation,
with a ratio of structure 2/3 of 1.5, fitting the described activity
and linkage specificity of the enzyme.7,8 No structures were
found with glucose moieties on both hydroxyl groups of the
catechol molecule. The catechol will fit into the acceptor subsite
to transfer glucose to one hydroxyl; however, the glucosyl-
catechol substrate probably only fits in the acceptor subsite to
allow transfer to the glucose moiety, and not to the second
catechol hydroxyl.
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Both diglucosylated structures are further elongated with
(α1→4) and (α1→6) linkages. In the Glc3catechol range five
structures were isolated. Structures 4 and 5 are elongations of 2
with (α1→4) and (α1→6), respectively. Notably, the (α1→6)
elongated peak has a higher surface-area than the (α1→4)
elongation peak, indicating a slight preference for (α1→6)
elongation. In a reaction with sucrose as both donor and acceptor
substrate, the elongation with (α1→4) has a clear preference,
while in a reaction with sucrose (donor) and maltose as acceptor
substrate, the elongation with (α1→6) has almost exclusive
priority.7

Elongation of 3 resulted in structures 6a and 7, with (α1→4)
and (α1→6), respectively. The elongation with (α1→4) has
preference here, while elongation with (α1→6) (Structure 7)
results in a minor peak. It should be noted, however, that the
relative amount of this structural element is rather high,
compared to the minimal amounts observed in incubations
with maltose as acceptor substrate in previous studies.7 Structure
6b shows a branching element, which could be the result of either
2 or 3 receiving a branching moiety. The branching activity of
GTFA-ΔN has been observed previously in incubations with
maltose as acceptor substrate.7,8 Structure 8 corresponds with a
relatively large peak, stemming from (α1→6) elongation of 4;
the (α1→4) elongation product was not isolated, and could be in
the further peaks after fraction 10. Structure 9 occurs in similar
quantities to structures 4 and 5 and corresponds with an (α1→6)
elongation of 6a. The structure for an (α1→4) elongation of 5 is
missing, but probably corresponds with one of the minor peaks
that were not isolated. Moreover, it should be noted that 10 is an
(α1→6) elongation of this missing structure.
The catechol glucoside structures 5, 6a, 9, and 10 fit very well

with the described initial products formed by GTFA-ΔN when
incubated with sucrose, where the main activity is that of an
alternating (α1→4)/(α1→6) motif.7 The relative intensities of
the identified structures, however, seem to suggest a different
preference for (α1→4) and (α1→6) elongation for catechol-
glucosides than was previously observed for other donor/
acceptor reactions.7,8 This may be a result of the difference in the
length of the glucoside acceptor, since on Glc2catechol and
Glc3catechol there seems to be a preference for (α1→4) linkages,
but in higher DP glucosides there is a more equal preference, due
to the main activity forming alternating (α1→4)/(α1→6)
sequences. Furthermore, two Glc3catechol glucoside structures
were identified that were not found in GTFA-ΔN incubations
with only sucrose acting as both glucosyl donor and acceptor
substrate,7 i.e., a branched catechol glucoside with a→4,6-branch
on the glucose attached to catechol (peak 6b) and a product with
two successive (α1→6) linked glucoses on α-D-Glcp-catechol
(peak 7). Similar structures were found when GTFA-ΔN was
incubated with sucrose and maltose as acceptor substrate, i.e.,→
4,6-branched glucose units on maltose and two successive (α1→
6) linked glucoses attached to maltose.7 This implies that
catechol and maltose are bound differently than sucrose or a
chain of growing glucan polymer in the acceptor site of GTFA-
ΔN, leading to a different linkage pattern.
This report shows that the GTFA-ΔN enzyme of L. reuteri 121

glucosylated catechol into at least 11 different catechol glucoside
products. These catechol glucosides may be more stable against
auto-oxidation than free catechol at physiological pH and could
therefore be suitable candidates for developing drugs for the
treatment of neurodegenerative diseases and other inflammatory
disorders. This could be tested by determining the anti-
inflammatory and subsequent neuroprotective effects of the

catechol glucosides on microglia and neuroblastoma cultured
cells, as has been successfully shown for catechol and several
catechol derivatives by Zheng et al.15

■ MATERIALS AND METHODS
Purification of Recombinant Glucansucrase Enzymes.

Recombinant, N-terminally truncated GTFA-ΔN of L. reuteri
1216,23 was produced as described by Meng et al.24 and purified
as described by Kralj et al.6

GTFA-ΔNEnzymeActivity Assayswith Sucrose as Both
Glucosyl Donor and Acceptor Substrate. Enzyme activity
assays were performed with 11 different sucrose concentrations
ranging from 3.1 to 1000 mM, in 25 mM sodium acetate (pH
4.7); 1 mM CaCl2; and 3.2 U (0.12 mg)/mL GTFA-ΔN at 37
°C. To measure enzyme activities, samples of 100 μL were taken
every 30 s over a period of 4 min and immediately inactivated
with 20 μL 1000 mMNaOH for 30 min. The inactivated samples
were diluted two times in deionized water, and from 10 μL of the
diluted sample the glucose and fructose concentrations were
determined enzymatically by monitoring the reduction of NADP
with the hexokinase and glucose-6-phosphate dehydrogenase/
phosphoglucose isomerase assay (Roche) as described pre-
viously.25 Determination of the release of glucose and fructose
from sucrose allowed calculation of the transglycosylation and
hydrolytic activities of GTFA-ΔN.26 The release of fructose
corresponds to the total enzyme activity, the release of glucose to
the hydrolytic activity, and the amount of fructose minus the
amount of glucose corresponds to the transglycosylation activity.
One unit (U) of enzyme is defined as the amount of enzyme
required to produce 1 μmol monosaccharide per min in a
reaction mixture containing 25 mM sodium acetate (pH 4.7); 1
mM CaCl2; and 100 mM sucrose at 37 °C.

Quantitative Synthesis of Catechol Glucosides. For
quantitative synthesis of catechol glucosides using GTFA-ΔN, a
large scale enzymatic reaction was performed by incubating 10
mL 250 mM catechol with three batches of 1000 mM of sucrose
donor (added at t = 0, 45, and 90 min) to a total of 3000 mM
sucrose, using 12.8 U (0.48 mg) GTFA-ΔN/mL. Catechol
glucosides were purified from the reaction mixture by solid phase
extraction using Strata-X 33u Polymeric Reversed Phase columns
(Phenomenex). Catechol glucosides were separated by semi
preparative NP-HPLC and were collected manually. The solvent
of the collected fractions was evaporated under a stream of
nitrogen gas and the dried glucosides were dissolved in deionized
water.

NP-HPLC. All HPLC analyses were performed on an
UltiMate 3000 chromatography system (ThermoFischer Scien-
tific, Amsterdam, The Netherlands), equipped with an
Endurance autosampler (Spark Holland, The Netherlands).
Catechol and catechol glucoside peaks were detected at 276 nm.
In all cases a mobile phase of acetonitrile (solvent A) and 50 mM
ammonium formate buffer, pH 4.4, (solvent B) was used.
For isolation of catechol glucosides, reaction products were

separated on a Luna 10 μm NH2 semipreparative chromatog-
raphy column (250 mm × 10 mm, Phenomenex) and were
manually collected at a flow-rate of 4.6 mL/min with a linear
gradient of 80% to 55% solvent A over 40 min.

HPAEC-PAD. Purity of the collected catechol glucosides was
analyzed with high-pH anion-exchange chromatography
(HPAEC-PAD) on a CarboPac PA-1 column (250 mm × 4
mm, Dionex BV, Amsterdam, The Netherlands), using an
ICS3000 Ion chromatograph (Dionex BV), equipped with a
pulsed-amperometric detector (PAD) with a gold working
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electrode (pulse potentials and durations: E1 + 0.1 V, 410 ms; E2
−2.0 V, 20 ms; E3 + 0.6 V, 10 ms, E4 −0.1 V, 60 ms), using a
linear gradient of 30−300mM sodium acetate in 100mMNaOH
(1 mL/min). Preparative separations were performed on a
CarboPac PA-1 column (250 × 9 mm, Dionex BV, Amsterdam,
The Netherlands) on an ICS5000 Ion chromatograph
(ThermoFischer Scientific, Amsterdam, The Netherlands),
eluted isocratically with 150 mM NaOAc in 100 mM NaOH
(4 mL/min).
MALDI-TOF MS. Experiments were performed on an Axima

mass spectrometer (Shimadzu Kratos Inc., Manchester, UK)
equipped with a nitrogen laser (337 nm, 3 ns pulse width).
Positive-ion mode spectra were recorded using the reflector
mode at a resolution of at least 5000 full width at half maximum
(fwhm) and acquired with software-controlled pulse-delayed-
extraction optimized for m/z 1500. Mass spectra were recorded
from 1 to 5000 Da, with ion-gate blanking set to 200 Da. Samples
were prepared by mixing 1 μL purified glucoside with 1 μL 10
mg/mL 2,5-dihydroxybenzoic acid in 70% ACN as matrix
solution.
NMR Spectroscopy. One-dimensional 1H NMR, 2D

1H−1H, and 2D 13C−1H correlation spectra were recorded at a
probe temperature of 298 K on a Varian Inova 600 spectrometer
(NMR Department, University of Groningen). Samples were
exchanged twice with 99.9 atom % D2O (Cambridge Isotope
Laboratories Ltd., Andover, MA) with intermediate lyophiliza-
tion, finally dissolved in 650 μL D2O.

1H and 13C chemical shifts
are expressed in ppm in reference to internal acetone (δ 1H
2.225; δ 13C 31.08). 1D 600-MHz 1H NMR spectra were
recorded with 5000 Hz spectral width at 16k complex data
points, using a WET1D pulse to suppress the HOD signal. 2D
1H−1H COSY spectra were recorded in 256 increments in 4000
complex data points with a spectral width of 5000 Hz. 2D 1H−1H
TOCSY spectra were recorded with MLEV17 mixing sequences
with 30, 50, and 150 ms spin-lock times. 2D 13C−1H HSQC
spectra were recorded with a spectral width of 5000 Hz in t2 and
10 000 Hz in t1 direction. 2D

1H−1H ROESY spectra with a
mixing time of 300 ms were recorded in 128 increments of 4000
complex data points with a spectral width of 5000 Hz. All spectra
were processed usingMestReNova 5.3 (Mestrelabs Research SL,
Santiago de Compostella, Spain), using Whittaker Smoother
baseline correction.
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