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Keywords Abstract: Levansucrases are bacterial enzymes which produce fructan polymers
Levansucrase, from sucrose via hydrolysis and transfructosylation activities. These polymers;
Zymomonas mobilis, levan and fructooligosaccharides are valuable for food and pharmaceutical

Protein structure modelling,

o i industries. Levansucrases from Gram-positive bacteria such as Bacillus subtilis
Structural bioinformatics

tend to produce levan, while those from Gram-negative bacteria preferentially
produce fructooligosaccharides. Zymomonas mobilis is an efficient levansucrase
producer and its extracellular levansucrase can produce both
fructooligosaccharides and levan depending on the reaction parameters. In this
study, the structure of Z mobilis levansucrase was modeled in order to help to
understand the structure-function relationship of the enzyme. Furthermore, amino
acids previously reported to be important for levansucrase activity were mapped
on the model. The structural model presents a five-bladed propeller with a deep,
negatively charged central pocket, similar to other bacterial levansucrases.
Mapping showed that amino acids which previously reported to affect fructan
length are located on the periphery of the structure covering the active site central
pocket. Thus it is showed that, for the first time, that hydrolysis and
transfructosylation reactions are catalyzed on different parts of Z mobilis
levansucrase structure. The structural location of the critical amino acids will pave
the way to identify other residues which control fructan length by site directed
mutagenesis without altering the overall fold of the enzyme.

Zymomonas mobilis Levansiikrazinin Yapisal Modellemesi ve Yapi-Fonksiyon Analizi

Anahtar Kelimeler Ozet: Bakteriyal enzimler olan levansiikrazlar, hidroliz ve transfruktosilasyon
Levansiikraz N aktiviteleri ile sakkarozdan fruktan polimer olusumunu katalizlerler. Bu
Zymomonas mobilis, polimerler; levan ve fruktooligosakkaritler, gida ve ila¢ endiistrileri icin degerlidir.

Protein yap1 modelleme

o , Bacillus subtilis gibi Gram-pozitif bakterilerden elde edilen levansiikrazlar levan
Yapisal biyoinformatik

iiretme egilimindeyken, Gram-negatif bakteriler tercihen fruktooligosakkaritleri
iiretirler. Zymomonas mobilis etkili bir levansiikraz iireticisi olup, hiicre dis1
levansiikraz ~ enzimi, tepkime  parametrelerine bagh  olarak = hem
fruktooligosakkaritleri hem de levani iretebilir. Bu ¢alismada, enzimin yapi-
fonksiyon iligkisini anlamaya yardimci olmak icin Z. mobilis levansiikrazin yapisi
modellenmis ve daha 6nce enzim aktivitesi i¢in 6nemli oldugu bildirilen amino
asitler model lizerinde haritalanmistir. Elde edilen yapisal model, diger bakteriyel
levansiikrazlara benzer sekilde derin, negatif ytikli bir merkezi cebe sahip bes
bicakll pervane yapisina sahiptir. Amino asit haritalamasi, daha o6nce fruktan
uzunlugunu etkiledigi bildirilen amino asitlerin, aktif bolge merkez cebini
cevreleyecek sekilde yapinin yiizeyinde bulundugunu gostermistir. Boylece, bu
calisma ile ilk kez, hidroliz ve transfruktosilasyon tepkimelerinin Z mobilis
levansiikraz yapisinin farkl kisimlarinda katalizlendigi gosterilmistir. Kritik amino
asitlerin yapisal konumunun bilinmesi, fruktan uzunlugunu kontrol eden diger
amino asitlerin mutajenez yoluyla ve protein yapisina zarar vermeden
belirlenmesine yardimci olacaktir.
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1. Introduction

Levansucrases are bacterial extracellular enzymes
which are grouped under the glycoside hydrolase
family GH68 [1] based on the structural and
functional similarity of [B-fructofuranosidases,
inulosucrases and levansucrases. The main reaction
products of levansucrases are fructooligosaccharides
(FOS) and/or levan.

FOS are non-digestible short fructose chains. FOS are
three times less sweet than sucrose, have prebiotic
properties since they are fermented by Bifidobacteria
and they provide a positive effect on the absorption
of minerals in the colon. Thus FOS are valuable
additives in food industry. FOS can be produced from
inulin degradation or by transfructosylation reactions
[2, 3, 4]. Levans are longer fructose polymers, which
can be used in food, cosmetic, pharmaceutical and
medicine industries [5, 6]. In the food industry, levan
can be used as an emulsifier, flavour modifier,
stabilizer, thickener and encapsulation agent [7].
Levan is also important due to its anti-inflammatory,
anti-oxidant and anti-bacterial properties [6]. FOS
and levan are natural products of levansucrase
enzymes and production of them is increasingly
gaining interest due to their commercial and health
benefits.

Levansucrases are dual-activity enzymes; the
hydrolysis of a fructosyl donor releases a fructosyl
unit and the fructosyl unit is transferred to an
acceptor with the transfructosylation activity.
Levansucrases follow a Ping-Pong mechanism, where
a fructosyl-enzyme intermediate is formed by
covalent bonds. In the first step of the levansucrase
reaction, fructose unit from the donor substrate is
attached to the enzyme. In the second step, the
fructose unit bound to the enzyme is transferred to
the fructosyl acceptor molecule [8]. Depending on the
fructosyl acceptor, levansucrase will produce
different products. Several molecules may play role
as an acceptor such as sucrose, FOS and the growing
levan polymer [9].

Crystal structures of levansucrases from Bacillus
subtilis [10], Gluconacetobacter diazotrophicus [11],
and Erwinia amylovora [12] were solved and all have
five-bladed B-propeller architecture with a deep,
negatively charged central pocket (Figure 1). The
central pocket is the binding site for the substrate
sucrose, with the fructosyl unit placed at the bottom
and the glucosyl unit on the top of the cavity [10, 12].
Comparison of B. subtilis SacB and E. amylovora Lsc
structures, highlight the conservation of overall fold
in both structures (Figure 1).

Multiple alignment of bacterial levansucrases
highlight the presence of five conserved regions
(Figure 2). Two of these regions; RDP and DE/QXER,
contain the active site residues [13].
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Levansucrases from both Gram-positive and Gram-
negative bacteria share the conserved amino acid
regions, including the active site. Nevertheless,
levansucrases of different origins have considerably
different biochemical properties and product
spectrum. Levansucrases of Gram-positive bacteria
(such as B. subtilis, Bacillus megaterium and
Streptococcus salivarius) produce generally levan
without accumulating the intermediate FOS [14, 15,
16], while levansucrases from some Gram-negative
bacteria (such as G. diazotrophicus, E. amylovora and
Pseudomonas syringae) produce high amounts of FOS
with small amounts of levan [17, 18, 19]. Structural
studies recently pointed out that the main differences
between FOS and levan-producing enzymes are
located on the surface loops [12, 20]. Levansucrase
from Z. mobilis; on the other hand, can produce both
levan and FOS depending on the reaction conditions
[9,21,22, 23]. There are several studies investigating
the Z. mobilis levansucrase product specificity based
on amino acid mutagenesis approaches. Thus several
amino acids were shown to be critical for levan or
FOS production including His296, Cys244, Glu117
and P340 [13, 24, 25]. Yet the location of these amino
acids is not known since the atomic structure of Z
mobilis levansucrase is not solved up to date.
Following these, we modeled the structure and
mapped the critical amino acids retrieved from
literature on our model. The results of this study will
help to design site directed mutagenesis studies
without altering the overall fold of the protein.

Figure 1. Crystal structures of B. subtilis SacB and E.
amylovora Lsc. BsSacB (pdb:1oyg) is colored in gray and
EaLsc (pdb:4d47, chain A) is colored according to
secondary structure; helices (cyan), sheets (magenta) and
loops (wheat). Glucose (orange) and fructose (green) in the
active site from the structure of EaLsc are shown.
Structures are viewed from top [10,12].

2. Material and Method
2.1. Multiple sequence alignment
Z. mobilis levansucrase sequence is retrieved from

UniProtKB (SACB_ZYMMO) and is a 423 amino acid
protein with an estimated molecular weight of 47
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kDa. Multiple structural alignment was done using T-
Coffee, Expresso [26] and ESPRIPT [27] was used for
display.

2.2. Structural modeling

The structural models were built using Raptor X and
[-TASSER web tools. RaptorX uses template based
modeling program; the query sequence is partitioned
into units based on template structures in PDB.
RaptorX generates some quality criteria about the
model, which are score, P-value, GDT and uGDT (un-
normalized GDT) of the model [28].

[-TASSER (Iterative Threading ASSEmbly
Refinement) server is an online integrated platform
for prediction of protein structure and function from
their amino acid sequences. I-TASSER creates 3D

models from multiple threading alignments and
iterative structural assembly simulations. The
function of the protein is predicted by structurally
matching the 3D models with other known proteins.
Structure templates are identified from the PDB
library [29, 30]. The server presents several different
predictions. ‘The Top 5 Models Predicted by I-
TASSER’ and ‘Prediction function using COACH -
Ligand Binding Sites’ were used in our study for
evaluating 3D  structure prediction of the
levansucrases. COACH is a meta-server approach that
predicts ligand binding sites [31]. Quality of the
predicted model is evaluated with C-score
(confidence score), which is calculated based on the
significance of threading template alignments and
structure assembly from threading templates [29,
30]. The models were displayed using the PyMOL
Molecular Graphics System.
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Figure 2. Conserved regions of bacterial levanscurases. B. subtilis SacB, Z. mobilis Lsc, G. diazotrophicus LsdA and E.
amylovora Lsc amino acid sequences were structurally aligned. Five conserved regions (CR) are shown in black boxes.
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Figure 3. Structural model Z mobilis levanscurase (ZmLsc). A) Superposition of 3D structure predictions of ZmLsc by
RaptorX (blue) and I-TASSER (pink). B) Ligand binding prediction of ZmLsc. Interactions between glucose (orange), fructose
(green) and the residues of ZmLsc are shown with gray lines. C) Structural comparison of ZmLsc (blue) model and crystal
structure of E. amylovora Lsc (gray).
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3. Results
3.1. Structural models of Z. mobilis levansucrase

The structural model of Z mobilis levansucrase is
given in Figure 3A. Two models were built using one
template based (Raptor X) and one threading
assembly (I-TASSER) modeling programme. The
models were superimposable with an root mean
square deviation between the location of atoms of
0.548 (Figure 3A). Raptor X models were generated
based on the best template E. amylovora Lsc, all 423
residues were modeled and five positions were
predicted as disordered. The model had a p-value of
8.95e-31; smaller than the 10-4 threshold; and a score
of 387, indicating good model quality. The top model
generated by I-TASSER had a C-score of 0.97.

Z. mobilis levansucrase structural model had the
levansucrase  fold; five-bladed beta-propeller
architecture with a deep central pocket; similar to
other bacterial levansucrases (Figure 3B and 3C).
Ligand binding residues were predicted by COACH as
W47, D48, L71, R83, W118, S119, R193, D194, E278,
Y344 (Figure 3B).

3.2.
model

Mapping of important amino acids on the

There are many biochemical data about Z mobilis
levansucrase based on mutagenesis studies, which
highlight the role of several different amino acids in
hydrolysis or transfructosylation reactions. After a
detailed investigation of mutagenesis studies in
literature, we selected residues D194, E278, Cys121,
Cys151, Cys244, W80, P340 and His296 as important
amino acids for enzyme activity [13, 24, 25]. Since
the structure of Z. mobilis levansucrase is not solved
yet, specific locations of these amino acids are not
revealed totally. In an attempt to structurally
interpret the importance of these amino acids, we
mapped these residues on our 3D model.

3.2.1. Active site residues; D194 and E278 are
located in central pocket

The active site for hydrolysis reaction is composed of
three acidic amino acids which are located in the
central pocket of the structure [10, 12]. These amino
acids are D86, D247 and E342 for B. subtilis and
according to sequence alignments, correspond to
D48, D194 and E278 for Z. mobilis Lsc (Figure 2).
Yanase et al, (2002) mutated these residues and
showed that E278D had a 30-fold smaller kca: value
for sucrose hydrolysis when compared with the wild
type enzyme [13]. Mutation to a positively charged
residue (E278H) had remarkable effects on sucrose
hydrolysis activity, causing a 210-fold decrease in Kcat
value. Therefore, E278 is an essential amino acid for
hydrolysis [13]. Similarly, the D194N mutant enzyme
nearly lost its hydrolysis activity, however, a small
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amount of highly polymerized fructan were

produced, indicating that the transfructosylation
activity remained intact. Further mutations of D194
(Glu, His, GIn, Ser, Ala) resulted in loss of sucrose
hydrolysis activity which supports that D194 is
essential for hydrolysis of sucrose-fructoside bond
[13].

P .
Figure 4. Structural locations of residues important for
hydrolysis are shown on the model of ZmLsc. D194 and
E278 are shown as sticks and labeled; their interactions
with fructose (green) are shown with gray lines.

D194 and E278 have a direct role in the hydrolysis
reaction and both are located in the central pocket,
directly interacting with fructose (Figure 4) like their
counterparts in other bacterial levansucrases [12].
Thus we structurally confirmed that these amino
acids directly affect the hydrolysis activity due to
their critical location in the active site.

3.2.2. His296 is related with both hydrolysis
and transfructosylation activity

His296 is conserved in all levansucrases except B.
subtilis SacB, where the corresponding amino acid is
Arg360 (Figure 2). Mutation of Arg360 abolished the
production of levan [32]. Similarly H296 mutations of
Z. mobilis levansucrase resulted in increased Km
values and reduced transfructosylation activities [13,
25]. The H296R mutant lost its ability to produce
levan, but not FOS. H296S and H296L mutants
completely lost their transfructosylation activity
although they retained hydrolysis activity [13]. In
summary, H296 is an important residue for holding
the fructose after hydrolysis and its transfer to the
growing acceptor molecule. [13, 25]. According to our
model, His296 is located on the surface relatively
close to central pocket (Figure 5).

3.2.3. Transfructosylation activity is controlled
by surface located amino acids

Senthikumar et al., (2003) mutated the cysteines of Z.
mobilis Lsc to identify the effect of sulphydryl groups
on enzyme activity [24]. All three cysteines were
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mutated individually (C121, C151 and C244) to
serines. Sucrose hydrolysis activities of mutants were
decreased by two-fold, while levan-forming activities
were almost abolished. Cys121 and Cys151 are
located in beta strands according to our structural
model, thus mutations of these amino acids might
cause structural disorders in the protein, affecting
enzymatic activity. Cys244; on the other hand; is
located on a surface loop (Figure 6A) and so it is not
expected to alter the overall fold of the protein. Thus
the activity loss of Cys244Ser of mutant shows the
direct involvement of Cys244 in product type.

NV

Figure 5. Structural location of H296 is shown on the
model of ZmLsc. Top view of ZmLsc (blue) structure. H296,
D194 and E278 are shown as sticks. H296 is labeled and its
interactions between glucose (orange) are shown with gray
lines.

W80 and P340, which were reported to play a role in
transfructosylation, were also found on the surface of
the structure (Figure 6A). W80R and double mutation
Q339H-P340A had no effect on hydrolysis activity,
but the transfructosylation products were different;
the mutants produced only lower molecular weight
fructans of size 170 and 50 kDa, respectively [13].

According to our structural models, the amino acids;
W80, Q339,P340, C244 and H296; which were
previously reported to affect transfructosylation
activity of the enzyme are located on the surface

loops of Z mobilis levansucrase, surrounding the
active site cavity (Figure 6B).

4. Discussion and Conclusion

In this study, the structure of the Z mobilis
levansucrase was modeled and our model verified
the presence of the levansucrase fold; five-bladed
beta-propeller architecture with a deep central
pocket; similar to other bacterial levansucrases [10,
11, 12]. Furthermore, information from mutagenesis
studies in literature were mapped on our structural
model. Our results show that, amino acids, which are
located on the top surface of the structure, affect
transfructosylation activity and those located in the
central pocket affect hydrolysis activity. Thus
polymerization and hydrolysis reactions probably are
catalyzed on different parts of structure. The distant
location enabling a control mechanism of two
catalytic reactions were recently proposed from the
atomic resolution structure of E. amylovora
levansucrase [12] and our results point out a similar
mechanism for Z mobilis levansucrase. Current
research is underway to obtain the atomic resolution
structure of the enzyme using X-ray crystallography.
Crystal structure will provide the atomic location of
substrate and/or product bound to levansucrase.
Following that, it will be possible to identify the
amino acids which are critical for polymerization and
hydrolysis reactions. This way, we will be able to
verify our structural bioinformatics analysis on the
experimental structure. Furthermore obtaining the
atomic resolution crystal structure will pave the way
to identify other residues which control fructan
length by site directed mutagenesis without altering
the overall fold of the enzyme.
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Figure 6. Structural locations of residues important for transfructosylation are shown on the model. A) Top view of ZmLsc
(blue) structure. W80, C244 and P340 are shown as brown sticks. B) Side view of ZmLsc structure. H296, W80, C244 and
P340 are shown as brown sticks. Fructose (green) is shown to highlight the active site central pocket.
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