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Several archaea harbor genes that code for fructosyltransferase (FTF)

enzymes. These enzymes have not been characterized yet at structure–func-
tion level, but are of extreme interest in view of their potential role in the

synthesis of novel compounds for food, nutrition, and pharmaceutical

applications. In this study, 3D structure of an inulin-type fructan produc-

ing enzyme, inulosucrase (InuHj), from the archaeon Halalkalicoccus jeot-

gali was resolved in its apo form and with bound substrate (sucrose)

molecule and first transglycosylation product (1-kestose). This is the first

crystal structure of an FTF from halophilic archaea. Its overall five-bladed

b-propeller fold is conserved with previously reported FTFs, but also

shows some unique features. The InuHj structure is closer to those of

Gram-negative bacteria, with exceptions such as residue E266, which is

conserved in FTFs of Gram-positive bacteria and has possible role in fruc-

tan polymer synthesis in these bacteria as compared to fructooligosaccha-

ride (FOS) production by FTFs of Gram-negative bacteria. Highly

negative electrostatic surface potential of InuHj, due to a large amount of

acidic residues, likely contributes to its halophilicity. The complex of InuHj

with 1-kestose indicates that the residues D287 in the 4B-4C loop, Y330 in

4D-5A, and D361 in the unique a2 helix may interact with longer FOSs

and facilitate the binding of longer FOS chains during synthesis. The out-

come of this work will provide targets for future structure–function studies

of FTF enzymes, particularly those from archaea.

Introduction

Fructosyltransferases (FTFs) are glycoside hydrolase

(GH) enzymes that catalyze the synthesis of fruc-

tooligosaccharides (FOSs) and/or fructopolysaccha-

rides (fructans) using sucrose as a substrate. On the

basis of types of glycosidic bonds, fructans are classi-

fied as inulin and levan having b(2-1) and b(2-6)-linked
fructosyl units, respectively, in their main polymer

chains. The FTF enzymes involved in the synthesis of

Abbreviations

FTF, Fructosyltransferase; FOS, Fructooligosaccharide.
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inulin and levan are known as inulosucrases (EC 2.4.1.

9) and levansucrases (EC 2.4.1.10), respectively. The

Carbohydrate-Active EnZYmes (CAZy) database

(www.cazy.org) lists 168 families of GH enzymes (as

of December 7, 2020), grouped on the basis of their

amino acid sequence similarities. These families are

further grouped into 18 clans (GH-A to GH-R) on the

basis of common protein folds [1]. The inulosucrases

and levansucrases are clustered in family GH68 at

CAZy. It is apparent from this database that whereas

levan synthesis genes are widespread in both Gram-

positive and Gram-negative bacteria, inulin synthesis is

limited to some lactic acid bacteria (Gram-positive).

During the last decade, fructans have gained great

interest due to their wide range of industrial, food,

nutrition, and pharmaceutical applications [2–6]. Iden-
tifying and characterizing enzymes from new microbial

systems involved in the synthesis of fructans with

unique properties would further facilitate the produc-

tion of tailor-made products and add novel candidates

for extended applications. Besides a wide range of

Gram-positive and Gram-negative bacteria, the CAZy

[1] database lists several halophilic archaea that were

annotated to harbor fructan synthesis genes in their

genome sequences, which might have role in the syn-

thesis of novel fructans. In general, it is believed that

levansucrases from Gram-positive bacteria produce

high-MW levans, and those from Gram-negative bac-

teria produce FOS [7]. So far, the annotation of GH68

enzyme-encoding genes in halophilic archaeal strains

was solely based on metagenomic data; however,

recently some research groups provided experimental

evidence of fructan synthesis by recombinant enzymes

from some archaeal strains. [8,9]. More recently, our

group has reported on a novel inulosucrase, InuHj,

from Halalkalicoccus jeotgali B3T. This recombinant

enzyme needs a high NaCl concentration for activity

and produces an inulin, which is insoluble in water

and sparingly soluble in DMSO [10].

The 3D structure of an enzyme determines its sub-

strate and product specificities. All FTF enzymes

have a five fold b-propeller topology with three con-

served amino acids at the bottom of a deep funnel

that form the catalytic site. Due to these structural

features, GH68 enzymes are placed in clan GH-J,

together with GH32 enzymes that have a similar pro-

tein fold [11]. Both GH68 and GH32 enzymes have

a catalytic triad in common, that is, two aspartates

(nucleophilic and transition state stabilizer) and one

glutamate (acid/base) [12]. Their role during the cat-

alyzed reaction has been confirmed experimentally in

structures of enzyme–substrate complexes [13,14].

These catalytic residues constitute subsite �1

(nomenclature adopted from Ref. [15]), where the

fructosyl moiety binds, and are fully conserved in

GH-J enzymes. Other residues that directly bind the

glucose moiety of the substrate (e.g. sucrose) consti-

tute subsite +1, which is relatively variable. Cleavage

of the sucrose molecule by bacterial FTF enzymes

takes place between subsites �1 and +1 through a

double-displacement reaction mechanism with reten-

tion of the anomeric configuration of the fructosyl

moiety [11,12]. A 3D crystal structure of an archaeal

FTF enzyme would give insight into important and

possibly unique structural features that may play a

role in the reaction mechanism. However, to date no

3D structure is available for any archaeal FTF

enzyme, although crystal structures have been

resolved for GH68 enzymes including b-fructofura-
nosidase from Microbacterium saccharophilum K-1

(formerly known as Arthrobacter sp. K-1) (PDB:

3WPU) [16], levansucrases from Bacillus subtilis

(PDB: 1OYG) [13], Gluconacetobacter diazotrophicus

SRT4 (PDB: 1W18) [17], Bacillus megaterium DSM

319 (PDB: 3OM2) [18], Erwinia amylovora (PDB:

4D47) [7], Beijerinckia indica ATCC 9039 (PDB:

6M0D) [19], and Erwinia tasmaniensis Et1/99 (PDB:

6FRW) [20] and for a bacterial inulosucrase from

Lactobacillus johnsonii NCC 533 (PDB: 2YFR) [14].

To have insights into the structural features of halo-

philic archaeal enzymes, we have elucidated the 3D

structure of a recombinant GH68 inulosucrase (InuHj)

from the archaeon H. jeotgali B3T. This enzyme has

moderate amino acid sequence similarity with previ-

ously reported GH68 enzymes (with 3D structures

resolved) from M. saccharophilum K-1 (32%), B. sub-

tilis (27%), G. diazotrophicus SRT4 (33%), B. mega-

terium DSM 319 (25%), L. johnsonii NCC 533 (26%),

E. amylovora ATCC 49946 (36%), B. indica ATCC

9039 (31%), and E. tasmaniensis Et1/99 (35%). The

structure of InuHj is the first crystal structure of a

GH68 inulosucrase from the halophilic archaea group

and the second inulosucrase structure after that of

L. johnsonii NCC 533. The overall topology of InuHj

is a five-bladed b-propeller fold, as reported for other

GH68 crystal structures. We also report here the 3D

structure of complexes of InuHj with the substrate (su-

crose) and the first transfructosylation product 1-kes-

tose. Furthermore, we have compared these crystal

structures with those of previously reported bacterial

FTFs; this showed that InuHj is more similar to the

FTFs from Gram-negative bacteria than those from

Gram-positive bacteria, while some unique structural

elements were also identified. We also discuss some of

the features that may contribute to the reaction speci-

ficity of InuHj.
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Results

Cloning and Expression of InuHj

The full-length 1.3-kb ftf gene was amplified from

genomic DNA of H. jeotgali B3T. The gene was

cloned in pET15b vector and then successfully trans-

formed in Escherichia coli BL21 Rosetta for protein

expression and purification. As a result of expression

of the InuHjpET15b construct in E. coli BL21

Rosetta, 6.64 mg�mL�1 of protein was obtained with

an apparent size of 55 kDa on SDS/PAGE (data not

shown). Before using this protein for crystallization tri-

als, an additional gel filtration step on a HiLoadTM

Superdex 75 16/60 column (GE Healthcare, Danderyd,

Sweden) was performed to obtain maximum purity.

Overall structure and topology

The 3D structure of H. jeotgali inulosucrase (InuHj)

was determined by molecular replacement, at a resolu-

tion of 2.75 �A (apo structure; Table 1). The 10

molecules in the asymmetric unit comprise residues

Ala9-Pro414 or Ala9-Leu413; the 8 N-terminal resi-

dues and His-tag, as well as the 14 or 15 C-terminal

residues, were not visible in electron density, likely due

to their flexibility. In agreement with the apparent

molecular mass in the SEC step (~ 52 kDa) (data not

shown), analysis by PISA did not show evidence for

protein multimers; the maximum buried surface

between any two monomers was 585 �A2, correspond-

ing to 8% of the monomer surface area. InuHj has the

expected five-blade b-propeller topology found in other

GH68 enzyme structures (Figs 1A,B and 2).

Preceding the b-propeller core (residues 43–400) is a

long loop with one short a-helix (a1), encircling half

of the b-propeller core of the enzyme along blades 3–
5. Each blade of the b-propeller contains four antipar-

allel b-strands (designated A-D); in some cases, the C-

or D-strand is split into two b-strands (Fig. 2). The

five blades form a funnel-like structure (Fig. 1C); at

the bottom of this funnel, the three proposed catalytic

residues are located (see below). The lower and

Table 1. Data collection and refinement statistics. Statistics for the highest resolution shell are shown in parentheses.

Apo Sucrose Kestose

PDB ID 7BJ5 7BJC 7BJ4

Wavelength (�A) 0.976 0.890 0.976

Resolution range (�A) 120.3–2.75 (3.12–2.75) 60.6–3.11 (3.28–3.11) 106.5–2.72 (2.82–2.72)

Space group P 1 21 1 P 1 21 1 P 1 21 1

Unit cell, a, b, c (�A)

a, b, c (°)

121.5 143.3 172.8

90.0 98.3 90.0

117.7 141.8 169.2

90.0 97.5 90.0

122.3 143.0 172.9

90.0 98.6 90.0

Total reflections 621 565 (29 787) 522 768 (23 484) 653 193 (32 365)

Unique reflections 88 299 (4415) 76 873 (3844) 93 379 (4668)

Multiplicity 7.0 (6.7) 6.8 (6.1) 7.0 (6.9)

Completeness (%) 99.4 (74.9) 98.0 (83.1) 99.2 (73.5)

Mean I/rI 7.0 (1.8) 4.5 (1.6) 7.7 (1.7)

Wilson B-factor (�A2) 59.7 38.7 61.3

Rsym 0.255 (1.247) 0.353 (1.349) 0.258 (1.430)

Rpim 0.103 (0.515) 0.147 (0.766) 0.097 (0.770)

CC1/2 0.989 (0.538) 0.945 (0.769) 0.991 (0.446)

Refinement

Reflections 88 182 (423) 76 484 (2417) 93 209 (631)

Rwork 0.2068 0.2558 0.1954

Rfree 0.2224 0.2744 0.2244

Number of atoms 31 904 31 988 32 230

Macromolecules 31 800 31 758 32 214

Ligands – 230 340

Solvent 104 – 74

RMS deviations

Bond lengths (�A) 0.013 0.013 0.013

Bond angles (°) 1.73 1.67 1.69

Ramachandran favored (%) 94.0 94.65 94.9

Average B-factor 72.4 55.41 61.8

Macromolecules 60.4 55.42 61.9

Ligands – 54.33 62.5

Solvent 43.9 – 43.9
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narrowest part of the funnel is formed by residues on

the A-strands of each blade, while its rim is formed by

the peptide chains that connect b-strands of the differ-

ent blades (mainly the B-C connections, and in some

cases also D-A connections). While all b-strands of

InuHj are part of the b-propeller fold, a number of

short a-helices and 310-helices locate in the connections

at the ‘upper’ side of the b-propeller (Fig. 3). Further-

more, a disulfide bridge between residues C226 and

C262 connects the 3B-3C loop to the 3D-4A loop. Fol-

lowing the b-propeller core is a C-terminal loop (resi-

dues 401–414) of which the last part extends away

from the rest of the structure.

Being the first known structure of an archaeal fruc-

tansucrase, it is relevant to compare it to bacterial

fructansucrases. As is reflected in sequence alignments,

structural superpositions showed that the core tertiary

structure formed by the 5-bladed b-propeller is highly

conserved among all fructansucrase structures known

so far (Fig. 3). InuHj features relatively little helical

elements (Figs 2 and 3); PDBeFold analysis showed

that it is more similar to the FTFs from Gram-nega-

tive bacteria (e.g., E. amylovora and G. diazotrophicus

sp.) than to those from Gram-positive bacteria (e.g.,

L. johnsonii and B. subtilis, resp.) (Table 2). Notably,

InuHj features some unique structural elements at the

rim of the funnel forming the ‘entrance’ to the active

site (Figs 1C and 3). For example, in the peptide con-

necting b-strands 1B to 1C, InuHj and the levansu-

crases from Gram-negative bacteria have a helix (g1,
residues 78–84 in InuHj) that is absent in the enzymes

from Gram-positive bacteria. In addition, the 5B-5C

Fig. 1. Overall structure of InuHj in cartoon representation, viewed (A) from the top and (B) from the side of the b-propeller, with the five

blades 1–5 colored red, orange, green, cyan, and purple, resp. The a-helices are labeled. The three catalytic residues (D47, D197, and E268),

as well as the disulfide bridge, are shown in stick representation. The terminal residues are labeled (N, C). (C) Surface representation of the

active site with 1-kestose-bound; secondary structure elements surrounding the binding site are labeled; residues that may contribute to

binding longer FOSs (e.g., D287, Y330, D361) are shown in stick representation and the three catalytic residues (D47, D197, and E268) are

underlined. Figure prepared with PYMOL [42].

Fig. 2. Topology diagram of InuHj; the b-strands of each of the five blades of the b-propeller are labeled A-D. The position of the three

catalytic residues D47, D197, and E268 are indicated by an asterisk (*). The dotted line represents the disulfide bridge (C226-C262). Light

gray boxes indicate the elements that line the rim of the active site funnel.
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connection of InuHj is relatively long and features two

unique a-helices (a2 and a3, residues 360–365 and

368–374); these a-helices are absent in all other known

GH68 structures. The 2B-2C connection of InuHj is

relatively long, while the 3B-3C connection is consider-

ably shorter than in other FTFs.

Regarding the penta-bipyramidal Ca2+ site near

blade 3 found in FTF structures from Gram-positive

bacteria, the electron density map of InuHj shows no

convincing evidence for such a site (near residues

Q265, N235, E183, and E233). Notably, only an aspar-

agine residue (N235, corresponding to N489 of

L. johnsonii inulosucrase) is conserved (Fig. 4), while

others are not conserved or even absent. We did model

a water molecule in several protomers, hydrogen-

bonded by the side chains of E183, N216, and Q265.

Electrostatic characteristics

Of the 428 amino acid residues in wild-type, 70 are

acidic (Asp, Glu) and 40 are basic (Lys, Arg), totaling

25.6%. Inspection of the 65 acidic and 35 basic resi-

dues present in the 3D crystal structure revealed that

almost all of their charged groups located at the sur-

face, resulting in very large areas of negative potential

and only a few small regions of positive potential

(Fig. 5). The active site funnel and most of the rim are

part of the largest area of negative potential on the

surface of InuHj.

Active site (apo)

Resembling other fructansucrase structures, the active

site of InuHj resides at the bottom of a funnel and fea-

tures residues D47, D197, and E268 located in the first

b-strand of blades 1, 3, and 4, respectively (Fig. 4),

confirming they form the catalytic triad of InuHj. Sev-

eral of the surrounding residues are conserved with

other fructansucrases (Fig. 4), including the arginine

(R196) forming a conserved salt bridge with the acid/

base E268. Interestingly, some of the semi- or noncon-

served residues in the InuHj active site (A116, H286,

F349) are conserved with FTFs from Gram-negative

bacteria, while others (E266, N351) are conserved with

those from Gram-positive bacteria, or uniquely con-

served in archaeal ones (H288). Higher up the funnel,

at its rim, the most notable difference is the presence

of helix a2, unique to InuHj.

Sucrose complex

Although the wild-type enzyme was used for crystal-

lization, we observed electron density corresponding to

intact sucrose molecules (Fig. 6A). The observed bind-

ing orientation of the substrate in subsites �1 and +1
of InuHj (Fig. 6B) is very similar to that in the other

Fig. 3. Comparison of (A) the archaeal FTF InuHj with homologous structures from (B) a Gram-negative bacterium (E. amylovora

levansucrase) and (C) a Gram-positive bacterium (B. subtilis levansucrase SacB). The top view shows structural differences occurring in the

connections between strands B and C of sheets 1, 2, 3, and 5, at the rim of the funnel leading to the central active site, are designated

with the same color as the sheet that they belong to. The three catalytic residues are shown in stick representation, as is the disulfide

bridge in InuHj (S-S); the Ca2+ ion in SacB is shown as a sphere. Figure prepared with PYMOL [42].

Table 2. PDBeFold analysis.

Organism and enzyme

Gram

classification

Q-

score

RMSD

(�A)

E. amylovora levansucrase Negative 0.60 1.3

G. diazotrophicus

levansucrase

Negative 0.49 1.4

B. subtilis levansucrase Positive 0.47 1.8

L. johnsonii inulosucrase Positive 0.35 2.1
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Fig. 4. Sequence alignment of GH68 FTFs with known crystal structure, using Clustal Omega [44] and ESPript (https://espript.ibcp.fr) [45].

With InuHj on top (InuHjeo; UniProt D8J9C2), depicted are the inulosucrase from L. johnsonii NCC 533 (InuLjohn; UniProt Q74K42) and the

levansucrases from B. subtilis (LevBsub; UniProt P05655), B. megaterium (LevBmeg; UniProt D5DC07), G. diazotrophicus (LevGdiaz;

UniProt Q43998), B. indica (LevBeijind; UniProt B2IF78), E. amylovora (LevEramyl; UniProt D4IGH9), and E. tasmaniensis (LevErtasm;

GenBank CA09513.1). The origin/classification of each is indicated (arch = archaeal, G+ = bacterial Gram-positive, G� = bacterial Gram-

negative). Catalytic residues are indicated with orange triangles (N = nucleophile, TS = transition state stabilizer, A/B = acid/base), and

residues surrounding the active site are indicated with black triangles. Residues involved in disulfide bridges are indicated with a gray box;

residues involved in Ca2+ binding are indicated with a green box.

Fig. 4b. Continued
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known FTF-sucrose complexes, B. subtilis levansucrase

E342A (PDB: 1PT2) [13] and L. johnsonii NCC 533

inulosucrase (PDB: 2YFS) [14]. The average B-factor

of the bound substrate in each protomer is comparable

to that of the protein. In subsite �1, the fructosyl moi-

ety is bound by several hydrogen bonds provided by

the three catalytic residues, with the nucleophilic D47

carboxylate close to the C2 atom, and the acid/base

E268 oriented toward the glycosidic bond of the sub-

strate. The O3 and O4 atoms of the fructosyl moiety

are hydrogen-bonded to the transition state stabilizing

residue D197. Other than the catalytic residues, three

other residues also provide hydrogen bonds to the

fructosyl moiety: R196 (fully conserved in FTFs, see

Fig. 4), A116 (conserved with some but not all Gram-

negative species), and H82 (only conserved in Gram-

negative species). The latter residue is located in helix

g1, located at the rim of the funnel, from which it

points down into the active site; its side chain is

slightly rotated with respect to the apo structure. FTFs

from Gram-positive bacteria have no corresponding

residue at this position, but the fructosyl O6 in their

sucrose complexes is hydrogen-bonded to the trypto-

phan residue preceding the nucleophilic aspartate. This

tryptophan is fully conserved in FTFs, but in InuHj

we do not observe the corresponding W46 to provide

Fig. 5. Electrostatic surface potential of

InuHj (top and side views as in Fig. 1) using

a range of �5 kT/e (red) to +5 kT/e (blue),

indicating the location of negative and

positive charges at the protein surface.

Figure prepared with the APBS

Electrostatics plugin within PYMOL [42].

Fig. 6. InuHj complex with sucrose. (A)

Stereoview of the Polder-type electron

density map, contoured at 5r. (B)

Stereoview of the InuHj active site with

bound sucrose (yellow carbon atoms);

hydrogen bond interactions are shown as

red dotted lines. The three catalytic

residues are shown with orange carbon

atoms. Figure prepared with PYMOL [42].
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a hydrogen bond despite the virtually identical binding

orientation of the substrate (although this may be

related to the low resolution of the diffraction data).

Thus, the H82 of InuHj (and other FTFs from Gram-

negative bacteria) may either provide an extra or an

alternate H-bond. In subsite +1, the glucosyl moiety is

hydrogen-bonded via its O2, O3, and O6 hydroxyl

groups. Two of the four involved residues are strictly

conserved in FTFs and also provide hydrogen bonds

to the fructosyl moiety (see above), namely E268 (the

acid/base catalytic residue) and R196. The other two

residues are H286 and E266; interestingly, while H286

is shared with Gram-negative FTFs, E266 is shared

with Gram-positive FTFs.

1-Kestose complex

In the map obtained from the 1-kestose soaked crystal

(Fig. 7A), we observed residual density in all 10 mole-

cules of the asymmetric unit when an unliganded start-

ing protein model was used, suggesting the presence of

the ligand, albeit with significantly higher B-factors

than the surrounding protein residues. The clearest

residual densities were observed in molecules A and C,

whereas in other molecules they were weaker. 1-kes-

tose, the first product after b(2?1) transfructosylation,

occupies subsites �1, +1, and +2 of the active site

(Fig. 7B) and its glucosyl moiety points in the direc-

tion of the N-terminal end of helix a2. Overall, the

trisaccharide has a somewhat different orientation than

observed in the inulosucrase from L. johnsonii NCC

533 [14], but is interacting mainly with residues at cor-

responding positions. In subsite �1, the fructosyl moi-

ety is oriented similar to that observed in the InuHj–
sucrose complex (except for the O6 hydroxyl), and

hydrogen bonds are provided by the same residues. In

subsite +1, the 3-OH and 4-OH groups of the fructosyl

moiety interact via hydrogen bonds provided by resi-

dues R196, E266, E268 (the catalytic acid/base resi-

due), and H286. In subsite +2, the glucosyl moiety is

oriented such that its O3 hydroxyl is hydrogen-bonded

to residue N351 in the loop following b-strand 5B.

This residue is conserved in archaeal FTFs (Fig. 4)

and those from Gram-positive bacteria but replaced by

an aspartate in FTFs from Gram-negative bacteria.

Only in InuHj, a hydrogen bond interaction is

observed with the glucosyl (3-OH). Residue H288 is

close to the O6 hydroxyl of the glucosyl moiety

(3.8 �A); this histidine is unique to and strictly con-

served in archaeal FTFs but replaced by various resi-

dues in the bacterial ones. Finally, other residues at

the rim of the funnel, such as D287 in the 4B-4C loop,

Fig. 7. InuHj complex with 1-kestose. (A)

Stereoview of the Polder-type electron

density map, contoured at 5r. (B)

Stereoview of the InuHj active site with

bound 1-kestose (yellow carbon atoms);

hydrogen bond interactions are shown as

red dotted lines. The three catalytic

residues are shown with orange carbon

atoms. Figure prepared with PYMOL [42].
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Y330 in the 4D-5A loop, and D361 in the unique a2,
may interact with longer FOSs.

Discussion

We determined the first crystal structure of a fructan-

sucrase from a halophilic archaeal organism, namely

the inulin synthesizing InuHj from H. jeotgali B3T.

The enzyme was crystallized in its apo form, as well as

complexed with the substrate (sucrose) or the first

transfructosylation product (1-kestose). The canonical

GH68 5-bladed b-propeller topology is conserved

(Figs 1 and 2), and albeit with relatively few helical

elements, InuHj resembles mostly the fructansucrases

from Gram-negative bacteria. This is also reflected in

the fact that there is no Ca2+ binding site. In Gram-

positive bacteria, the Ca2+ is not critical for transfruc-

tosylation activity but suggested to stabilize the struc-

ture in the loop region of blade 3, near the catalytic

site [13,21]. In Gram-negative bacteria, a similar role

may be fulfilled by a disulfide bridge in the same loop

region, as observed in the structures of G. diazotrophi-

cus and B. indica levansucrase [17,19]. Notably, InuHj

also features a disulfide bridge (Cys226-Cys262) at the

corresponding position, connecting 3B-3C and 3D-4A

loops (Figs 1 and 3). The ‘Gram-negative features’ of

InuHj are interesting because it is a general concept

that archaea are more closely related to the Gram-pos-

itive bacteria in terms of cell structure and protein

sequences [22,23]. Investigating protein structural rela-

tionships, it has also been proposed that the archaea

evolved from Gram-positive bacteria [24,25], while

antibiotic selection pressure has played role in this

regard [22]. Whether InuHj or FTFs in general are an

exception or not remains to be studied.

It has been proposed that distinct features of

enzymes from halophilic organisms, such as a rela-

tively large number of negatively charged residues on

the surface, contribute to their stability in harsh envi-

ronmental conditions (e.g., high temperatures, alkaline

pH) by creating specific salt binding sites and coordi-

nated water networks [26–32]. Indeed, the sequence of

InuHj contains 70 acidic (Asp, Glu) residues of which

the carboxylate groups locate almost exclusively on

the surface (Fig. 5), while there are only 40 basic

(Lys, Arg) residues. The ~ 2-fold surplus of Asp and

Glu in InuHj results in more and larger regions of

electronegative potential compared with known bacte-

rial FTF structures. Thus, electronegative regions in

InuHj may well facilitate salt binding sites and coordi-

nated water networks, although the electron density

maps did not allow assignment of these (possibly

related to the fact that InuHj crystallized in low-salt

conditions). In addition, some halophilic enzymes are

multimeric and display coordinated water networks

and ion–pair interactions between monomers. Since

InuHj is monomeric (as shown by SEC and PISA

analysis), quaternary water networks or interprotein

ion–pair interactions likely do not contribute to its

halophilicity.

The fact that the catalytic site of InuHj is largely

conserved, with the binding orientation of the sub-

strate (sucrose, Fig. 6B) being identical to that

observed in bacterial fructansucrases, indicates that the

archaeal enzyme uses the same catalytic machinery

and mechanism for fructan synthesis. Thus, it is

remarkable that sucrose was not processed by the crys-

tal, even though we used a wild-type construct. How-

ever, we reported earlier that enzymatic synthesis of

the inulin polymer by InuHj was very slow even in

high-salt conditions [10], the low-salt condition used

for crystallization may further reduce catalytic ability,

which would help explain the presence of intact sub-

strate.

Reaction specificity in GH68 FTFs has been exten-

sively investigated through mutagenesis studies; these

involved residues surrounding the cleavage sites

[17,33,34], as well as those lining the funnel and its

rim with sites [14,18]. Together, they were shown to

affect transfructosylation and hydrolysis rates as well

as product size; on the other hand, the determinants

of linkage specificity (b(2?1) or b(2?6) are still

unclear. It is likely that, like in bacterial FTFs, also

in archaeal ones an interplay of residues controls

reaction specificity by orienting donor and acceptor

substrates in a specific way. Among these, semi-con-

served residues such as A116 (next to the catalytic

nucleophile) and F349 may play an important role in

determining catalytic efficiency, as was shown for cor-

responding residues in bacterial levansucrases [33,34].

The complex of InuHj with 1-kestose (Fig. 7B) gives

some further insight regarding the orientation of the

first transfructosylation product and the residues

involved. For example, E266 is conserved with char-

acterized FTFs from Gram-positive bacteria, all syn-

thesizing fructan polymers, while FTFs from Gram-

negative bacteria have a glutamine at the correspond-

ing position and almost exclusively produce short-

chain FOSs. The conservation of E266 in other

archaeal FTFs (Fig. 4) suggests that they synthesize

polymeric products as well. Furthermore, the interac-

tion of N351 with the terminal glucosyl moiety in the

InuHj–1-kestose complex indicates that it may con-

tribute to its acceptor specificity in archaeal FTFs. At

the rim of the funnel, residues such as D287 in the

4B-4C loop, Y330 in the 4D-5A loop, and D361 in
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the unique a2 helix (Fig. 1C) may interact with longer

FOSs and facilitate the binding of longer FOS chains

during synthesis. The role of these residues may be

studied by mutagenesis to further investigate the reac-

tion specificity of InuHj.

In conclusion, the 3D structure of the archaeal FTF

InuHj reveals that halophilicity, like for other halophi-

lic proteins, is likely conferred by a relatively large

number of negatively charged residues on the surface.

The InuHj complexes suggest that archaeal FTFs use

the same reaction mechanism as their nonarchaeal

counterparts and that reaction specificity is determined

by residues at corresponding positions. An interesting

notion is that, although it is a general conception that

archaea are more closely related to Gram-positive bac-

teria, the InuHj structure is closer to those of Gram-

negative bacteria, with exceptions such as residue

E266. Further mechanistic insights of archaeal fructan

production can be obtained by mutagenesis studies tar-

geting this and other residues, and we intend to take

up such studies.

Materials and methods

Microorganisms and culture conditions

The halophilic archaeal strain, H. jeotgali, used in this

study was obtained from the DSMZ culture collection

GmbH (Germany) and was grown in the medium, as rec-

ommended by the supplier. The composition of medium

used per 1000 mL was as follows: casamino acids 5.0 g,

yeast extract 5.0 g, KCl 2.0 g, NaCl 200 g, MgCl2�6H2O

20.0 g, CaCl2�2H2O 0.20 g, TRIS/base 12.10 g, and initial

pH adjusted at 7.4 with 1 M HCl.

Cloning of ftf gene from H. jeotgali B3T

Cells of the H. jeotgali B3T strain were grown for 48 h in a

250-mL flask in its recommended medium containing 20%

NaCl with vigorous shaking (200 r.p.m.) at 40 °C. Geno-

mic DNA was purified from the cell pellet using genomic

DNA Extraction Kit (Thermo Fisher Scientific�, Waltham,

MA, USA). The ftf gene of H. jeotgali was PCR-amplified

from the genomic DNA using the primers HJ-F-Nde1 (50-
GCCATATGATGACTCCCGAGCACAGCG-30) and HJ-

R-Xho1 (50-TCCTCGAGTCAGTACCCCCGGCGAGTT-

30). The amplified gene was cloned in pET15b vector using

NdeI and XhoI restriction sites with a 69 histidine tag at

N-terminal, and the resulting construct was named as

InuHjpET15b. The construct was transformed in chemi-

cally competent E. coli BL21 Rosetta cells for protein pro-

duction and purification.

Protein expression and purification

Escherichia coli BL21 Rosetta cells transformed with the

InuHjpET15b construct were allowed to grow in Power

Prime BrothTM medium supplemented with ampicillin and

chloramphenicol and 1 mM IPTG at 16 °C to induce pro-

tein expression. After approximately 18 h, the cells were

harvested by centrifugation at 5000 g for 20 min at 4 °C.
The cell pellet was suspended in 50 mM phosphate buffer

containing 4 mM imidazole and 5 mM b-mercaptoethanol

and lysed by sonication for purifying recombinant protein.

Firstly, the histidine-tagged InuHj protein was purified

from whole-cell lysate by passing through HisPurTM Ni-

NTA Resin (Thermo Fisher Scientific) and was eluted in

specific elution buffer (50 mM phosphate buffer, 200 mM

imidazole, and 1 mM b-mercaptoethanol). An additional gel

filtration step on a Superdex 75 16/60 column using 20 mM

Tris/HCl buffer and 20 mM NaCl, pH 7.8, was also per-

formed to attain maximum purification.

Crystallization, data collection, and processing

Crystallization experiments were performed with a mos-

quito crystallization robot (SPT Labtech, Melbourn, UK)

at the Department of Biochemistry (University of Leicester,

UK) using standard commercial screens, that is, BCS and

PACT and finally with additive screen (HR2-428 Hampton

Research, Aliso Viejo, CA, USA). The native InuHj His-

tagged protein solution contained 6.64 mg�mL�1 protein in

20 mM Tris/HCl and 20 mM NaCl, pH 7.8. Inulosucrase

InuHj His-tagged protein was successfully crystallized from

the PACT screen with condition G9 (0.2 M potassium/sodium

tartrate, 0.1 M Bis-Tris propane/HCl, pH 7.5, and 20% w/v

PEG 3350). Then, the protein was crystallized using additive

screen (HR2-428 Hampton Research); crystals with reason-

able size were obtained using the basic condition (18%, 16%,

and 14% of PEG Smear High 50% MD2-250-260, 0.2 M

potassium/sodium tartrate, and 0.1 M of Bis-Tris propane/

HCl pH 7.5) along with these additives: (C3) 0.1 M phenol,

(C10) 1.0 M glycine, (C11) 0.3 M glycyl/glycyl/glycine, (E1)

0.1 M ethylenediaminetetraacetic acid disodium salt dehy-

drate, (E5) 10% w/v polyethylene glycol 3350, and (G8) 40%

v/v polypropylene glycol P 400.

Crystals of the native protein were cryoprotected using

18% of PEG Smear High 50% MD2-250-260, 0.2 M potas-

sium/sodium tartrate, 0.1 M of Bis-Tris propane/HCl, pH

7.5, and 40% glycerol. In order to obtain the enzyme–su-
crose complex, crystals of the InuHj protein were soaked

for a few minutes with 30% sucrose and transferred to

18% of PEG Smear High 50% MD2-250-260, 0.2 M potas-

sium/sodium tartrate, and 0.1 M of Bis-Tris propane/HCl,

pH 7.5. In the same way, 1-kestose (instead of sucrose) was

used. Data sets were collected at 100 K at beamline ID03

of the Diamond House, Harwell Science and Innovation

Campus, Fermi Ave, Didcot OX11 0DE, UK. Data sets
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were processed using STARANISO [35] at resolutions of

2.75 �A (apo), 2.95 �A (sucrose complex), and 2.72 �A (1-kes-

tose complex), respectively. Table 1 lists the details of data

collection.

Structure refinement and interpretation

Molecular replacement was done using PHASER [36], using the

structure of the levansucrase from E. amylovora (PDB: 4D47)

[7] as search model. Refinement was carried out using

REFMAC, REFMAC5 for the refinement of macromolecu-

lar crystal structures [37] within the CCP4 software package

[38] using 10-fold noncrystallographic symmetry; the struc-

ture was completed in alternating cycles of refinement and

rebuilding in COOT. Sucrose and 1-kestose were only added in

the last stages of refinement; Polder-type electron density

maps for the ligands were created using PHENIX [39]. Details of

the refinement statistics are given in Table 1. The coordinates

and structure factors are openly available at the PDB (https://

doi.org/10.2210/pdb7bj5/pdb (apo), https://doi.org/10.2210/

pdb7bjc/pdb (sucrose-bound), and https://doi.org/10.2210/

pdb7bj4/pdb (1-kestose-bound)).

Analysis of protein–protein interactions was performed

with PISA [40]. The quality of the electron density map in

the different molecules of the asymmetric unit varied;

regarding the ligands sucrose and 1-kestose, we chose to

use molecule A as a representative to describe their orienta-

tion and interactions (superposition of the 10 molecules in

the asymmetric unit yielded rmsd values < 0.1 �A for all

three structures (apo, sucrose- and 1-kestose-bound)).

Assignment of secondary structure was performed with

DSSP [41], and structural figures were prepared with PYMOL

[42] using molecule A of the asymmetric unit. The APBS

Electrostatics Plugin for PYMOL was applied using the

pdb2pqr method [43] and default parameters to calculate

the electrostatic surface of InuHj.

The PDBeFold server was used (https://www.ebi.ac.uk/

msd-srv/ssm/) to analyze the structural similarity of InuHj

to other FTF structures.
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