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Abstract 

Microbial fructosyltransferases (FTFs) catalyze a transfructosylation reaction with 

sucrose as substrate to produce fructan polymers that contain either β-2,1 glycosidic linkages 

(inulin) or β-2,6 linkages (levan). Levan synthesizing FTFs (levansucrases) have been most 

extensively investigated, and 3D structures in apo- and substrate-bound form are available. 

In contrast, inulosucrases, from the same glycoside hydrolase family GH68, have received 

much less attention, and the molecular basis of their different product specificity is not fully 

understood.  

We have elucidated the first 3D structure of an inulosucrase, InuJ of Lactobacillus 

johnsonii NCC 533, which produces prebiotic β-2,1 linked fructo-oligosaccharides and 

inulin polymer. A truncated form of the enzyme (InuJ145-708His) was crystallized, and its 

structure was determined at 1.75 Å resolution. The structure shows the typical five-fold β-

propeller topology of the catalytic core domain (residues 210-662) present in levansucrases. 

High structural conservation is observed for the fructosyl binding pocket (subsite -1). The 

structure of an inactive nucleophilic mutant (D272N) with a bound ethylene glycol-

fructoside shows how the sugar unit in the terminal acceptor binding site (subsite +1) adopts 

a different orientation compared to that in levansucrase. 

 

1. Introduction  

Fructosyltransferases (FTF, also known as fructansucrases, FS) cleave sucrose into 

glucose and a fructosyl moiety, and use the fructosyl part in a polymerization reaction to 

produce the homopolysaccharide fructan. In lactic acid bacteria, two different FTFs exist 

that produce either the β-2,6 linked polymer levan or the β-2,1 linked inulin (40). The two 

enzyme types display high sequence similarity and they have been classified in the same 

glycoside hydrolase family GH68 (6), which contains bacterial FTFs. The mature enzymes 

generally consist of three domains, (i) an N-terminal variable domain, (ii) a catalytic core 

domain of about 500 residues and (iii) a C-terminal variable region sometimes containing a 

cell wall anchoring domain (40). They catalyze the transfructosylation reaction using a 

double-displacement reaction mechanism consisting of the following general reactions (1: 

inulosucrase; 2: levansucrase) with an overall retention of the anomeric configuration: 
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 (1) Sucrose + (2,1-β-D-fructosyl)n  � D-glucose + (2,1-β-D-fructosyl)n+1 

 (2) Sucrose + (2,6-β-D-fructosyl)n  � D-glucose + (2,6-β-D-fructosyl)n+1 

 

A model for the mode of action of FTFs has been proposed by Ozimek et al. 

(33)(Fig. 1). Cleavage of the glycosidic bond of the donor substrate sucrose (Glcα(1-2)βFru) 

results in the formation of a covalent enzyme-fructosyl complex. Subsequently, the fructosyl 

unit can be coupled to the fructosyl moiety of sucrose (fructo-oligosaccharide formation) or 

to a growing fructan chain (transglycosylation). In addition, the fructosyl unit can be coupled 

to water (hydrolysis), to various oligosaccharides, or even to ethylene glycol or glycerol 

(14,15) acting as acceptors. Fructansucrases are therefore of interest for the synthesis of a 

variety of poly- and oligosaccharide products from sucrose or sucrose analogues (5,21). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic representation of the donor and acceptor binding subsites in the active site of FTFs 

and the reactions occurring. F, fructose; G, glucose. (A) Sucrose binding to subsites -1 and +1 results 

in cleavage of the glycosidic bond (grey arrow), formation of a (putative) covalent enzyme-fructosyl 

intermediate at subsite -1 (indicated by a grey line) and the release of glucose. Subsequently, 

hydrolysis by water (B) or transglycosylation (C) may occur. Transglycosylation results in synthesis 

of fructo-oligosaccharides and/or fructan polymer. Sugar-binding subsites are shown either in white 

(-1) or grey (+1, +2 and +3). The salt bridge interaction that blocks further donor subsites (R424-

E524 in InuJ) is indicated by a vertical black bar. (Adapted from (33)). 
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Based on amino acid sequence similarities and common protein folds, the glycoside 

hydrolase family GH68 has been grouped in Clan-J together with family GH32, which 

includes fungal and plant FTFs (29,36). Wherease four 3D structures have been resolved for 

different family GH32 proteins to date (reviewed by Lammens et al (22), only two protein 

structures have been determined for family GH68, and both are levansucrases. These are the 

Bacillus subtilis levansucrase SacB (26,27) and the Gluconacetobacter diazotrophicus 

levansucrase LsdA (24). The core domain of both enzymes displays a rare five-fold β-

propeller topology, with the active site located at its center, in a deep, negatively charged 

pocket surrounded by several conserved residues (Fig. 2). The fructosyl unit of sucrose is 

bound at the bottom of this pocket (26) (subsite -1, nomenclature according to Davies et al. 

(9)), with three absolutely conserved acidic residues approaching it. These residues (D86, 

D247, E342 in SacB) have been proposed to function as the nucleophile, transition state 

stabilizer, and general acid/base, respectively (4,26,27). Site-directed mutagenesis studies of 

these three residues (27) and the corresponding residues in Lactobacillus reuteri 121 inulo- 

and levansucrases (34), confirm their essential role in catalysis.  

While residues in the -1 subsite are conserved and tailored for fructose binding and 

catalysis, residues contributing to the +1 subsite show variations between levan- and 

inulosucrases. Such variations might result in different orientations of bound acceptor 

molecules to be coupled to the covalent fructosyl-enzyme intermediate. More specifically, if 

the terminal fructosyl moiety of an acceptor molecule approaches the C2' of the covalently 

linked fructose with its C1-OH, an inulin-type product (β-2,1) is formed. Alternatively, if the 

terminal fructosyl moiety approaches the C2' with its C6-OH, a product with a levan-type 

linkage (β-2,6) is the result. Since the C1-OH and the C6-OH groups are on opposite sides of 

the fructosyl unit, one can expect that the two binding modes are quite different. To 

investigate this product specificity, mutagenesis studies (8,17,31,32) have been done, which 

pinpointed residues surrounding the active site pocket that influence the transfructosylation 

product spectrum. For example, Chambert and Petitglatron (8) showed that R360 (subsite 

+1) and the neighbouring N242 (subsite +2) are essential for levan synthesis by SacB. In 

another study (31), mutants Y429A, R360S and R433A of SacB only synthesized levan-type 

fructo-oligosaccharides and no polymer. In addition, crystal structures of SacB mutants in 

complex with the donor substrates sucrose or raffinose revealed a network of hydrogen 
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bonds and ionic interactions, in which residues E342, R360 and N242 (SacB numbering) 

contribute to acceptor-binding sites +1 and +2. For subsite +2, the interactions are solely 

water-mediated and are provided by residues A116, Y237, N242 and R246. Despite many 

studies (see (40) for a review), the details of the structure-function relationship of FTF 

enzymes are still poorly understood (17,22,33). Moreover, compared to levansucrases, little 

data is available on the structural and functional characterization of inulosucrases. While a 

number of inulosucrases from the lactic acid bacteria Streptococcus mutans (37), 

Leuconostoc citreum (30), Lb. reuteri 121 (41), Lb. reuteri TMW (38), Lactobacillus 

johnsonii NCC 533 (2) and Lactobacillus gasseri strains DSM 20604 and 20243 (1) have 

been biochemically characterized, only one report has focused on the structure/function 

relationship of an inulosucrase (from Lb. reuteri 121) (32). Moreover, an experimental 3D 

structure has not been available for an inulosucrase; such information could substantially 

contribute to our understanding of the structural features responsible for the specificity of 

glycosidic linkage formation in levan- and inulosucrases, and aid in the development of 

novel fructo-oligosaccharide derivatives (5,21). 

Here we report the high resolution crystal structure of a truncated, active inulosucrase 

InuJ from Lb. johnsonii NCC 533, an enzyme which has been shown to synthesize fructose 

oligosaccharides as well as inulin polymer (average mass 4 x 107 Da) (2). This first 3D 

structure of an inulosucrase shows the expected high structural similarity to levansucrases 

including a conserved fructosyl binding pocket (subsite -1), as well as the predicted Ca2+ 

binding site. A structure of a complex with ethylene glycol-fructoside in the +1 subsite 

reveals differences with levansucrase enzymes that might help to understand the different 

product specificities of the two types of fructansucrase enzymes. 
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Fig. 2 (part I) 
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Fig. 2 (part II) 

Fig. 2 (parts I and II). Alignment of inulo- and levansucrases, prepared with ESPript (16). Lj_Inu = 

Lb. johnsonii NCC 533 inulosucrase (InuJ), Lr_Inu = Lb. reuteri 121 inulosucrase, Lr_Lev =  Lb. 

reuteri 121 levansucrase, Bs_Lev = Bacillus subtilis levansucrase (SacB), Gd_Lev = 

Gluconacetobacter diazotrophicus levansucrase (LsdA). Residues not visible in electron density are 

in grey. ▲, catalytic residues; ▲, Ca2+ binding residues. Pink shaded boxes indicate the 5 most 

conserved GH68 motifs. Secondary structure elements are indicated above the alignment (α = α-

helix, η = 310-helix, β = β-strand, TT = hydrogen-bonded turn). Strands in β-propeller blades are 

indicated in blue with blade number and strand (A = inner strand). 
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2. Materials & Methods 

2.1. Cloning, mutagenesis and expression 

The construct pETInuJ, encoding residues 145-708 of the inulosucrase InuJ from Lb. 

johnsonii NCC 533 with a poly-histidine tag, was used in these studies. Its design was based 

on expression results and similarity to levansucrases, as described by Anwar et al. (2). Point 

mutation D272N was introduced following the QuikChange protocol (Stratagene, La Jolla, 

USA) with forward primer 5’-GGAAATTTGGAATTCATGGCC-3’ and a complementary 

reverse primer (amino acid mutation is underlined) using pETInuJ as a template in the PCR 

reaction. Chemically competent E. coli TOP10 (Invitrogen, Carlsbad, USA) cells were 

transformed with DpnI (New England Biolabs, Ipswich, USA) treated PCR products. 

Plasmid DNA was isolated and the targeted point mutation was verified by sequencing 

(GATC Biotech, Konstanz, Germany). E. coli BL21 (DE3 Star) cells were used for the 

expression of wild type and mutant proteins in Luria–Bertani (LB) medium supplemented 

with 100 µg ml-1 of ampicillin, at 37 °C with 210 rpm shaking. LB-agar plates were prepared 

by adding 1.5% agar to the LB medium. 

 

2.2. Protein purification and activity measurements 

E. coli BL21 (DE3 Star) cells harboring wild type and mutant pETInuJ were grown 

overnight in LB medium supplemented with 0.1 mM IPTG to induce protein expression. The 

cells were harvested by centrifugation at 3500 g for 15 min, and the pellet was used to purify 

the recombinant protein as described (2). For the D272N mutant, an additional gel filtration 

chromatography step on Superdex 75 (GE Healthcare) was performed using 20 mM Tris-

HCl, pH 7.5, 50 mM NaCl, 1 mM CaCl2. Activities of the purified wild type and mutant 

enzymes were determined on 500 mM sucrose at 37 ºC using 0.00045 mg ml-1 and 2.5 mg 

ml-1 protein concentrations respectively, following the assay protocol as described (2). 

 

2.3. Crystallization, data collection and processing 

Crystallization experiments were performed with a Mosquito crystallization robot 

(TTP Labtech, Melbourn, UK) using standard commercial screens and a 100 + 100 nl sitting 

drop vapour diffusion setup at 293 K. The native InuJ145-708His protein solution contained 

5.4 mg ml-1 protein in 25 mM HAc/NaAc, pH 5.4, 1 mM CaCl2. InuJ145-708His was 
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successfully crystallized from Structure Screen II condition 44 (2.0 M (NH4)2SO4, 5% (v/v) 

2-propanol); crystals grew within a few weeks.  

The D272N mutant of InuJ145-708His was crystallized with a protein solution 

containing 5.5 mg ml-1 protein in 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM CaCl2, 5 

mM sucrose. The reservoir solution contained 2.2-2.3 M (NH4)2SO4, 5% (v/v) 2-propanol 

and 15 mM HAc/NaAc, pH 4.6. Crystals appeared after 3-4 months. 

Crystals of the native protein were cryo-protected using 2.3 M (NH4)2SO4, 0.2% 

(v/v) 2-propanol, 25% (v/v) glycerol. A data set was collected at 100 K at beamline ID14-4 

of the ESRF (Grenoble, France). Crystals of the D272N mutant were soaked overnight with 

150 mM sucrose, and transferred to 2.3 M (NH4)2SO4, 25% (v/v) ethylene glycol, 150 mM 

sucrose for about 20 seconds before flash-cooling; a data set was collected at 100 K at 

beamline X12 of the EMBL outstation at DESY (Hamburg, Germany). Table 1 lists crystal 

parameters and data collection statistics. Both native and mutant protein crystallized in space 

group I422, with 1 molecule per asymmetric unit; diffraction data were indexed and 

integrated with XDS (19) and scaled with the program SCALA from the CCP4 suite (3).  

 

2.4. Structure determination and refinement 

A model for molecular replacement was generated from B. subtilis levansucrase 

(PDB entry 1OYG) (26) using the FFAS03 server (18) and SCWRL (7); molecular 

replacement was performed with PHASER (25). The highest scoring solution was subjected 

to one round of automated building with ARP/wARP (23). Further refinement was done 

using REFMAC (28), alternated with cycles of map inspection and manual rebuilding with 

COOT (11). Five percent of the data was set aside for free R-factor calculations. TLS (35) 

parameters were included in later refinement stages (Table 1). The quality of the model was 

analyzed with Molprobity (10); assignment of secondary structure elements was performed 

with DSSP (20). 

 

3. Results 

3.1. Overall structure and topology 

The crystal structure of the InuJ145-708His protein (hereafter referred to as InuJ) 

was solved by the molecular replacement method at a resolution of 1.75 Å (see Table 1 for 
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details). The model comprises residues 176-708; the first 31 residues of the construct and the 

His6-tag are not visible in electron density. The asymmetric unit contains one protein 

molecule. 

 

 

Table 1. Data collection and refinement statistics  

Data collection 
 

Native D272N - EG-fructoside 

Space group I422 I422 
Resolution 41.8 - 1.75 Å (1.84 - 1.75Å) 19.9 - 2.69 Å (2.83 - 2.69 Å) 
Cell dimensions a = b = 172.0 Å, c = 114.6 Å a = b = 172.5 Å, c = 115.7 Å 
 
Statistics 
 

  

Wavelength 0.9395 Å 0.8123 Å 
Rmerge  0.054 (0.395)  0.094 (0.391) 
No. of measured reflections 256437 (36142) 197312 (26059) 
No. of unique reflections 79919 (11810)  24212 (3425) 
I/σ(I)  12.3 (3.0) 19.0 (5.1) 
Completeness (%) 93.6 (95.3) 98.7 (97.2) 
 
Refinement 
 

  

R / Rfree  
      protein atoms 
      ligands 
 
      water molecules 

0.158 / 0.175 
4292  
1 Ca2+, 1 Cl-, 1 acetate, 
9 sulfate, 9 glycerol 
511  

218/ 0.258 
4227 
03 ethylene glycol, 2 sulfate, 
1 ethylene glycol-fructoside 
185 

B-factors (Å2) 
      protein 
      waters 
      EG-F 

 
22.9 
37.1 
- 

 
22.2 
32.7 
58.9 
 

Stereochemical quality of 
the model  
      bond lengths (Å) 
      bond angles (o) 

 
 
0.009 
1.17 

 
 
0.008 
1.16 

Ramachandran plot  
      favored regions (%) 
      allowed regions (%) 

 
96.9 
99.8 

 
999.4 
5.0 
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Residues 210-662 of InuJ constitute the globular central domain of the enzyme, 

adopting the five-bladed β-propeller fold typical of GH68 enzymes (Fig. 3 and Fig. 4). The 

blades are arranged toroidally, and form a wide funnel. Each blade consists of 4 antiparallel 

β-strands (A-D), the A-strand being nearest to the central axis. A unique feature of InuJ is 

that the C- or D-strand of blades 3-5 is interrupted by a short stretch lacking β-sheet 

interactions; in some cases compensating H-bonds are made to residues not belonging to the 

same blade. Moreover, blade 3 has a fifth parallel strand formed by β1. High structural 

similarity of the InuJ core domain is observed with that of SacB (r.m.s.d. is 0.84 Å for 412 

Cα atoms); with LsdA the superposition of the core domain is less good (r.m.s.d. is 2.0 Å for 

330 Cα atoms). While the highest similarity is observed in the β-propeller blades, structural 

differences are mainly found in other structural elements. For example, helix α7 of InuJ, 

located in the loop between β-strands 4B and 4C and stacking parallel to helix α3, is absent 

in SacB and LsdA. In addition, a unique 2-stranded antiparallel β-strand (β2-β3) packs 

against the side of blade 1 (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. The overall structure of InuJ145-708His. The β-strands of blades 1-5 of the β-propeller are 

colored orange-red, yellow, green, blue and crimson-red, respectively. The N-terminal domain 

(residues 176-209) is colored azure; the C-terminal domain (residues 663-708) is colored purple. The 

long embracing loop is colored orange. The three catalytic residues are shown in stick representation; 

Ca2+ is indicated as a green sphere. 
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Fig. 4. Topology diagram of InuJ145-708His showing the five blades of the β-propeller fold, strands 

within each blade are labelled A-D/E, where A represents the inner strand close to the center of the β-

propeller and D or E the most outer strand. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Location of the N- and C-terminal parts (azure and purple, respectively) of InuJ145-708His 

with respect to the core domain (light grey): a) top view, b) side view. The long loop of the core 

domain is colored orange. Unique elements of InuJ145-708His are indicated in red : sheet β2/β3, 

helix α7 and sheet β27/β28. 

 

a 
b 
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The N-terminal residues (176-209) (Fig. 5) are packed against the side of the central 

domain near helices α5, α6, η6 and η7, but mainly interact with helix α5. They comprise two 

α-helices (α1 and α2) connected via a loop with a one-turn 310-helix. After helix α2, a 12-

residue loop connects the N-terminal domain to the core domain. 

The C-terminal stretch (residues 663-708, Fig. 5) starts after β-strand 5D and shows 

hardly any secondary structure except for a short 310-helix (η9), and a short 2-stranded 

antiparallel β-sheet (β27- β28) which forms a protrusion on the rim of the core domain that is 

absent in SacB and LsdA. In contrast to the C-terminal residues of LsdA, these residues pack 

against the side of the core domain near blades 4 and 5, partly embracing a long loop 

(residues 235-255) in the core domain. 

 

3.2. Active site (native) 

The arrangement of residues forming the active site and its entrance (Fig. 6) shows 

the highest structural similarity to SacB; a superposition with the SacB-sucrose complex 

(Fig. 7) shows that sucrose can adopt a similar orientation in InuJ, especially its fructosyl 

unit (-1 subsite). At this subsite, the three putative catalytic residues (D272, D425, E524) 

superpose almost perfectly with those of SacB and display the same rotamer conformations 

(r.m.s.d. is 0.21 Å for Cα's and side chain atoms, Fig. 7). At the bottom of this subsite, M296 

replaces a leucine present in levansucrases. Likewise, almost all of the residues surrounding 

subsites +1 and +2 take up similar positions to those in SacB. However, a few of them are 

different: R623 of InuJ is 1.9 Å closer to the center of the pocket, and at the opposite side, 

the more bulky side chain of R545 replaces a lysine. Consequently, the pocket is somewhat 

narrower in InuJ. A third arginine residue, R542, was modelled with two slightly different 

conformations, both more or less equivalent to the conformation of the corresponding R360 

in sucrose-bound SacB. From the residues that provide water-mediated contacts in subsite 

+2 of raffinose-bound SacB, N420 and R424 superimpose with the corresponding N242 and 

R246 of SacB; on the other hand, InuJ has no structural equivalents for A116 and Y237. 

Table 2 lists the most important differences in the active site pockets of InuJ, SacB and 

LsdA. 
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Table 2. Residues in the active site pockets of inulosucrase from Lb. johnsonii NCC 533 (InuJ) and 
the two levansucrases SacB from B. subtilis and LsdA from G. diazotrophicus 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The InuJ structure has 3 glycerol molecules bound in the active site (Fig. 6). One of 

these is bound at the -1 subsite, and hydrogen-bonded to D425, the transition state stabilizing 

residue. It partly overlaps with the position of the fructosyl moiety of sucrose bound to SacB. 

A second glycerol is stacked between W339 and R623 with its two terminal hydroxyls 

occupying the positions of the glucosyl O6 and fructosyl O6' atoms of sucrose bound to 

SacB. A third glycerol is located between 3 arginine residues (R542, R545, R623); the 

electron density indicates that it has a dual conformation. 

 

 
Subsite 
(in SacB) 
 

 
InuJ 

 
SacB 

 
LsdA 

 
Remarks 

 
-1 

 
D272 

 
D86 

 
D135 

 
nucleophile 

 
-1 

 
D425 

 
D247 

 
D309 

 
transition-state-stabilizing 

 
-1 

 
E524 

 
E342 

 
E401 

 
General acid/base, salt bridge 

 
-1 

 
M296 

 
L109 

 
L158 

 

 
-1 

 
R623 

 
R433 

 
H172 

 

 
+1 

 
R542 

 
R360 

 
H419 

 

 
+1/+2 

 
R545 

 
K363 

 
T422 

 

 
+1/+2 

 
N420 

 
N242 

 
- 

 

 
+2 

 
R424 

 
R246 

 
R308 

 
salt bridge 

 
+2 

 
- 

 
Y237 

 
- 

 

 
+2 

 
- 

 
A116 

 
- 
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Fig. 6. Stereo figure of the active site of InuJ (native). Surrounding residues and bound glycerols 

(G1, G2, G3) are shown with yellow carbon atoms; glycerol G2 has two conformations. InuJ 

catalytic residues are shown with orange carbons; residues not conserved with SacB on the amino 

acid level are shown with red labels. 

 

 

 

 

 

 

 

 

 

Fig. 7. Stereo figure of the active sites of InuJ (native, grey or orange carbons) and sucrose-bound 

SacB (E342A mutant, violet carbons) superposed; same view as in Fig. 6. The catalytic residues of 

SacB are labeled; SCR = sucrose. The fructosyl ring of sucrose superposes well on glycerol G1. 

 

 

3.3. Active site (mutant)  

The D272N (nucleophile) mutant of InuJ exhibited a very low residual activity with a 

mutant/native activity ratio of about 8 × 10-6. This mutant enzyme was crystallized in the 

presence of sucrose, with the goal to obtain an enzyme - substrate complex, but the active 

site did not show density for a bound sucrose. There are no large differences with the 

structure of the wild-type native structure, but a few residues in the active site have 
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rearranged (Fig. 8a). At the bottom of the pocket, the side chains of the mutated N272 and of 

S601 have rotated, and the neighbouring W271 side chain is slightly shifted; the catalytic 

residues D425 and E524 are unchanged. Near the +1 subsite, R542 has now a single 

conformation, while the neighbouring E522 has shifted its side chain by 1.4 Å. Finally, the 

side chain of N420 has rotated and shifted. 

At the fructosyl binding -1 subsite, an ethylene glycol from the cryoprotectant 

solution is bound near D425, similar to the glycerol observed in the native structure (Fig. 

8b). At subsite +1, the electron density indicates the presence of a ethylene glycol-fructoside 

(EG-fructoside) adduct, linked via the O1 of fructose. Its ethylene glycol moiety is near 

R623, with the glycosidic oxygen hydrogen-bonded to R623 NH1. The fructosyl ring 

superposes reasonably well with the third glycerol of the native structure, at a position that is 

clearly different from that of the glucosyl moiety of sucrose bound to SacB (Fig. 8c). All 

hydroxyl groups except the terminal ethylene glycol OH are hydrogen bonded to protein 

residues (Y619, R542 and E524) or a water molecule. It has to be noted that because of the 

limited resolution (2.69 Å), modeling the adduct was somewhat ambiguous. Possibly, the 

adduct binds in different conformations. 

 

3.4. Ca2+ binding site 

In InuJ, a metal binding site is observed at a similar position as a bound calcium ion 

in SacB, between the loops preceding strands A and C of blade 3 (Fig. 9). It has the same 

penta-bipyramidal coordination as in SacB; equatorial ligands are provided by N489 Oδ1, 

D521 Oδ1 and Oδ2, D419 Oδ2 and Q450 O ε1; the axial ligands are the main chain oxygen 

of W487 and a water molecule. The protein ligand distances are 2.2-2.4 Å except for the 

shorter distance to the main chain oxygen (2.1 Å) and the longer distances to water (2.6 Å) 

and to D521 carboxyl oxygens (2.6 and 2.8 Å). During refinement of the native structure, it 

became obvious that the metal binding site is not fully occupied. Applying an occupancy of 

0.5 resulted in satisfying electron density and temperature factor for Ca2+. The low 

occupancy could be related to the fact that the loop between helix α4 and strand C of blade 3 

(residues 414-423), containing the Ca2+-coordinating residue D419, is not very well defined 

in density. Residues D521 and W487 also show ambiguous density and their side chains 

were modeled with double conformations. 
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Fig. 8. Stereo figures of the active site of InuJ D272N with ethylene glycol and EG-fructoside 

adduct. (a) Superposition with the InuJ wild type structure (thin sticks). The side chains of residues 

E522 and R542 show a clear rearrangement. (b) The interactions of ethylene glycol molecules (EG1 

and EG2) and ethylene glycol-fructoside (EG-F) in the active site of InuJ D272N. (c) Surface 

representation of the InuJ D272N active site with bound EG-F, and superposition with sucrose (SCR, 

violet carbons) bound in SacB E342A. 
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Fig. 9. The calcium-binding site of InuJ. Ca2+ is shown as a green sphere; its protein ligands are 

shown in stick representation; W is water. The loop displaying ambiguous density is shown in green. 

The catalytic residues are shown in stick representation (at the bottom right). 

 

4. Discussion 

The crystal structure of InuJ145-708His shows a complete catalytic core domain 

displaying the expected GH68 fold also observed in levansucrases. In addition, the structure 

reveals parts of the N-and C-terminal variable domains. The N-terminal domain, which is 

larger in Lactobacillus fructansucrases than in other bacterial species (40), extends away 

from the core domain. The fact that residues 145-175 are not visible in density might 

indicate conformational flexibility for these residues. Like in LsdA, the C-terminal stretch 

shows almost no secondary structure except for a unique small β-sheet at the rim of the 

active site funnel. The metal binding site in the core domain of InuJ is highly similar to that 

of SacB and contains a Ca2+ ion, confirming earlier findings of its importance by Anwar et 

al. (2). The observed low occupancy together with the ambiguous density for the 

neighboring loop suggests that Ca2+ binding has a structural role, as has been suggested for 

levansucrases from Gram-positive bacteria (26). 
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Around the central funnel formed by the five-bladed β-propeller, high structural 

homology with the known levansucrase structures (SacB and LsdA) exists in the deep 

sucrose-binding pocket, as expected. In fact, the native InuJ subsite -1 is virtually identical to 

that of SacB and LsdA. The three catalytic residues (D272, D425, E524) assume the same 

relative positions and orientations (Fig. 7). The conservation at this subsite leads us to 

believe that the binding mode of the -1 fructosyl unit of the substrate is very similar in inulo- 

and levansucrases. Supporting evidence for this comes from the observed positions of 

glycerol and ethylene glycol, mimicking part of the fructosyl moiety (Fig. 7). The observed 

structural similarity is expected since the -1 subsite has the same function in both types  of 

FTFs: to cleave the glycosidic bond of sucrose, and subsequently transfer the fructosyl 

moiety to an acceptor substrate (Fig. 1). As the orientation of an incoming acceptor 

determines the type of glycosidic bond of the product, we expect functional differences at 

the acceptor binding subsites (labeled +1 - +3 in Fig. 1). Indeed, some differences are found 

in the acceptor binding subsite architecture of InuJ versus levansucrases (Fig. 6, Table 2). 

Compared to SacB, the shift of InuJ R623, the presence of R545 replacing a lysine, and the 

absence of some residues that provide water-mediated contacts at the +2 subsite of SacB, 

give rise to an acceptor binding pocket with different properties. With LsdA, the differences 

are even more pronounced also because of the lower sequence similarity. Although it seems 

likely that the +1 subsite provides more specific interactions to incoming acceptor 

molecules, the observed differences at the +2 subsite also could be relevant for determining 

the product specificity. 

The structure of the EG-fructoside complex (EG-F, Fig. 8b, c) with the InuJ D272N 

mutant is the first FTF structure with a furanose sugar bound at the +1 subsite. Can this 

structure explain the relationship between structure and product specificity? First, it has to be 

noted that the exact binding mode of the EG-fructoside is somewhat unclear due to the 

limited resolution. Second, due to the presence of an "extra" ethylene glycol moiety, its 

binding mode might be different from that of a natural acceptor. Indeed, the fructosyl ring of 

EG-F is oriented differently from what is expected for an inulosucrase: the O6 side is close 

to residue E524, the general acid/base that deprotonates the terminal hydroxyl of an 

incoming acceptor. For inulosucrases, the O1 side is expected to be hydrogen-bonded to 

E524 for the formation of a β-2,1 linkage. The observed "reverse" binding mode could be 
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due to a lack of space for an ethylene glycol moiety near E524, forcing the adduct to bind  

differently. Thus, the observed EG-F binding mode might not be very relevant for fructosyl 

binding at this subsite. Nevertheless, the observed interactions of EG-F with residues E524, 

R542, Y619 and R623 confirm the importance of residues that have been shown to affect 

acceptor specificity and length of the products (oligosaccharides - polymers) synthesized by 

fructansucrases. No interactions are observed with residues R545, N420 and R424; these 

residues might be involved in subsite +2 interactions (Table 2). 

During elongation of a growing fructo-oligosaccharide or fructan not only the 

terminal fructosyl but also the acceptor chain conformation is a determinant for the precise 

binding mode. Inulin has a backbone that is formed entirely of β-2,1 glycosidic linkages, 

with the furanose rings attached as side groups. Several studies (12,13,39,42) have indicated 

that inulin can adopt left- and right-handed helical conformations and has a very flexible 

structure. In contrast, levan has a backbone that includes part of the furanose ring atoms; its 

conformation is more constrained with a preference for left-handed helices. The difference in 

overall structure between growing inulin- and levan-type polymers might as well contribute 

to the difference in binding modes in the corresponding fructansucrases. 

The observation of an ethylene glycol-fructoside adduct in subsite +1 of the mutant 

(and the absence of sucrose) was unexpected. However, Galonde et al. (14) found that upon 

incubating SacB with ethylene glycol (or glycerol) and high concentrations of sucrose, EG-

fructoside (or glycerol fructoside) adducts were formed via the O2 atom of fructose. These 

adducts were not able to function as donor substrates, from which the authors concluded that 

they did not bind in subsite -1 of the enzyme. In our experiments, during the 20-second soak 

in cryoprotectant, where both sucrose and ethylene glycol were present in high 

concentrations, such an ethylene glycol fructoside adduct may also have formed due to 

residual activity of the mutant, with the fructosyl residue remaining bound at subsite +1. 

In conclusion, the InuJ structure and its complex with an EG-fructoside adduct 

provides useful information about the carbohydrate binding pocket in inulosucrase. In order 

to explain the details of the differences in product specificity of inulo- and levansucrases, 

structures of bound acceptors (with a terminal fructosyl bound at subsite +1) might give 

insight. We are currently undertaking experiments to determine the structures of such 

complexes. 
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