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when catalyzing dextran glucosylation from sucrose.

specificity.

(Bacl(ground: The transglucosidase GBD-CD2 shows a unique a-(1—2) branching specificity among GH70 family members

Results: The truncated form AN, ,;-GBD-CD2 was biochemically studied and structurally characterized at 1.90 A resolution.
Conclusion: Dextran recognition and regiospecificity clearly involves a residue in subsite +1.
Significance: This is the first three-dimensional structure of a GH70 enzyme that reveals determinants of a-(1—2) linkage

J

ANj;,;-glucan-binding domain-catalytic domain 2 (AN ,3-
GBD-CD2) is a truncated form of the bifunctional glucansucrase
DSR-E from Leuconostoc mesenteroides NRRL B-1299. It was
constructed by rational truncation of GBD-CD2, which harbors
the second catalytic domain of DSR-E. Like GBD-CD2, this var-
iant displays a-(1—2) branching activity when incubated with
sucrose as glucosyl donor and (oligo-)dextran as acceptor, trans-
ferring glucosyl residues to the acceptor via a ping-pong bi-bi
mechanism. This allows the formation of prebiotic molecules
containing controlled amounts of a-(1—2) linkages. The crystal
structure of the apo a-(1—2) branching sucrase AN,,;-GBD-
CD2 was solved at 1.90 A resolution. The protein adopts the
unusual U-shape fold organized in five distinct domains, also
found in GTF180-AN and GTF-SI glucansucrases of glycoside
hydrolase family 70. Residues forming subsite —1, involved in
binding the glucosyl residue of sucrose and catalysis, are strictly
conserved in both GTF180-AN and AN, ,;-GBD-CD2. Subsite
+1 analysis revealed three residues (Ala-2249, Gly-2250, and
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Phe-2214) that are specific to AN,,;-GBD-CD2. Mutation of
these residues to the corresponding residues found in
GTF180-AN showed that Ala-2249 and Gly-2250 are not
directly involved in substrate binding and regiospecificity. In
contrast, mutant F2214N had lost its ability to branch dextran,
although it was still active on sucrose alone. Furthermore, three
loops belonging to domains A and B at the upper part of the
catalytic gorge are also specific to AN;,;-GBD-CD2. These dis-
tinguishing features are also proposed to be involved in the cor-
rect positioning of dextran acceptor molecules allowing the for-
mation of a-(1—2) branches.

Glucansucrases from glycoside hydrolase family 70 (GH70)>
are transglucosidases produced by lactic acid bacteria from the
genera Leuconostoc, Lactobacillus, Streptococcus, Weissella,
and Oenococcus (1). They naturally catalyze the polymerization
of glucosyl residues with concomitant fructose release from
sucrose, a cheap agroresource. Depending on the enzyme spec-
ificity, a large variety of glucans containing all types of gluco-
sidic bonds, namely a-(1—2), a-(1—3), a-(1—4), or a-(1—6),
and varying in terms of size, structure, degree of branching, and
spatial arrangement are synthesized. These enzymes are also
able to transfer the glucosyl unit from sucrose onto hydroxy-
lated acceptor molecules added in the reaction medium and
stand as very attractive biocatalysts for the production of novel
biopolymers, prebiotic oligosaccharides, and new glucoderiva-
tives (2).

Sequence analysis, functional characterization, and protein
engineering showed that glucansucrases are structurally and
mechanistically related to GH family 13 (3). They are a-retain-

® The abbreviations used are: GH, glycoside hydrolase; GBD, glucan-binding
domain; GBD-CD2, GBD-catalytic domain 2; Glcp, glucopyranose.
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ing enzymes and sucrose cleavage is predicted to occur through
the formation of a 3-p-glucosyl covalent intermediate. This
reaction involves one unique active site and requires the con-
certed action of an aspartate and a glutamic acid, which act as
the nucleophile and the acid-base catalyst, respectively (4). Sec-
ondary structure predictions suggested that the catalytic
domain of GH70 glucansucrases consists of a circularly per-
muted (B/a)y barrel compared with that of GH13 family
enzymes (5). These predictions have been recently confirmed
by the elucidation of the three-dimensional structures of the
GH70 glucansucrases GTF180-AN and GTE-SI (6-9).
GTF180-AN is a dextransucrase synthesizing mainly a-(1—6)
glucosidic linkages, whereas GTF-SI mutansucrase is specific
for a-(1—3) bond formation.

In the GH70 family, the enzyme DSR-E from Leuconostoc
mesenteroides NRRL B-1299 drew our attention because it was
one of the rare enzymes able to synthesize dextrans with high
amounts of a-(1—2) branch linkages. Sequence analysis of this
very large enzyme (313 kDa) revealed the presence of two cat-
alytic domains, CD1 and CD2, separated by a glucan-binding
domain (GBD). CD1 and CD2, which share 45% identity and
65% similarity, were both classified in family GH70 (10). Both
contain the highly conserved amino acids proposed to be
involved in the formation of the glucosyl enzyme intermediate.
Biochemical characterization of two recombinant truncated
forms (CD1-GBD and GBD-CD2) showed that CD1-GBD acts
as a polymerase, producing a glucan containing 86% «-(1—06),
11% a-(1—3), and 3% a-(1—4) glucosidic bonds. The second
form (GBD-CD2) was found to be exclusively responsible for
the synthesis of a-(1—2) linkages (11). Indeed, this enzyme acts
as a very efficient transglucosidase in the presence of sucrose
and either linear a-(1—6) glucans (dextrans) or linear gluco-
oligosaccharides, which are used as acceptors. Steady-state
kinetic analysis of a-(1—2) branch formation revealed that the
enzyme displays a ping-pong bi-bi mechanism (12). In addition,
experimental conditions have been established that enable the
production of new dextrans with controlled sizes and a-(1—2)
linkage contents (12). The presence of a-(1—2) linkages ren-
ders these products resistant to the action of mammalian diges-
tive enzymes and promotes the growth of beneficial bacteria of
the gut microbiome (13-17).

Because of this unique specificity, GBD-CD2 holds a great
potential for the production of novel functional foods. To fur-
ther investigate structure-function relationships of this
a-(1—2) branching sucrase, we performed rational truncations
of GBD-CD2 to obtain a pure and crystallizable enzyme form.
The specificity and kinetic properties of the variant AN ,,-
GBD-CD2 were investigated, and the apo x-ray structure was
solved at 1.90 A resolution. Additionally, the x-ray structure of
this enzyme was solved at 3.3 A resolution in a different crystal
form. These are the first three-dimensional structures of an
a-(1—2) branching sucrase. When compared with the
GTF180-AN glucansucrase and GTF-SI mutansucrase struc-
tures, the GBD-CD2 structure revealed common but also very
distinctive features that are discussed with regard to the
a-(1—2) branching properties.
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EXPERIMENTAL PROCEDURES

Production of AN, ,;-GBD-CD2—The gbd-cd2 gene inserted
into pBAD TOPO TA vector (Invitrogen) was amplified by PCR
using the forward primer CACCATGGCACAAGCAGGT-
CACTATATCACGAAAA and reverse primer AGCTTGAG-
GTAATGTTGATTTATC for AN,,;-gbd-cd2. The primers
used to generate other truncated mutants are listed in supple-
mental Table S1. The purified PCR products were cloned into a
pBAD TOPO Directional 102 vector (Invitrogen). After liga-
tion, the N-terminal thioredoxin tag was removed by Ncol
restriction endonuclease digestion (supplemental Table S1).
The constructs resulted in proteins with a C-terminal V5
epitope Hisq tag. The Pfu Turbo polymerase (Stratagene) and
all restriction enzymes (New England Biolabs) were used
according to the manufacturers’ instructions. DNA sequencing
of the AN, ,5-gbd-cd2 gene did not reveal any mutation (Mille-
Gen, Labege, France). Transformed Escherichia coli strain
TOP10 One shot (Invitrogen) was grown in Luria-Bertani
medium supplemented with 100 wg/ml ampicillin. Induction
with 0.02% (w/v) L-arabinose was performed at an Ay, o Of
0.5. The cells were grown for an 8 additional hours, harvested by
centrifugation, resuspended in PBS buffer, pH 7.0, supple-
mented with EDTA free anti-protease tablets (Roche), and dis-
rupted by sonication. The AN, ,,-GBD-CD2 enzyme was recov-
ered as inclusion bodies in the crude cell extract.

Purification of AN,,;-GBD-CD2—Inclusion bodies were
recovered by three cycles of washing, with PBS buffer supple-
mented with 1 mm EDTA and 1% (v/v) Triton X-100, followed
by centrifugation at 20,000 X g for 20 min at 4 °C. They were
denaturated using 8 M urea buffer, pH 8.0. The denatured pro-
tein preparation (120 ml) was supplemented with 500 mm
NaCl, 0.5% (v/v) glycerol, and 25 mm imidazole, adjusted to pH
7.4, and centrifuged at 20,000 X g for 20 min. The supernatant
was injected at a flow rate of 3 ml/min onto a 20-ml nickel-
nitrilotriacetic acid-Sepharose column (GE Healthcare Life Sci-
ences), equilibrated with 8 M urea buffer, pH 8.0. Protein refold-
ing was carried out on-column, with five column volumes of
buffer (20 mm sodium phosphate, 500 mm NaCl, 1% (v/v) glyc-
erol, pH 7.4). The protein was eluted with a gradient of imidaz-
ole and dialyzed overnight at 4 °C against 20 mm sodium phos-
phate, 25 mm NaCl, and 1% (v/v) glycerol, pH 7.4. The solution
was then applied to Q-Sepharose resin (GE Healthcare) and
eluted using a gradient of 25-500 mm NaCl in 20 mm sodium
phosphate, pH 7.4, supplemented with 1% (v/v) glycerol. The
eluted protein was dialyzed overnight at 4 °C against 20 mm
sodium acetate, 150 mm NaCl, 2.5% (v/v) glycerol, and 1 mm
CaCl,, pH 5.75. Protein purity was checked by silver-stained
SDS-PAGE.

Effect of Calcium Chloride on Enzymatic Activities—See the
supplemental text.

Standard Activity Determination—Standard activities were
determined as described previously (12) only in the presence of
sucrose.

Acceptor Reactions with AN, ,;-GBD-CD2—The reaction in
the presence of sucrose and maltose was performed using
standard conditions for 24 h using 146 mMm of maltose and 1.0
unit/ml of enzymatic activity. Branching reactions of linear
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TABLE 1
Data collection and refinement statistics
The numbers in parentheses refer to statistics for the outer resolution shell.

Triclinic crystals Orthorhombic crystals
Data collection
Wavelength (A) ) 0.933 0.954
Cell dimensions, a, b, ¢ (A) and «, B, and 7y (°) 66.8, 140.0, 155.5, 85.4, 90.9, 76.9 68.2,100.2, 187.2, 90.0, 90.0, 90.0
Space group P1 P2,2,2,
Molecules per asymmetric unit 4 1

Resolution limit (A)

51.6-3.3 (3.48-3.30)

46.0-1.9 (1.95-1.90)

Reflections (total/unique) 153,233/80,648 610,291/98,989
Completeness (%) 97.5 (97.0) 97.2 (97.0)
R (%) 20.3 (53.3) 7.1 (45.4)°
I/o( ) 4.1(1.6)" 18.0 (4.4)
Wilson B factor (A?) 42.3 29.7
Refinement statistics
Reflections (working/test) 76,146/4,029 94,038/4,950
Reryst/Rivee 0.224/0.291 0.157/0.198
Number of atoms 32,344 9,331
Protein 8123/8106/8072/7952 8128
Ligand” 54 152
Ion/water 4/33 2/1049
B factor (A?)
Main chain 25.6 25.7
Side chain 26.5 27.7
Ion/water/ligand 30.0/20.0/30.0 30.6/34.6/54.7
Stereochemical quality of the model .
Root mean square deviation from bond lengths (A) 0.009 0.020
Root mean square deviation from angles (°) 1.107 1.835
Ramachandran favored (%) 93.1 97.2
Ramachandran allowed (%) 98.9 99.9
Ramachandran disallowed (%) 1.1 0.1
“ Glycerol or polyethylene glycol molecules.
» Mean I/a(I).
‘R

meas*

dextrans were carried out using standard conditions with 292
mM sucrose and 2,470, 1,237, 463, 311, 123, 92, or 62 mMm of
70-kDa dextran acceptor (dextran concentrations expressed as
anhydroglucosyl unit concentrations) with 1.5 units/ml of puri-
fied enzyme. The reaction medium was analyzed by HPLC as
described by Brison et al. (12) to assay glucose, fructose, and
leucrose production and sucrose depletion and by determining
(i) glucose production rates (hydrolysis activity), (ii) fructose
production rates that reflect both a-(1—2) glucosylation and
hydrolysis activity, and (iii) a-(1—2) linkage content (12).
Approximately 10 mg of each purified branched dextran was
purified and analyzed by "H NMR to determine its a-(1—2)
linkage content (12).

Steady-state Kinetics—The AN,,;-GBD-CD2 kinetic mech-
anism was investigated by steady-state kinetics following the
methodology described by Brison et al. (12).

Crystallization and Data Collection—Freshly purified
enzyme was concentrated using a centrifugal filter device (Ami-
con Ultra, 4 Ultracel, 50 kDa; Millipore) to 3—4 mg/ml esti-
mated by spectroscopy at 280 nm with theoretical molar extinc-
tion coefficient and molecular weight calculated using the
ExPASy ProtParam tool. The protein to reservoir volume ratio
in the 2-ul hanging-drop was 1:1. The crystals were obtained
from two crystallization conditions (I and II). In condition I,
AN, ,;-GBD-CD2 enzyme crystallized either as needles or plate
clusters over several weeks at 285 K using 17% (w/v) PEG 3350,
0.2 M NH,I, 80 mm ammonium citrate, 2% (v/v) glycerol, pH 5.0,
as precipitant. Streak seeding resulted in single or clustered
plate crystals with a thickness of 10 —20 um. Crystals were cryo-
protected in reservoir solution supplemented with 15% glycerol
(w/v) and then cryo-cooled in a gaseous nitrogen flux at 100 K.

MARCH 9, 2012 +VOLUME 287 +NUMBER 11

The majority of the plate crystals usually diffracted to 5-8 A
resolution; a crystal (100 X 100 X 10 um?), obtained by co-crys-
tallization with the glucohexaose a-p-Glcp-(1—6)-a-p-Glep-
(1—6)-a-p-Glcp-(1—6)-a-D-Glep-(1—6)-a-D-Glep-(1—4)-D-
Glcp, diffracted anisotropically to 3.2 A resolution in one
direction and to 3.4 A in the other direction. This crystal was
used for data collection at the European Synchrotron Radiation
Facility (Grenoble, France) at 100 K on Beam Line ID14-2. The
data were processed using iMOSFLM and SCALA (18 -20). Ac-
cording to the methodology for structure determination at low
resolution described by Brunger et al. (21), we fixed the resolu-
tion limit at an I/a(I) cutoff of 1.6 (at 3.3 A resolution).

In condition II, pyramidal crystals grew over several weeks at
285 K in 15% PEG 3350 and 0.1 m NH,NO,. They were cryo-
protected in 20% PEG 3350, 0.1 M NH,NO,, and 11% (v/v) glyc-
erol. One of these crystals was used for data collection at the
Soleil synchrotron (Gif-sur-Yvette, France) at 100 K on the
PROXIMA1 beam line. The resulting 1.90 A resolution data set
was indexed, integrated, and scaled using XDS (22).

Structure Determination and Refinement—Details of data
collection, cell parameters and processing statistics are pre-
sented in Table 1. The data set at 3.3 A resolution was the first to
be collected. CHAINSAW (23) was used to obtain a mixed
homology model for domains A, B, and C using the structure of
GTF180-AN (Protein Data Bank entry 3KLK) (8) and the
AN, ,5-GBD-CD2 sequence. This model was used as a template
for molecular replacement with PHASER (24). Four loosely
packed molecules were found in the asymmetric unit. Model
building and refinement were done using COOT (25) and REF-
MACS5 (26), respectively, applying NCS restraints and resulted
in an incomplete model.
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The high resolution structure of AN,,;-GBD-CD2 was
obtained by molecular replacement using PHASER with the
incomplete 3.3 A resolution structure. Then ARP/wARP (27)
was used to entirely rebuild the structure and place water mol-
ecules. The final R, and Ry, values for the high resolution
structure were 0.157 and 0.198, respectively. The high resolu-
tion structure was in turn used to re-examine and complete the
low resolution structure leading to final R ;. and Ry, .. values of
0.224 and 0.291, respectively. Residue numbering refers to the
protein sequence of the full DSR-E dextransucrase sequence
available in UniProt (accession number Q8G9Q2). The coordi-
nates and structure factors have been deposited in the Protein
Data Bank (entries 3TTO and 3TTQ).

Mutagenesis Studies—Mutants A2249W, G2250W, A2249D/
G2250W, and F2214N were constructed by inverse PCR using
AN, ,5-gbd-cd?2 as template and the primers described in sup-
plemental Table S2. E. coli TOP10 cells (Invitrogen) were used
as hosts for gene expression and mutant production. The
mutants were tested in the presence of sucrose alone or with an
additional maltose acceptor or 1-kDa dextran acceptor. The
reaction products were analyzed by high performance anion
exchange chromatography with pulsed ampero-metric detec-
tion (HPAEC-PAD) and compared with those obtained with
the WT AN, ,;-GBD-CD2 enzyme.

Docking Study—Docking of isomaltotriose in a model of the
AN, ,;-GBD-CD2 glucosyl enzyme intermediate is described in
the supplemental text.

RESULTS AND DISCUSSION

Construction and Production of Truncated GBD-CD2
Enzyme—Attempts to crystallize the full-length GBD-CD2
failed. We assumed that the length and the quite hydrophobic
nature of GBD (849 amino acids) did not favor crystallization.
Indeed, the N-terminal part of the protein contains 41 consec-
utive repeat units rich in aromatic residues and homologous to
the cell wall binding units (Pfam family PF01473) of C-LytA, the
C-terminal choline-binding domain of Streptococcus pneu-
moniae autolysin A (28, 29). Therefore, the C-LytA three-di-
mensional structure was used to find 12 truncation sites in GBD
(supplemental Fig. S1). Of the 12 constructs, the shortest active
truncated form, AN,,;-GBD-CD2 (123 kDa; 1108 residues)
with a glucan-binding domain reduced by 76%, was retained for
further characterization. The purification procedure, which
included isolation of inclusion bodies, immobilized metal ion
affinity chromatography, and ion exchange chromatography
yielded 14 mg of pure AN,,;-GBD-CD2 enzyme/liter of
culture.

Functional Characterization of AN,,;-GBD-CD2—Using
292 mM sucrose, AN,,;-GBD-CD2 mainly catalyzed sucrose
hydrolysis. Several by-products, including leucrose (a-p-Glcp-
(1—5)-p-fructopyranose), kojibiose (a-p-Glcp-(1—2)-p-Glep),
and traces of maltulose (a-D-Glcp-(1—4)-p-fructofuranose),
were also obtained. They result from glucosyl transfer onto the
fructose and glucose units released by hydrolysis (supplemental
Fig. S2A). In the presence of sucrose and maltose, the enzyme
yielded the same products as with sucrose alone, indicating that
maltose is not an acceptor of AN;,,-GBD-CD2 (supplemental
Fig. S2B).

7918 JOURNAL OF BIOLOGICAL CHEMISTRY

AN, ,;-GBD-CD2 was also tested for its ability to branch dex-
tran. '"H NMR spectra confirmed that AN,,,-GBD-CD2 cata-
lyzes the formation of branched dextrans containing a-(1—2)
glucosidic bonds (Fig. 1A). Branching amounts could be con-
trolled by modulating the [sucrose]/[dextran] molar ratio (Fig.
1B). As shown in Fig. 1C, when the dextran concentration was
increased, glucose and leucrose production was reduced.
Indeed, at low molar [sucrose]/[dextran] ratios (0.12 and 0.24),
the glucosyl units from sucrose are almost exclusively trans-
ferred onto dextran, similar to what has been observed for
GBD-CD2 (11, 12).

ANj;,;-GBD-CD2 displays Michaelis-Menten kinetics for
sucrose hydrolysis. K,,,, SucH, and k_, gy values are 7.5 * 1.0
mM and 76 s~ ', respectively (Table 2). In the presence of dex-
tran as acceptor, the initial velocities of the a-(1—2) glucosyla-
tion obey a ping-pong bi-bi mechanism. The catalytic constants
Keae 1 for AN} ,5-GBD-CD2 and GDB-CD2 are not significantly
different. In contrast, the apparent K, ..y and K, .. are 1.6-
and 4.9-fold higher than those observed for GBD-CD2, respec-
tively, indicating that the deleted part of the GBD may favor
binding of both sucrose and high molecular weight dextran.
Deletion of the complete GBD (from GIn-1141 to Leu-1980)
resulted in an almost inactive variant (11). The remaining part
of GBD found in AN,,;-GBD-CD?2 is thus necessary to main-
tain enzymatic activity.

Crystal Structures of AN,,;-GBD-CD2—The structure of
AN, ,,-GBD-CD2 was solved at 1.90 A resolution in its apo
form. Refinement statistics are summarized in Table 1. The
polypeptide chain (1043 residues) is organized in five distinct
domains named C, A, B, IV, and V (Fig. 24), which are not
consecutively arranged along the peptide chain, similarly to the
fold of other GH70 enzymes (Fig. 2B). A structure was also
solved at 3.3 A resolution in another space group. The super-
imposition of the two structures of AN,,,-GBD-CD2 showed
that the positions of backbone atoms of domains IV and V are
shifted by 1.8-7.0 A (supplemental Fig. S3). In addition, no
glucohexaose molecule was identified in the enzyme active site,
although the protein was co-crystallized with this substrate.

At the interface of domains A and B, a heptacoordinated
metal ion is bound that is probably a calcium ion. Indeed, the
binding site is homologous to the Ca®"-binding site of
GTF180-AN in which Asp-2164 of AN,,;-GBD-CD2 replaces
Glu-979 of GTF180-AN (8). Distances between ligands (i.e. car-
bonyl group of Asp-2164, 081 and 082 of Asp-2170, carbonyl
group of Phe-2214, O81 of Asn-2693, and two water molecules)
and the metal ion range from 2.32 to 2.61 A (supplemental Fig.
S4). In addition, activity measurements showed that the activity
of AN,,;-GBD-CD2 decreased by 14% in the presence of the
Ca®"-chelating agent EDTA. This is in agreement with calcium
dependence (supplemental Table S3) (30).

Individual Domain Description—Domain C consists of eight
anti-parallel B strands and includes a modified Greek key motif.
The function of this domain remains unknown.

Domain A is the largest domain; it forms the catalytic core
together with elements from domain B. It comprises a (8/a)g
barrel similar to that of GTF180-AN and GFT-SI glucansu-
crases, which is circularly permuted compared with that of
GH13 enzymes (Fig. 3 and supplemental Fig. S5) (8, 9). Domain
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FIGURE 1. A, anomeric region of '"H NMR spectra obtained at 298 K for purified a-(1—2) branched dextrans. Black, dextran 70-kDa standard; blue, dextran
a-(1—2) branched at 11%; pink, dextran a-(1—2) branched at 19%; orange, dextran a-(1—2) branched at 33%j; green, dextrans a-(1—2) branched between 35
and 37%. B, percentage of a-(1—2) linkage as a function of [sucrosel/[dextran] ([Suc]/[Dex]) molar ratios used for the acceptor reactions. Empty and filled circles
correspond to values obtained after '"H NMR and HPLC measurement, respectively, of the a-(1—2) linkage content in dextrans synthesized by AN, ,,-GBD-CD2.
Red crosses, "H NMR results for dextrans branched by GBD-CD2 (12). C, effects of the [sucrose]/[dextran] molar ratio on a-(1—2) branched dextran yields. The
reactions were carried out at 292 mm sucrose and various dextran concentrations. Main final reaction products are residual sucrose, glucose (from sucrose
hydrolysis), leucrose (from fructose glucosylation), and a-(1—2) branched dextran.

TABLE 2

Comparison of the apparent kinetic parameters determined for sucrose hydrolysis (subscript H) and a-(1—2) dextran branching activities
(subscript T) for GBD-CD2 and AN, ,5-GBD-CD2

Apparent kinetic parameters GBD-CD2“ AN,,,-GBD-CD2
In the presence of sucrose
V,ax i (wmol'min~"*mg ™! of purified enzyme) 34.6 £ 0.5 36.3 £ 0.6
K, uers (M) 10.8 + 0.8 75+ 1.0

Keatysucr (871 109 76

In the presence of sucrose and dextran 70 kDa

Vipax v (mol'min™"smg ™" of purified enzyme) 303+5 462 + 45
K, suer (mm) 42 + 2 206 + 34
K,,, pexr (mM of anhydroglucosyl units) 75*3 125 + 21
K, pexr (mM) 0.174 = 0.008 030 + 0.05
Kear (571 970 947
Keae /K, s0ct (s"'mm") 23 4.6

cat '1'/Km,Dex'1' (Sil'mMil) 13 7.6

“From Ref. 12.

C is inserted between helix ag and strand $;, and domain B 2796 is 25 residues longer than the equivalent loop of

connects strand f; to helix a;. In domain A, many structural
features distinguish AN,,;-GBD-CD2 from GTF180-AN and
GTE-SI. First, helix o, which is downstream from the putative
catalytic Glu-2248, is three residues shorter than that of
GTF180-AN and GTEF-SI and adopts a different position (sup-
plemental Fig. S5). Conversely, the loop from Gly-2731 to Ser-
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GTF180-AN (supplemental Fig. S5). Starting with two contig-
uous a-helices (residues GIn-2734 to Tyr-2739 and GIn-2741 to
Lys-2750) followed by a B-hairpin covering helices a;, a,, and
o, it protrudes from domain B and contributes to domain A
(Fig. 3). Loop Asp-2292 to Ile-2299, which connects helix a, to
strand 3, of the (3/a)g barrel, is also four residues longer than

JOURNAL OF BIOLOGICAL CHEMISTRY 7919

2T0Z ‘22 UdJelN Uo ‘JINVS Tdidg 1e 5100l MMM Wwol) papeojumoq


http://www.jbc.org/cgi/content/full/M111.305078/DC1
http://www.jbc.org/cgi/content/full/M111.305078/DC1
http://www.jbc.org/cgi/content/full/M111.305078/DC1
http://www.jbc.org/

Three-dimensional Structure of a-(1—2) Branching Sucrase

A

domain V

B N 1758
1780

N A
Ch \ . 1980
mE [ 2123
L 2172
= 2424
— 2560
e 2695
5z I L2 2730
L = 2796
| [ 2811
B Q2831
EH C 2862

[«

S
e

FIGURE 2. A, stereo view of AN, ,;-GBD-CD2 domain organization. Magenta, domain C; blue, domain A, which includes the (8/a)g barrel; green, domain B; yellow,

domain IV; red, domain V. B, schematic representation of the domain arrangement along the polypeptide chains of crystallized GH70 glucansucrases, from left

to right, GTF180-AN, GTF-SI, and AN, ,;-GBD-CD2. The color code is identical to that for A. Striped red, parts of domains V of GTF-Sl and AN, ,5-GBD-CD2, which

are not visible in the electron density map; white, purification tag.

loop D2292 - 12299

N

loop G2731- §2796

Subdomain H1 - H2

loop D2292-12299  |oop G2731- S2796
/]

Subdomain H1 - H2

FIGURE 3. Stereo view of the secondary structure elements of AN,,;-GBD-CD2 domains A and B. For domain A, blue shows the (8/a)g barrel, cyan shows
the subdomain H1-H2, and purple shows the loop Gly-2731 to Ser-2796 protruding from domain B and contributing to domain A. Domain B is green.

its equivalent in GTF180-AN (supplemental Fig. S5). Loops
Gly-2731 to Ser-2796 and Asp-2292 to Ile-2299 are both
located at the upper part of the catalytic gorge, which is also
delineated by a small subdomain inserted between strand 34
and helix a, (from Gly-2324 to Asn-2368). This small sub-
domain comprises two helices, H1 and H2, also found in GTE-
180-AN and GTE-SI (Fig. 3).

Domain B is folded into a five-stranded -sheet. A compari-
son with domain B of GTF180-AN shows that 94 Ca of 99 Ca
superimpose well (root mean square deviation, 1.2 A). How-
ever, the loop inserted between Arg-2157 and Phe-2163, also
located at the upper part of the catalytic gorge, is 11 residues
shorter than the equivalent one of GTF180-AN (supplemental
Figs. S5 and S6).

Domain IV can be superimposed with that of GTF180-AN
with secondary structure elements conserved but slightly
shifted. A DALI analysis showed no significant structural sim-
ilarities of this domain to other proteins in the Protein Data
Bank (31).

With a global V shape, domain V adopts an original fold that
is similar only to domain V of GTF180-AN but not to any other

7920 JOURNAL OF BIOLOGICAL CHEMISTRY

protein domain in the Protein Data Bank (DALI analysis) (Fig.
4). Although in GTF180-AN both the N- and C-terminal parts
of the peptide chain contribute to domain V, in AN,,;-GBD-
CD2 it is only made up from residues of the N-terminal part. It
comprises three subdomains exhibiting an organization in
which a three-stranded B-sheet is connected to two consecu-
tive B-hairpins. Each B-hairpin is constituted of two 3-strands
of 3— 6 residues separated by short loops of 2—11 amino acids.
The two B-hairpins and the three-stranded B-sheet of each sub-
domain are rotated by ~120° with respect to each other.
Sucrose Specificity at Subsites —1 and +1—The AN, ,,-
GBD-CD2 active site forms a pocket into a large gorge
(supplemental Fig. S7). Because AN,,;-GBD-CD2 and
GTF180-AN both use sucrose as substrate, we superimposed
the structure of AN,,;-GBD-CD2 with that of the GTF180-
AN-sucrose complex (Protein Data Bank entry 3HZ3) to
investigate the functional role of specific residues lining the
active site of AN;,;-GBD-CD2. As shown in Fig. 5, 17 resi-
dues defining subsites —1 and +1 (32) in AN;,;-GBD-CD2
align well with the corresponding residues of GTF180-AN
(root mean square deviation, 0.53 A on Ca). At subsite —1,
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Three-dimensional Structure of a-(1—2) Branching Sucrase

Repeat 1 (1758-1832) PQAGHYITKNGND- - - -W-QYDTNGELAKGLRODSNGKLRYFDLTTGIQAKGQFVTIGQETYYFSKDHGD- - - - - - AQLLPMVTEG
Repeat 2 (1833-1912) HY-GTITLKQGQDTKTAWVYRDQNNTILKGLONI-NGTLQFFDPYTGEQLKGGVAKYDDKLFYFESGKGNLVSTVAGDYQ----DG
Repeat 3 (1913-1982) ----HYISQDGQT----R-YADKQNQLVKGLVTV-NGALQYFDNATGNQIKNQQVIVDGKTYYFD-DKGN------ GEYLFTNTLD

FIGURE 4. Upper panel, stereo view of the secondary structure elements of domain V (truncated glucan-binding domain) of AN,,;-GBD-CD2. The three-
stranded B-sheets and B-hairpins of the three subdomains are represented in red and salmon, respectively. Lower panel, sequence alignment of the domain V.
The underlined and colored residues are B-strands; N-terminal residues in italics are not visible in the electron density map.

Q2694 Q2694

N\
Y2650
N2596

D2643

FIGURE 5. Stereo view of subsites —1 and +1 of AN,,;-GBD-CD2, with sucrose from the GTF180-AN-sucrose complex superimposed. The catalytic
residues are Asp-2210 (nucleophile), Glu-2248 (acid/base), and Asp-2322 (transition state stabilizer). Sucrose is shown with yellow carbons. Residues of the
inactive GTF180-AN mutant (D1025N) that interact with sucrose (8) are represented in gray. The carbon atoms of their structural equivalents in AN;,;-GBD-CD2
are shown in blue (domain A), cyan (subdomain H1-H2), and green (domain B).

N25%i D2643

TABLE 3
Characterization of single and double mutants targeting nonconserved residues of subsite +1

Sucrose isomer  Transfer onto

Relative activity”  Sucrose  Acceptor concentration  Hydrolysis yield” yield® acceptor”
% mm mm % % %

AN,,,-GBD-CD2 WT 100 146 87 13

146 1-kDa dextran, 146 20 1 79

146 Maltose, 146 88 12 ND*
AN, ,;-GBD-CD2 A2249W 21.7 146 89 11

146 1-kDa dextran, 146 24 2 74

146 Maltose, 146 920 10 ND
AN, ,;-GBD-CD2 G2250W 1.1 146 89 11

146 1kDa dextran, 146 45 4 51

146 Maltose, 146 920 10 ND
AN,,;-GBD-CD2 A2249D-G2250W  89.3 146 90 10

146 1-kDa dextran, 146 36 4 60

146 Maltose, 146 920 10 ND
AN, ,,-GBD-CD2 F2214N 18.6 146 100 ND

146 1-kDa dextran, 146 100 ND ND

146 Maltose, 146 100 ND ND

“ The relative activity was determined as the ratio of sucrose consumption (initial rate) of each mutant versus sucrose consumption (initial rate) of AN,,3-GBD-CD2.
 Hydrolysis yield = Glc (mol)/sucrose consumed (mol) X100.

¢ Sucrose isomer = Glc incorporated into leucrose (mol)/sucrose consumed (mol) X 100.

 Transfer onto acceptor = 100 — hydrolysis ratio % — sucrose isomer yield %.

¢ ND, not detectable.

10 conserved residues (Arg-2208, Asp-2210, Glu-2248, His- particular, residues Asp-2210 and Glu-2248 coincide with
2321, Asp-2322, Asn-2596, Asp-2643, Tyr-2650, Asp-2689, the nucleophile and the general acid/base catalyst of
and GIn-2694) correspond to residues that interact with GTF180-AN and GH13 enzymes (8, 33, 34) and are in a posi-
the glucosyl moiety of sucrose in GTF180-AN (Fig. 5). In tion to play the same role in AN,,;-GBD-CD2. Likewise,
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Three-dimensional Structure of a-(1—2) Branching Sucrase

Asp-2322 is equivalent to the transition state stabilizing res-
idue Asp-1136 of GTF180-AN.

At subsite +1, seven residues of GTF180-AN have interac-
tions with the fructosyl ring of sucrose (8). Three of them (Lue-
2166, Leu-2167, and GIn-2326) are conserved between
AN, ,5;-GBD-CD2 and GTF180-AN. The two leucine resi-
dues are involved in van der Waals interactions with the

fructosyl moiety of sucrose. Residue GIn-2326 is well posi-
tioned to make a hydrogen bond with the C6 hydroxyl of the
fructosyl moiety. In contrast, two residues of GTF180-AN
subsite —1 (Asn-1029 and Trp-1065), which are H-bonded

FIGURE 6. Isomaltotriose docking in the catalytic groove of the modeled
glucosyl-enzyme intermediate of AN,,;-GBD-CD2. Two binding modes
were found thatallow glucosylation through a-(1—2) linkage formation onto
the central glucosyl unit (A) or the nonreducing end extremity (B). The cova-
lently linked glucosyl unit in subsite —1 is represented in gray, and isomalto-
triose is in yellow. The distances between O, atom of isomaltotriose and C1
atom of the glucosyl enzyme intermediate (in A) are shown in yellow. Domain
coloring is as in Fig. 3.

Re2ss 2317
- k2323
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to the fructosyl ring of sucrose, have no equivalent in AN, ,,-
GBD-CD2. It is noteworthy that these residues are usually
conserved in the GH70 family except for GBD-CD2. As
shown in Fig. 5, Asn01029 is substituted by Phe-02214, and
the position corresponding to Trp-1065 is occupied by Ala-
2249 and Gly-2250. None of these residues can make
H-bonds with the fructosyl residue. Only Lys-2323 may
establish a hydrogen bond with the O4 of the fructosyl unit,
suggesting a weaker sucrose binding in AN,,;-GBD-CD2.
This may explain why AN,,,-GBD-CD2 has a 32-fold higher
apparent K, for sucrose than GTF180-AN (6).

Acceptor Recognition—In GH70 enzymes, subsite +1 not
only has to accommodate the fructosyl unit of the donor sub-
strate but must also bind acceptors. We have shown that
AN, ,;-GBD-CD2 does not glucosylate maltose. This disaccha-
ride is known to be the most efficient acceptor for glucansu-
crases (35). Analysis of the GTF180-A-maltose complex struc-
ture (Protein Data Bank entry 3KLL) showed that the
interaction between the maltose residue and Trp-1065 is essen-
tial for maltose glucosylation, which results in the formation of
panose (a-D-Glcp-(1—6)-a-D-Glep-(1—4)-p-Glep) (8). Trp-
1065 is not conserved in AN;,;-GBD-CD2, and there is no
stacking platform at this position to keep the nonreducing end
residue of maltose in a correct position for glucosylation.

Mutagenesis Studies—To further investigate the possible
involvement in acceptor binding of the nonconserved residues
Ala-2249, Gly-2250, and Phe-2214, we constructed mutants
A2249W, G2250W, A2249D/G2250W, and F2214N, in which
the amino acids were replaced by the corresponding residues of
GTF180-AN. Because the structural alignment revealed that Trp-
1065 of GTF180-AN occupies a position in between Ala-2249 and
Gly-2250, both Ala-2249 and Gly-2250 were individually replaced
by a tryptophan residue. The mutants were tested in the presence
of sucrose alone or with additional acceptors (maltose or 1-kDa
dextran). When using only sucrose as a substrate, all of the
mutants were unable to form polymer and showed reduced hydro-
lytic activity (Table 3). Apparently, subsite +1 is tolerant to muta-
tions with regard to sucrose utilization.

FIGURE 7. Stereo view of the catalytic gorges of GTF180-AN and AN,,;-GBD-CD2. For clarity, only different residues or residues adopting different
conformations are shown. Backbone atoms of AN, ,5-GBD-CD2 are depicted in light blue. Residues from domain A of AN, ,;-GBD-CD2 are depicted in blue, cyan,
and purple (see Fig. 3). Residues from domain B of AN, ,;-GBD-CD2 are shown in green. Gray residues belong to GTF180-AN. Sucrose from GTF180-AN-sucrose
complex (Protein Data Bank entry 3HZ3) in subsites —1 and +1 is represented as yellow carbons.
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With maltose, none of the mutants showed transferase activ-
ity. In particular, the introduction of a tryptophan residue at
position 2249 and/or 2250 did not promote the transfer reac-
tion. Likely, other changes at the acceptor binding subsite +1
are necessary to generate such activity. However, when 1-kDa
dextran was added as an acceptor, mutants at positions 2249
and/or 2250 were still able to catalyze the formation of a-(1—2)
branches like the WT enzyme (supplemental Fig. S8). Appar-
ently these positions are not directly involved in regiospecific-
ity. In contrast, mutant F2214N was unable to use 1-kDa dex-
tran as an acceptor (Table 3 and supplemental Fig. S9). Thus,
this residue is critical for dextran binding and branching.

To catalyze glucosyl transfer onto dextrans, AN,,,-GBD-
CD2 must first bind sucrose and then catalyze the formation of
the covalent B-p-glucosyl enzyme complex. Fructose must be
released from subsite +1 to allow the acceptor to enter. The
dextran glucosyl residue that will be branched must bind in
subsite +1 with its C2 hydroxyl group properly oriented toward
the C1 of the B-p-glucosyl-enzyme intermediate. In accordance
with the ping-pong bi-bi mechanism of AN,,;-GBD-CD2, the
product has to leave the active site after branching to allow the
binding of a new sucrose molecule. How acceptor molecules
are accommodated in the catalytic gorge in a position to be
a-(1—2) glucosylated remains to be elucidated. Despite
numerous attempts to crystallize complexes of AN;,;-GBD-
CD2 with isomaltotriose, linear, or a-(1—2) branched gluco-
oligosaccharides, we were not successful. Docking of isomalto-
triose was thus attempted in a model of the glucosyl-enzyme
intermediate of AN, ,;-GBD-CD2. Two main groups of docked
isomaltotriose were obtained with a glucosyl unit of the accep-
tor chain appropriately oriented to allow the formation of an
a-(1—2) linkage. In the first group, the central glucosyl unit of
isomaltotriose is in a position to be a-(1—2) glucosylated (Fig.
6A), with a shortest distance of 4.10 A between the O, atom of
the acceptor glucosyl unit and the C1 atom of the glucosyl
enzyme intermediate. In the second group, the glucosyl unit at
the nonreducing extremity would be glucosylated with a dis-
tance between O, and C1 of 3.45 A (Fig. 6B). These models
reveal that a-(1—2) branching occurring at either the nonreduc-
ing end or at a residue of the dextran backbone is feasible. More-
over, structural analysis of AN,,;-GBD-CD2 has identified resi-
dues that line its catalytic gorge and that could be involved in
dextran binding or enzyme regiospecificity (Fig. 7). Indeed, one of
these residues, Phe-2214, was shown by site-directed
mutagenesis to be crucial for dextran accommodation. The
roles of the other residues, as well as residues in the three
loops specific for GBD-CD2, will now be explored to further
deepen our understanding of the mechanism and specificity
of the enzyme.
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TABLE S1: Primers used to generate GBD-CD2 truncatedmisit

Twelve truncation sites were chosen. Green colbeesets were necessary for the directional insertion
of the purified PCR products in pPBAD TOPO Directidri02 vector. Base numbering corresponds to
base annotation of thedsr-E gene sequence as deposited in the GenBank (amtessmber
AJ430204.1). Underlined bases correspond to thd Mtriction site; red colored bases have been
mutated to create the Ncol restriction site.

Primer name Sequence (5" to 3")
For_pBadDANg, CACCATGGy27sATAGTCAAAATCAATGGCATTATTTCT

For_pBadDAN;; CACCATGGy5,CAGATAAGTCTTGGCT TTACCCTAATG
For_pBadD AN CACCATGC105,AGATGGCTCATGGT TATATTTGAATG
For_pBadDAN;¢; CACCATGGT 1506ATCOGATGGT TCATGGGTGTATTTGG

For_pBadDAN;s,

CACCATGCCs03AGATGGT TCATGGT TATATCTAGAAG

For_pBadDAN;47

CACCATGGs195CCGATAAAATCATGTATTTTGATGAAG

For_pBadDAN;ys

CACCATGGs,55ATGGT TCATGGTATTACTTAAATCAGG

For_pBadDAN;3;

CACCATGCCs45: AGATGGT TCATGGATTTATCTTGATG

For_pBadDAN;3

CACCATGCCs646ACCTGGTGTATGEGECTTACTTTGGTG

For_pBadDAN;»3

CACCATGCCs535ACAAGCAGGT CACTATATCACGAAAA

For_pBadDAN; ;5

CACCATGGAG63 T TACGGTACAATAACACT CAAGCAAG

For_pBadDAN;gg

CACCATGGs296ATGGTCATTATATTTCCCAAGATGECC

Rev_pBadD

AGCTTGAGGTAATGITGATTTATC

Effect of calcium chloride - Hydrolytic and transferase activities&iN;,-GBD-CD2 were determined
in the presence of calcium chloride (3.4 mM), EDTIAMM and 5 mM), or without any additive, by
measuring the amount of reducing sugars produeed sucrose consumption. Triplicates of initial
velocity determinations were carried out at staddamditions, with an enzyme concentration of 0.32
U.mL™ (87 nM). Analogous experiments were done in stehdanditions in the presence of 62 mM
(concentration expressed in anhydroglucosyl urofsyO0 kDa dextran (Sigma-Aldrich) with 0.10
U.mL™ (27 nM) of enzyme.



Mutagenesis studies - Construction of the mutants

Mutagenesis efforts were focused on three non-ceedeamino acids: A2249, G2250, and
F2214. Inverse PCR reactions were carried usingehef primers listed in table S2 and
plasmid pBad-TOPO-D102 (GE Healthcare Biosciencesitaining the 4N;;-gbd-cd2
encoding gene as template. PCR amplification wesedaout with Phusion DNA polymerase
(0.5 U) for 16 cycles (95 °C, 15 s; 55 or 60°C,22072 °C, 8 min). PCR products were
digested with Dpnl to eliminate the methylated pgak template and purified using a
Qiaquick spin column, following the manufacturecammmendationsk. coli TOP10 cells
were transformed with the plasmid and plated onddar supplemented with 1Q®/mL
ampicillin. For each construction, ten clones wisdated and their corresponding plasmids
stored at -20 °C. Restriction analyses using tleeifip silent restriction sites were performed
when possible and three matching mutants of eaghtieation were sequenced on the entire
gene by GATC-Biotech AG (Mulhouse, France) and sftbnwo other mutations.

Ampicillin was purchased from Euromedex (Souffeleesheim, France). Dpnl restriction
enzyme and Phusion® High-Fidelity DNA Polymeraseempurchased from New England
Biolabs (Beverly, MA, USA). Oligonucleotides wergnghetized by Eurogenetec (Liége,
Belgium). DNA extraction (QIASpin) and purificatidi@lAQuick) columns were purchased
from Qiagen (Chatsworth, CA, USA).

TABLE S2:Primers used to generate the mutants at positidié, 2249 and 2250.

Primer Name Nucleotide Sequence*

A2249Wfor 5'- G GTT GAATGG GGC TTA GAC GCA GGT ACCTCA ACG ATT C-3
A2249Wrev 5'- G AAT CGT TGA &GT ACC TGC GTC TAA GCQCCA TTC AAC C -3
G2250Wfor 5'- GGT TGA AGC TG GTT AGA CGC AGG TAC -3

G2250Wrev 5'- GTA CCT GCG TCT AACAA GCT TCA ACC -3’

A2249D-G2250Wfor 5-CATTG GTT GAABT TGG TTA GAC GCA GGT ACATCA ACG -3
A2249D-G2250Wrev 5-CG TTG ATG TAC CTG CGTI®& ACC AAT CTT CAA CCAATG -3
F2214Nfor 5'- GAC GCT GTC GAGAT ATT CAT AAT GAT AC - 3

F2214Nrev 5'- GT ATC ATT ATG AAT AT GTC GAC AGC GTC -3

*bold codons indicate the bases which were usedbtain the replacement by the desired
amino acids. Underlined nucleotides indicate thetatmns performed to insert silent
restriction sites.

Isomaltotriose docking in the model of 4N;2;-GBD-CD2 glucosyl enzyme intermediate - Using the
structure of the amylosucrase glucosyl-enzyme nimeeliate (PDB entry 1S46) and its superposition
with GTF180AN and AN;,-GBD-CD2, a model of theAN;,>GBD-CD2 glucosyl-enzyme
intermediate was constructed. For isomaltotriosdy(Phem database entry CID 439668 (1) was used
as a starting conformation. AutoDock Vina (2) wagdito dock isomaltotriose. Selection of models
was based on the proper orientation of a C2 hydroikisomaltotriose toward the C1 of the glucosyl
enzyme intermediate.
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Cw

> Cell Wall unit consensus sequence(GBD)
> Cell Wall unit consensus sequence (C-LytA)
> Putative extended strand

D--DG-QVKG-¢--I--DG-N---WYYF
D---G-M-T--G¢-K--DG- -WYYF

FIGURE S1: Alignment of putative CW-like motifs (Pfam faynPF01473) found in the glucan
binding domain (GBD) of GBD-CD2 (3). The CW-like tifs of GBD-CD2 were identified based on
their similarity with those participating in thelenoid fold of the C-terminal part of autolysine(&-
LytA) of Streptococcus pneumoniae. On the left, numbering refers to the DSR-E enzamguence.
Strongly conserved residues are in bold. Underlinesidues represent putatifestrands. Green
dashes depict truncation sites within the GBD. Nerslrefer to molecular weights in kDa of the
different constructs (e.g. 192 kDa corresponds Bb&D2, 123 kDa corresponds to the crystallized
AN1,3-GBD-CD2 and 98 kDa corresponds to the CD2 catalytimain). Molecular weights in green
refer to expressed and active mutants.
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FIGURE S2: Acceptor reactions withN,,-GBD-CD2.

High Performance Anion Exchange Chromatography Wiitlsed Amperometric Detection (HPAEC-
PAD) chromatograms of the acceptor reactions with,sGBD-CD?2 in the presence of sucrose alone
(A), or sucrose and maltosB)( Black and blue chromatograms depict initial &ndl time points of
the reactions, respectively.



FIGURE S3: Superposition of domains IV and V betweN,,-GBD-CD2 low and high-resolution
structures.

Structural alignment was realized considering doai, B and C (688 residues out of 1052). Red
corresponds to domain V; yellow to domain 1V; greerdomain B and blue to domain A. Grey or
bright colors refer to the structures at 3.3 A dn@l A resolution, respectively. A star depicts the
approximate position of the rotation axis, perpenldir to the plan, about which domains IV and V
rotate.



TaBLE S3: Effect of calcium chloride and EDTA diN;,GBD-CD2 enzymatic activities. Results
are given as means + standard deviation; n=3. Wesvwithout any of these two compounds were

taken as reference (100%).

Compound Sucrose hydrolysis (%) Transferase actiwt (%)
None 100+ 8 100+ 2
CaCl (3.4 mM) 107 £15 1133
EDTA (1 mM) 88+ 10 98 +4
EDTA (5 mM) 869 1012

N2693

D2164

E979

FIGURE S4: Calcium binding sites 0fAN;,3GBD-CD2 (left) and GTF18@&N (right).
Heptacoordinated calcium ions are depicted as ewpheres. Water molecules are shown as red
spheres. Distances are indicated in angstrom (4).
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FIGURE S5: Stereo view of secondary structure differermtsveenAN;,5-GBD-CD2 (domain A in
blue, cyan and purple; domain B in green), GTFABDforange, upper part of the figure), and GTF-SI
(wheat, lower part of the figure).



FIGURE S6: Comparison of the loops at the upper parthef datalytic gorges aiN;,GBD-CD2
(left), GTF180AN (middle) and GTF-SI (right). The sucrose moledlikplayed in subsites -1 and +1
is that of the GTF18@N:sucrose complex structure. FAN;,-GBD-CD, the loop from G2731 to
S2796 is in purple, the loop from D2292 to 1229%liate blue, helixis from the f/a)g barrel in blue,
the loop from R2157 to F2163 in green, and the foom H2129 to G2138 in pale green.



FIGURE S7: Stereo-view of the catalytic site&ifl;,-GBD-CD2. A sucrose molecule (shown in sticks
with yellow carbon atoms and oxygen atoms in ref been introduced in the same position as that
found in the structure of the GTF1&M:sucrose complex. Domain A: blug/c)s barrel; cyan,
subdomain H1- H2; purple, loop G2731 to S2796 pbtrg from domain B and contributing to

domain A. Domain B: green.
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FIGURE S8: HPAEC-PAD chromatograms of 1 kDa dextran aarepgaction products synthesized
with the wild-type enzyme, A2249W, G2250W and AG22250DW mutants.

The products were synthesized from sucrose (146 and)1 kDa dextran (146 mM) using 1 U/mL of
enzyme in standard conditions. 1 kDa dextran ctssf isomalto-oligosaccharides with
polymerization degrees ranging from 2 to 12 (IMn).
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FIGURE S9: HPAEC-PAD chromatograms of 1 kDa dextran aarepgaction products synthesized
with the wild-type enzyme and F2214N mutant.

The products were synthesized from sucrose (146 and)1 kDa dextran (146 mM) using 1 U/mL of
enzyme in standard conditions. 1 kDa dextran ctssf isomalto-oligosaccharides with
polymerization degrees ranging from 2 to 12 (IMn).
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