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Abstract 

Project Code : TRG5880222 

Project Title : Elucidation of the structural and molecular properties of levan oligosaccharides of 

various chain lengths 

Investigators: Pongsakorn Kanjanatanin, Assistant Prof. Dr. Rath Pichayangkura and Dr. 

Surasak Chunsrivirot* 

Department of Biochemistry, Faculty of Science, Chulalongkorn University 

E-mail Address:surasak.ch@chula .ac.th* 

Project Period: July 2015 - June 2017 

Levan and levan-type fructo-oligosaccharides (LFOs) have various potential applications in 

pharmaceutical and food industries due to their beneficial properties such as their low intrinsic 

viscosity and high water solubility. Previous studies showed that they exhibited prebiotic 

effects, anti-inflammatory and anti-tumor activities against Sarcoma-180 tumor cells of human. 

Despite their various potential applications, the structural and molecular properties of LFOs of 

various chain lengths are not well understood. In this study, we employed the replica

exchange molecular dynamics simulations method (REMD) in AMBER14 to elucidate 

structural and molecular properties of LFOs with chain lengths of 5 (LFOs), 10 (LFOlO) and 15 

(LF01S) residues in two models of generalized Born implicit solvent (GBHcT and GBoBc1 ). For 

LFOlO and LF01S' four distinct conformations (helix-like, partial helix, zig-zag and random 

structures) were characterized by their upper-middle and lower-middle torsions. For LFOs, two 

distinct conformations (partial helix and random structures) were characterized by their middle 

torsion and molecular angle of residues 1, 3 and 5. To determine hydrogen bonds important 

for the formation of helix-like structures of LF010 and LF01S' occurrence frequencies of 

hydrogen bonds were analyzed, and the 06(lr-H30(I+l) hydrogen bond was found with the 

highest frequency, suggesting its importance in helix formation. Among three dihedral angles 

between two fructosyl units [$ (05'-C2'-06-C6), 4J (C2'-06-C6-C5) and W (06-C6-C5-C4)]. 

dihedral angle distributions showed that W was the most flexible dihedral angle and probably 

responsible for conformational differences of LFOs. Our study provides important insights into 

the structural and molecular properties of LFOs, which tend to form helical structures as the 

chain length increases from 5 to 15 residues. This information could be beneficial for the 

selection of LFOs with appropriate lengths and properties for pharmaceutical and biological 

application. 

Keywords: levan, oligosaccharide, helix, replica exchange molecular dynamics simulations 
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Introduction 

As a microbial po I yfructan, levan consists of D-fructofuranosyl residues 

predominantly linked by 13-(2, 6) linkage in a main chain with some 13-(2, 1) linked 

branching points (Fig. 1). It is produced by levansucrase in various organisms that were 

grown in sucrose-containing medium. Levansucrase is a member of glycoside hydrolase 

family 68 that catalyzes a transfructosylation reaction to grow the levan chain, and also 

catalyzes a sucrose hydrolysis into glucose and fructose. Levansucrase is 

predominantly detected in bacteria such as Bacillus subtilis (1), Z. mobilis (2), 

Gluconacetobacter diazotrophicus (3), Pseudomonas syringae pv. Phaseolicola (4), 

Rahnella aquatilis (5), and Leuconostoc mesenteroides (6). 
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Fig 1. Levan structure. 

Levan and LFOs have various desirable properties such as their unusually low 

intrinsic viscosity (7), high water solubility and susceptibility to acid hydrolysis (8). These 

properties are very beneficial for various industrial applications, especially in food and 

pharmaceutical industries. In food industry, levan and LFOs can potentially be used as 

cholesterol- and triacylglycerol-Iowering agents (9) and prebiotics (10). In 

pharmaceutical industry, they have potential to be used as binders, controlled-release 

matrices (11), antiviral agents against avian influenza HPAI, H5N1 and adenovirus type 

40 (12) as well as antitumor agents, whose activities depend on the chain lengths and 

degrees of branching of levan (13, 14). In addition, they could be developed for use as 

environmentally friendly adhesives, water resistant films for food preservation and for 

shale stabilization in the oil drilling industry because of its film-forming ability, non

toxicity and adhesive strength that are comparable to petrochemical derivatives (15). 

They could also be used as cryoprotectants for freeze-preservation of fish, animal cells 

and the delicate texture of frozen desserts (16). 

http:loI\k.og
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Molecular dynamics (MD) simulations technique is employed to describe time

dependent atomic motions of a system. This technique integrates Newton's equations of 

motion, using inter-atomic forces generated from the potential energy of the system. 

Some molecular dynamics studies have been carried out to investigate the properties of 

oligosaccharides in solution. For example, Franca et al. performed simulations of 

chitosan single chains and chitin nanoparticle aggregates with varied percentages and 

distributions of acetyl groups (17, 18). They found that after 40ns simulations chitin was 

in an aggregate form (insoluble), whereas chitosan chains were separated and fully 

hydrated. Their results showed that chitosan conformation and solubility were strongly 

dependent on pH and degree of acetylation. Moreover, they found that the loss of 

flexibility and conformational interchangeability seemed to be caused by the increase in 

acetylation level (19). MD technique has also been used to investigate the effects of 

chemical modifications of the glycans (20), conformations of N-linked glycans that 

underpin inflammation and immunity (21), and the structures and dynamics of {3-I-Fucp

(1~6)-a-d-Glcp-OMe (22), lipopolysaccharide (23) and lipid-linked oligosaccharide in 

membrane bilayers. 

To achieve good samplings, REMD simulates a number of replicas of the 

system at different temperatures and exchanges the non-interacting systems among 

them. Although low temperature simulations allow precise sampling in a local region of 

phase space, the system can be trapped in a local minimum during the time scale of 

the normal simulation method as they cannot overcome an energy barrier. Raising the 

temperature can increase the probability of the system to overcome the energy barrier, 

consequently enhancing the probability of attaining the global minimum and allowing the 

sampling of large volumes of phase space. Therefore, the incorporation of higher 

temperature systems allow the lower temperature systems to access a representative 

set of the low free energy minima that are accessible by the higher temperature 

systems (24). The replica exchange technique has been use in various studies such as 

the investigations of the conformational flexibility of soluble cellulose oligomers (25), the 

effects of bisecting GlcNAc and core fucosylation on conformational properties of 

biantennary complex-type N-glycans in solution (26), and the structural diversity and 

changes in conformational equilibria of biantennary complex-type N-glycans in water 

(27). However, since this method requires the simulations of various replicas at different 

temperatures at once, it is computationally expensive, time-consuming and resource

consuming, especially in explicit solvent simulatins, where water molecules are explicitly 

represented in the systems. To circumvent this problem to some extend, some research 



3 

studies used implicit solvent model, where the properties of water molecules and their 

interactions are incorporated into the energy function directly (28), sacrificing the 

accuracy of using explicit water molecules in the simulations. An example of the studies 

employing this approach is the work done by Rungnim, C, et aI., where they used 

replica exchange method with implicit solvent models to investigate the effects of 

chitosan chain lengths on the molecular properties and dynamic behaviors of targeted 

drug delilvery system (29). 

Although LFOs have various potential applications, the structural and molecular 

properties of LFOs of various chain lengths are not well-understood. The aims of this 

study are to build possible models of LFOs with various chain lengths in solution and to 

elucidate their structural and molecular properties as well as the relationships between 

the properties and the chain length. Two molecular simulations techniques (MD and 

REMD) will be performed on these systems. REMD simulates a system at various 

temperatures at once, and exchanges the non-interacting systems among them and 

therefore could enhance the sampling accuracy. However, this method is 

computationally expensive, time-consuming and resource-consuming, as compared to 

MD that simulates a system at one temperature. Therefore, MD will be initially used in a 

preliminary study. The knowledge on the structural and molecular properties of LFOs 

gained from this study would be beneficial in selecting LFOs with appropriate chain 

lengths and properties for their potential applications. Moreover, the constructed models 

of LFOs could also be used for future computational studies. 

Objectives 

To construct possible models of LFOs of various chain lengths. 


To elucidate the structural and molecular properties of LFOs of various chain 


lengths in solution, and the relationships between the properties and the chain 


length. 
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Methods 

MD of LFOs in explicit solvent model (preliminary study) 

Structure preparation and minimization 

The structures of LF05 , LF010 and LF015 (Fig. 2) were constructed using the 

LEaP module in AMBER14 (30), and their atom types and force field parameters were 

assigned based on GL YCAM06j-1 (31). All systems were solvated in truncated 

octahedral TIP3P water box with the size of 10 A. AMBER14 software with the non

bonded cutoff of 9 Awas used for all systems in the minimizations and simulations . 
• 2 

Using restraints with the force constant of 10.0 kcal/(mol A ) on solute atoms, all 

systems were minimized with 2,500 steepest-descent minimization cycles and 2,500 

conjugate-gradient minimization cycles (32, 33). With no restraint, they were further 

minimized with 2,500 steepest-descent minimization cycles and 2,500 conjugate

gradient minimization cycles. 

MD 

All bond-stretching freedoms associated with hydrogen were eliminated by 

SHAKE algorithm, allowing a time step of 0.002 ps (35). Applying restraints with the 
. 2 

force constant of 10.0 kcal/(mol A ) on solute atoms, all systems were heated to 298K 

for 50 ps in the NVT ensemble. They were further equilibrated at 298K for 100 ps in the 

NVT ensemble. In the NPT ensemble, they were then simulated at 298K and 1 atm for 

30 ns and their trajectories were used for further analyses. 

REMD of LFOs in GB and GB implicit solvent modelsOBC1 HCT 

Structure preparation and minimization 

The structures of LF05 , LF010 and LF015 were constructed (Fig. 2) using the 

LEaP module in AMBER14, and their atom types and force field parameters were 

assigned based on GLYCAM06j-1. Two implicit solvent models (GBHCT and GBOBC1 ) 

were used in the minimization and simulations of each system. All systems were 

minimized with 2,500 steepest-descent minimization cycles and 2,500 conjugate

gradient minimization cycles. 
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Fig 2. (a) An example of LFO structure with no branch. (b) The parameters used in the 

characterization of the conformations of LFOs: the upper-middle (X6-7) and lower-middle 

(X9-10) torsions for LF01S, (c) the upper-middle (X3-4) and lower-middle (X7-<l) torsions for 

LFOlO, (d) the molecular angles (8a ) and middle torsions (X3-4) for LFOs. (e) Examples 

of three dihedral angles between four fructosyl residues of LFOs, W (C4-C5-C6-06), 4J 
(C5-C6-06-C2') and <I> (C6-06-C2'-05'). The carbon, oxygen and hydrogen atoms were 

colored in green, red and white, respectively. The six-membered ring of the glucosyl 

residue and the five-membered rings of fructosyl residue are shown in green and 

yellow, respectively. 

Replica exchange molecular dynamics simulations 

Sixteen replicas of each system were initially equilibrated for 500 ps to reach the 

desired temperature range from 262 K to 802 K. REMD of all systems were performed 

using the SANDER module in AMBER14. Langevin dynamics with a collision frequency 
-1 

of 1 ps were used to control the temperatures in all systems. Initial velocity of each 

system was reseeded by the random number generator (34). A cut off of 999 Awas 

used to truncate non bonded pairs, and the maximum distance of 999 Abetween atom 

pairs was employed to compute the pairwise summation involved in the effective Born 

radii calculation. All bond-stretching freedoms associated with hydrogen were eliminated 

by SHAKE algorithm, allowing a time step of 0.002 ps. Each replica was simulated for 

100 ns and exchanged every 2 ps. The replicas at 298 K were employed for the 

analyses of the structural a"nd molecular properties of LFOs with different chain lengths. 
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To measure the sizes of all systems, their average radii of gyration (ROG) were 

determined. 

To determine possible representative structures of LFOs of each chain length, 

K-means clustering algorithm, as implemented in MMTSB tool sets (36), was employed 

to cluster the structures from their 100 ns trajectories based on their structural 

similarities, calculated from their heavy-atom root-mean-square-deviation. To determine 

a reasonable representative of each cluster, a structure that is most similar to the 

average structure of all members of each cluster was chosen to be a "centroid;" i.e., a 

"centroid" is a structure with the lowest heavy-atom root-mean-square-deviation to the 

average structure. Based on their shapes, these "centroids" were further classified into 

helix-like, partial helix, zig-zag or random structures as major representative conformers. 

Helix-like structures were defined as conformations that had more than one helical turn, 

while partial helix structures were defined as conformations that had one helical turn. 

Zig-zag structures were defined as conformations that had zig-zag shapes. Random 

structures were defined as structures that were not classified as helix-like, partial helix 

or zig-zag structures. 

To plot the free energy map, various parameters were employed to characterize 

the structures of LFOs. Since helix-like conformations were observed with high 

frequency in LFOlO and LF015 and they tended to have similar values of upper-middle 

and lower-middle torsions, their upper-middle and lower-middle torsions were used to 

characterize the structures of LF010 and LF015. Their upper-middle torsions were 

computed by measuring the torsion angles of the centers of masses (CM) of residues 5, 

6, 7 and 8 (defined as X6-7 =CM5-CM6-CM7-CMa) and residues 3, 4, 5 and 6 (defined 

as X4-5 =CM3-CM4-CM5-CM6) for LF015 and LFOlO, respectively. Their lower-middle 

torsions were computed by measuring the torsion angles of the centers of masses (CM) 

of residues 8, 9, 10 and 11 (defined as X9-10 = ClVla-CMg-CMlO-CM11 ) and residues 6, 7, 

8 and 9 (defined as X7-8 =CM6-CMy-CMa-CMg) for LF015 and LF010 , respectively (Fig. 

2(b, c)). For LF05, the molecular angles and middle torsions were computed by 

measuring the angles and torsion angles of the centers of masses (CM) of residues 1, 3 

and 5 (defined as 8a =CM1-CM3-CM5 ) and residues 2, 3, 4 and 5 (defined as X3-4 = 
CMT CM3-CM4-CM5) , respectively (Fig. 2(d)). 

To measure conformational flexibilities, the occurrence frequencies of three 

dihedral angles between every two fructosyl residues, W (C4-C5-C6-06), 4J (C5-C6

06-C2') and <I> (C6-06-C2'-05') (Fig . 2(e)) were computed. To identify hydrogen bonds 

important for the formation of helix-like structures of LFOlO and LF015, the occurrence 
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frequencies of hydrogen bonds were measured. Only the hydrogen bonds with the 

occurrence frequency of at least 1 percent were used for further analysis. 

Results and discussion 

MD of LFOs in explicit solvent (preliminary study) 

As a preliminary study, we applied MD technique on LF05 , LF010 and LF015 

because it uses less time and resources than REMD although its results may be less 

accurate than those of REMD. The final structures after 30 ns simulations are shown in 

Table 1. 

Table 1. The initial and final structures of LF05 , LF010 and LF015 after 30 ns MD. 

chain length 

5 10 15 

o 
~ 
Q) 
L. 

.E 
Q) 
.0 

o 
~ 
L. 

~ j 
co 

After MD, the structures were significantly different from the initial structures. 

Various structures were found such as random coils, helix-like structures or 

combinations of different structures. 

Sizes of LFOs 

The sizes of LFOs were approximated by their radii of gyration. The relationship 

between the radius of gyration and the length of LFOs is shown in Fig. 3. 



8 

10 ] 


.<9 I 
-;;8 1 f t.Q 7 1 
~6 
~5 + 
'04 

.2 3 

'i2 
a: 

1 
0 1 

3 4 5 6 7 8 9 10 11 12 13 14 15 
I Length of LFOs 

Fig 3. The relationship between radius of gyration and the length of LFOs. 

As the chain lengths of LFOs increases, their radii of gyration increase, 

indicating the extension of their sizes. 

Structural clustering 

Employing K-mean clustering algorithm, MMTSB software was employed to 

cluster the structures of LFOs based on their structural similarities as measured by their 

RMSD values. Structures were classified into the same group if their RMSD values 

were within a specified cutoff RMSD value from the centroid. To find an appropriate 

cutoff for structural clustering, a cutoff of 4 A was initially used. This cutoff was 

increased by 0.5 Auntil each group could be appropriately classified. Then the structure 

most similar to the centroid of each group was superimposed to compute the RMSD 

value. The criteria for cutoff value selection were that the number of groups should be 

less than or equal to four and its RMSD value divided by its chain length should be 

more than 0.46. 

Table 2 shows the appropriate cutoff value for structural clustering of each chain 

length. The results suggested that the appropriate cutoff values for LFOs, LF01Q and 

LF01S were 4, 5 and 7 A, respectively. Using these criteria, the structures of LFOs were 

categorized into about two to three groups. 
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Table 2 Cut off values and number of groups obtained from structural clustering. 

chain length cut off (1\) 
number of 

group 

5 4 3 

10 5 2 

15 7 3 

Representative structures most similar to the centroid of each group of LF05, 

LF010 and LF015 are shown in Table 3. The structures of LF05 were characterized into 

three groups: partial helix (53.2%), random coil (39.5%) and linear (7.2%). The 

structures of LFOlO were classified into two groups: extended helix (77.0%) and helix 

(23.0%). The structures of LF015 were categorized into three groups: random coil 

(70.7%), relaxed random coil (19.3%) and extended random coil (10.0%). 

Table 3 Representative structures from each group of LF05, LFOlO and LF015 and their 

populations. 

representative structure most similar to the chain population 

length centroid of the group 

53.2% 

partial helix 

5 39.5% 

random coil 

7.2% 

Linear 
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REMIJ of LFOs in GBOBC1 and GBHCT implicit solvent models 

Although MD requires less time and resources than REMD, MD may not be able 

to sample the most possible and accurate structures that can be found in nature 

because the systems sampled by MD at low temperature cannot overcome an energy 

barrier and can get trapped in a local minimum. REMD simulates a number of replicas 

of the system at different temperatures and exchanges the non-interacting systems 

among them. Raising the temperature can increase the probability of the system to 

overcome the energy barrier, consequently enhancing the probability of attaining the 

global minimum and allowing the sampling of large volumes of phase space. As a 

result, the incorporation of higher temperature systems allow the lower temperature 

systems to access a representative set of the low free energy minima that are 

accessible by the higher temperature systems. Therefore, REMD was employed to 

simulate the systems of LFOs, LFOlO and LF01S at 16 temperatures to improve the 

accuracy of the results. However, since REMD is very computationally expensive, two 

implicit solvent models, i.e., GBOBC1 and GBHCT were employed instead of explicit 

solvent model. 

Reliability of REMD simulations. 

To determine whether the temperatures were optimally distributed and the 

number of replicas was sufficient, the acceptance ratios of replica exchange were 

calculated. The acceptance ratios of the simulations of LF01S in the GBHCT model were 

almost constant around 28%, implying a free random walk in the replica (temperature) 

space (Fig. 4(a)). Moreover, a free random walk both in the replica space (Fig. 4(b)) 

and the temperature space (Fig. 4(c)) were also confirmed. Furthermore, the canonical 

probability distribution of the total potential energy at each temperature had sufficient 

overlap with those of neighbors (Fig. 4(d)). The results of the REMD simulations of 

LFOlO and LFOs in the GBHCT model were also similar, and their average acceptance 

ratios were almost constant around 37% and 50% for LF010 and LFOs, respectively. For 

the systems simulated in the GBOBC1 model, the results of REMD simulations were also 

similar to those simulated in the GBHCT model, and their average acceptance ratios were 

almost constant around 28%, 36% and 50% for LF01S' LFOlO and LFOs, respectively. 

These results indicate good reliability of the REMD simulations of all systems. 
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Sizes of LFOs 

The sizes of LFOs were determined by measuring their radii of gyration. Fig. 5 

shows that the trends of the radii of gyration of LFOs simulated in the GBHCT model and 

those simulated in the GBOBC1 model were similar. The radii of gyration of LFOs tended 

to increase as their chain lengths increased from 5 to 15 residues. These results 

suggest the extension of the structures of LFOs as their chain lengths increase 
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Fig 5. The average radii of gyration calculated from the heavy atoms of LFOs simulated 

in GBHCT (square) and GBOBC1 (dot) models. 
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Fig 7. The "centroid" structure of each cluster of LF015 simulated in the GBHCT model. 

Their conformation types and populations are also shown. 
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Fig 8_ The "centroid" structure of each cluster of LF015 simulated in the GBOBC1 model. 

Their conformation types and populations are also shown. 

Fig. 6 shows the free-energy maps of LF015, LF010 and LF05 as simulated in 

GBHTC and GBOBC1 models as well as their major representative conformers and their 

population sizes from clustering analysis and centroid classification. For LF015, four 

major conformations such as helix-like (a), partial helix (b), zig-zag (c) and random (d) 

structures were observed after clustering analysis and centroid classification (Fig. 6(a, 

b) and Fig. 7 and 8), and they were characterized by their upper-middle and lower

middle torsions <X6-7 and X9-10)' Helix-like structures were found with the highest 

population of 54.1 % and 63.2% for those simulated in GBHCT and GBOBC1 models, 
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respectively. Helix-like structures took up conformations of left-handed 3-fold helices 

and tended to have their upper-middle and lower-middle torsions in the similar range of 

around 240-315 degrees. The conformations with the second highest population were 

partial helix structures, and their population sizes were 33.9% and 22 .3% for systems 

simulated in GBHCT and GBOBC1 models, respectively. The other two conformations were 

zig-zag and random structures. Zig-zag structures were found with the population sizes 

of 2.8% and 6.7% for systems simulated in GBHCT and GBOBC1 models, respectively. 

The population sizes of random structures simulated in GBHCT and GBOBC1 models were 

9.2% and 7.8%, respectively. 
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Fig 9. The "centroid" structure of each cluster of LF010 simulated in the GBHCT model. 

Their conformation types and populations are also shown. 
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Similar to the conformations of LF015, four major conformations such as helix

like (a), partial helix (b), zig-zag (c) and random (d) structures were found for LF010 

after clustering analysis and centroid classification (Fig. 6(c, d) and Fig. 9 and 10). 

These conformations were characterized by their upper-middle and lower-middle 

torsions (X4-5 and X7-8)' The conformation with the highest population sizes of 50.5% 

and 57.5% was helix-like structures for those simulated in GBHCT and GBOBC1 models, 

respectively. Partial helix structures occurred with the second highest population sizes 

of 34.5% and 25.4% for those simulated in GBHCT and GBOBC1 models, respectively. The 

population sizes of zig-zag structures were 6.8% and 8.7% and those of random 

structures were 8.2% and 8.4% for systems simulated in GBHCT and GBOBC1 models, 

respectively. 
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Fig 11. The "centroid" structure of each cluster of LF05 simulated in the GBHCT model. 

Their conformation types and populations are also shown. 
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Fig 12. The "centroid" structure of each cluster of LF05 simulated in the GBOBC1 model. 

Their conformation types and populations are also shown. 

For LF05, two major conformations such as partial helix (b) and random (d) 

structures were observed after clustering analysis and centroid classification, probably 

due to its shorter chain length as compared to those of LF010 and LF015 (Fig. 6(e, f) 

and Fig. 11 and 12). These conformations were characterized by their molecular angles 

(9a ) and middle torsion (X3-4). Partial helix structures were observed with the population 

sizes of 92.8% and 92.5% for those simulated in GBHCT and GBOBC1 models, 

respectively. Random structures were also found with the population sizes of 7.2% and 

7.5% for those simulated in GBHCT and GBOBC1 models, respectively. 

Table 4. The populations of major representative conformers of LF01S' LF010 and 

LFO simulated in GBHCT models as determined from clustering analysiss and GBOBC1 

and centroid classification. 

Solvent Major representative Population (%) 
model conformer LFOl 5 LFO lO LFOs 

GBH(] Hel ix-like structure 51.4 50.5 

Partial helix structure 33.9 34.5 92.8 

Zig-zag structure 2.8 6.8 

Random structure 9.2 8.2 7.2 

GBoOCI Helix-like structure 63.2 57.5 

artial helix structure 22.3 25.4 92.5 

Zig-zag structure 6.7 8.7 

Random structure 7.8 8.4 7.5 

Table 4 shows the populations of major representative conformers of LF015, 

LFOlO and LF05 simulated in GBHCT and GBOBC1 models as determined from clustering 

analysis and centroid classification. As the chain length increased, the population of the 

helix-like structures tended to increase. These results may suggest that LFOs have 

tendencies to form helices as their chain lengths are extended. 
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Hydrogen bonds important for the formation of helix-like structures 

To elucidate the hydrogen bonds important for the formation of helix-like 

structures, the occurrence frequencies of hydrogen bonds in helix-like structures of 

LF015 and LF01Q with the occurrence frequencies of at least 1 % were analyzed. For the 

systems simulated in the GBHCT model, the 06(ir-H30(i+1} hydrogen bonds (between 

residue i and i+1) were found with the highest frequency, and their glycosidic oxygens 

acted as important hydrogen bond acceptors that interacted with the hydroxyl groups of 

C3 atoms of the furanose rings and probably helped stabilize the helix-like structures 

(Table 5 and Fig. 13). The hydrogen bonds with the second and third highest 

occurrence frequencies for both LF015 and LF010 were the 01 (ir-H30(i) and 05(i)--H10(i) 

hydrogen bonds, which were the hydrogen bonds within the same residue (Table 2 and 

Fig. 4). The trends of the occurrence frequencies of the hydrogen bonds of LF015 and 

LF010 in the GBOBC1 model were also similar to those in the GBHCT model (Table 2). 

These three hydrogen bonds (06(ir-H30(i+1), 01 (ir-H30(i) and 05(ir-H10(i) hydrogen 

bonds), especially the 06(ir-H30(i+1) hydrogen bond that was found with the highest 

frequency, are probably important for the formation of helix-like structures of LF015 and 

LF01Q as their occurrence frequencies are higher than other hydrogen bonds. 

Table 5. Occurrence frequencies of hydrogen bonds found in helix-liked structures 

of LF015 and LF01O" 

Solvent Residue that form Type Occurrence frequencl (%) 
model a hydrogen bond LF0 15 LFOlO 

GBHCT i, i 01 W- H3O(I) 15.4 15.3 

05(O H10(i) 11.5 12.5 

i, (i + 1) 06(O- H30(t+ 1) 65.0 60.2 

GBOBC1 I, I 0 1 (i) H30 (i) 10.0 10.0 

05 (O- H10(1) 8.3 7.8 

i. (i+ 1) 06W- H30(i+ 1) 37 .5 34.8 

aOnly hydrogen bonds wi':h ~he occurrence frequency of at least 7 % 
are shown 
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Fig 13. Hydrogen bonds important for the formation of helix-like structures (LF015 

simulated in the GBHCT model is shown as an example). Middle; the 06(ir-H30(i+1) 

hydrogen bond (occurrence frequency =65.0%). Right; the 01(ir-H30(i) hydrogen bond. 

(occurrence frequency =15.4%). Left; the 05(ir-H10(i) hydrogen bond (occurrence 

frequency = 11.5%). Hydrogen bonds are represented as dash lines. The LFO chain 

and fructosyl units are represented as ribbon and filled yellow color representations, 

respectively. 

Conformational flexibilities 

To investigate the conformational f1exibilities of LF015, LFOlO and LF05, the 

occurrence frequencies of W, 4J and <t> of all glycosidic bonds were measured. For the 

systems simulated in the GBHCT model, 4J and 4> of all glycosidc linkages of all LFOs 

exhibited single major peaks around 173° and -63°, respectively (Fig. 14). However, W 

was more flexible than 4J and <t> as it exhibited one major peak and two minor peaks 

(Fig. 14). The results from the systems simulated in the GBOBC1 model were similar (Fig . 

15); W exhibited more peaks and was more flexible than 4J and 4>. These results 

suggest that the flexibility of W may be responsible for the conformational diversity of 

LFOs since this dihedral angle has more possibilities in rotating and changing the 

conformations of LFOs. 
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Conclusions 

To elucidate the structural and molecular properties of LFOs as well as the 

relationship between these properties and their chain lengths, REMD were performed 

on systems of LF05, LF010 and LF015 in GBHCT and GBOBC1 solvent models. We found 

that as the chain length increased, the radii of gyration tended to increase, suggesting 

the extension of the conformations as the chain length increases. After clustering 

analysis and centroid classifications, four major representative conformations (helix-like, 

partial helix, zig-zag and random structures) were found for LF015 and LF01O• while two 

conformations (partial helix and random structures) were identified for LF05. The free 

energy map shows that the four conformations of LF015 and LF010 were characterized 

by their upper-middle and lower-middle torsions, whereas the two conformations of 

LF05 were characterized by their molecular angles and middle torsions. As the chain 

length increased from 5 to 15 residues, the conformation populations of the helix-like 

structures tended to increase, suggesting the possible tendency of LFOs to form helices 

as their chain lengths are extended. Moreover, the 06(ir-H30(i+l) hydrogen bond was 

found with the highest frequency, suggesting its importance in helix formation of LF015 

and LF01O• Furthermore, W was found to be more flexible than 4J and <I> and probably 

responsible for the conformational diversity of LFOs. This study gives an important 

insight into the structural and molecular properties of LFOs; they tend to form helical 

structures as the chain length increases from 5 to 15 residues. Our findings may be 

useful in the selection of LFOs with appropriate chain lengths and structural properties 

for pharmaceutical and biological applications. 

iJ8'J//2..f/f' 
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Suggestions for future work 

To increase the knowledge on the structural and molecular properties of LFOs, 

REMD of LFOs with the chain length of more than 15 residues can be performed. 

Moreover, since the structural and molecular properties of LFOs also depend on the 

branching degrees, REMD of LFOs with various branching degrees should also be 

investigated. 
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exchange molecular dynamics simulations reveal the structural and 

molecular properties of levan-type fructo-oligosaccharides of various 

chain lengths. BMC Bioinformatics, 17, 306. 

2. 	 Conference presentations 

- Dr. Surasak Chunsrivirot was invited to give an oral presentation 

entitled "Elucidation of the structural and molecular properties of levan

type fructo-oligosaccharides with the chain lengths of 5, 10 and 15 
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residues" at the 2 CU-NAIST Symposium 2015 at Chulalongkorn 
th

University, Bangkok on Dec 16 2015. 

- Mr. Pongsakorn Kanjanatanin (PhD student) gave an oral presentation 

entitled "the structural and molecular properties of levan-type fructo

oligosaccharides with chain lengths of 5, 10 and 15 residues as revealed 

by replica-exchange molecular dynamics simulations" at the Pure and 

Applied Chemistry International Conference at BITEC, Bangkok on Feb 

10th, 2016. 

- Dr. Surasak Chunsrivirot gave an oral presentation entitled "Replica 

exchange molecular dynamics simulations reveal the structural and 

molecular properties of levan-type fructo-oligosaccharides of various 
th 

chain lengths" at the 5 International conference on Biotechnology and 
th 

Bioengineering at Mandarin hotel, Bangkok on Dec 10 , 2016. 
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Abstract 

Background: Levan and levan-type fructo-ol igosaccharides (LFOs) have various potential applications in 
pharmaceutical and food industries due to their beneficial properties such as their low intrinsic viscosity and high 
water solubility. Previous studies showed that they exhibited prebiotic effects, anti-inflammatory and anti-tumor 
activities against Sarcoma-180 tumor cells of human. Despite their various potential applications, the structural and 
molecular properties of LFOs of various chain lengths are not well understood. 

Results: We employed the replica-exchange molecular dynamics simulations method (REMD) in AMBER14 to 
elucidate structural and molecular properties of LFOs with chain lengths of 5 (LFOs), 10 (LFO lO) and 15 (LFO,s) 
residues in two models of generalized Born implicit solvent (GBHCT and GBoBc,). For LFO lO and LFO I5, four distinct 
conformations (helix-l ike, partial helix, zig-zag and random structures) were characterized by their upper-middle and 
lower-middle torsions. For LFOs, two distinct conformations (partial helix and random structures) were characterized 
by their middle torsion and molecular angle of residues 1,3 and 5. To determine hydrogen bonds important for 
the formation of helix-like structures of LFO lO and LFO,s, occurrence frequencies of hydrogen bonds were analyzed, 
and the 06(i)-H30(i+1) hydrogen bond was found with the highest frequency, suggesting its importance in helix 
formation. Among three dihedral angles between two fructosyl units [¢ (05'-C2'-06-C6), t\J (C2'-o6-(6-(5) and w 
(06-(6-(5-(4)]. dihedral angle distributions showed that w was the most flexible dihedral angle and probably 
responsible for conformational differences of LFOs. 

Conclusions: Our study provides important insights into the structural and molecular properties of LFOs, which tend 
to form helical structures as the chain length increases from 5 to 15 residues. This information could be beneficial for 
the selection of LFOs with appropriate lengths and properties for pharmaceutical and biological applications. 
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Background 
Levan-type fructo-oligosaccharides (LFOs) are short 
chain [ructans that contain D-fructofuranosyl residues 
and are predominantly linked by (3-(2, 6) linkages in a 
main chain with some (3-(2, 1) linked branching points 
(Fig. la). Produced by levansucrase, levan and LFOs are 
found in various microorganisms such as Bacillus subtilis 
[1], Zymomonas mobilis [2J, and Leuconostoc mesenter
aides [3], and play important roles as sources for energy 
utilization and biofilm formation [4, 5J. The properties of 
levan and LFOs depend on their chain lengths and 
branching degrees [6J, and they have various desirable 
properties such as their unusually low intrinsic viscosity 
[7J and high water solubility [8J. These properties are very 
beneficial for various industrial applications, especially in 
food and pharmaceutical industries. For example, levan 
and LFOs showed prebiotic effects, stimulating the growth 
of beneficial intestinal bacteria, and also could potentially 
act as cholesterol lowering agents (MW 2000 kDa) [9, lOJ. 
Furthermore, they could also be served as carbon sources 
for probiotics such as four strains of Bifidobacterium sp. 
that produce short chain fatty acids, lactate and acetate 

(MW < 3600 Da) [11]. Moreover, they exhibited anti
inflammatory and anti-tumor activities against Sarcoma
180 tumor cells of human (MW 380-710 kDa) [12, 13]. 
Despite their various potential applications, the knowledge 
on the structural and molecular properties of levan and 
LFOs of various chain lengths is still limited. 

Replica exchange molecular dynamics (REMD) method 
provides an extensive conformational sampling at various 
temperatures by allowing each replica to exchange their 
configurations through parallel tempering [14]. Raising 
the temperature can increase the probability of the system 
to overcome the energy barrier, consequently enhancing 
the probability of attaining the global minimum and 
allowing the sampling of large volumes of phase space. 
Therefore, the incorporation of higher temperature 
systems allow the lower temperature systems to access a 
representative set of the low free energy minima that are 
accessible by the higher temperature systems [15]. This 
technique has been used to investigate the properties of 
oligosaccharides in solution. For example, Re et aL 
employed REMD to elucidate the structural diversity and 
the changes in conformational equilibria of biantennary 

(b) (c) (d)HO (a) 

o 

5 0 2 


4 .. II 


OH 


HO~0----h6 

OH 3 OHi1 1 ' 
OH 

(e) 

Fig. 1 An example of LFO strudure and the parameters used in the charaderization of the conformations of LFOs. (a) An example of LFO 
strudure with no branch. (b) The parameters used in the charaderization of the conformations of LFOs: the upper-middle (X6-,) and lower-middle 
(X~ lO) torsions for LFO,s, (e) the upper-middle (X4-s) and lower-middle (X7-S) torsions for LFO IO, (d) the molecular angles (8a) and middle torsions 

!x3-4) for LFOs. (e) Examples of three dihedral angles between four frudosyl residues of LFOs, W «(4-(5-(6-06), \jJ (CS-(6-06-(2') and ~ «(6-06
(2'-OSI. The carbon, oxygen and hydrogen atoms were colored in green, red and white, respedively. The six-membered ring of the glucosyl 

residue and the five-membered rings of frudosyl residue are shown in green and yellow, respedively 
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complex-type N-glycans [16]. Moreover, Nishima et ai. 
used this technique to investigate the effects of bisecting 
GIcNAc and core fucosylation on conformational proper
ties of biantennary complex-type N-glycans [17]. Recently, 
Jo et al. employed this technique to examine the conform
ational freedom of the N-glycan core pentasaccharide 
moiety in solution and found that the conformational 
variability of the pentasaccharide in solution was more 
restricted than the N-g1ycan on the protein surface [18]. 
This method was also employed to investigate con
formational flexibility of cellulose oligomers as well as 
their chain length and temperature dependence [19]. 
However, to our knowledge, REMD method has not 
been used in the elucidation of the properties of LFOs 
of various chain lengths. 

In this study, we performed REMD on the models of 
LFOs with the chain lengths of 5, 10 and 15 residues in 
two models of generalized Born implicit solvent (GBHCT 

and GBOBCl ) to elucidate their structural and molecular 
properties as well as the relationship between these 
properties and the chain length. Such information would 
be beneficial for the selection of LFOs with appropriate 
lengths and properties for pharmaceutical and biological 
applications. 

Methods 
Structure preparation and minimization 

The structures of LFOs, LFOlO and LF015 were con
structed using the LEaP module in AMBER14 [20], and 
their atom types and force field parameters were assigned 
based on GLYCAM06j-1 [21]. Two implicit solvent models 
(GBHCT and GBOBCl ) were used in the minimization and 
simulations of each system. All systems were minimized 
with 2500 steepest-descent minimization cycles and 2500 
conjugate-gradient minimization cycles [22, 23]. 

Replica exchange molecular dynamics simulations 
Sixteen replicas of each system were initially equilibrated 
for 500 ps to reach the desired temperature range from 
262 to 802 K. REMD of all systems were performed 
using the SANDER module in AMBERI4. Langevin 
dynamics with a collision frequency of I ps- J were used 
to control the temperatures in all systems. [nitial velocity 
of each system was reseeded by the random number 
generator [24J . A cut off of 999 A was used to truncate 
non bonded pairs, and the maximum distance of 999 A 
between atom pairs was employed to compute the 
pairwise summation involved in the effective Born radii 
calculation. AU bond-stretching freedoms associated with 
hydrogen were eliminated by SHAKE algorithm, allowing a 
time step of 0.002 ps [25]. Each replica was simulated for 
100 ns and exchanged every 2 ps. The replicas at 298 K 
were employed for the analyses of the structural and 
molecular properties of LFOs with different chain lengths. 

To measure the sizes of all systems, their average radii 
of gyration (ROG) were determined. To determine 
possible representative structures of LFOs of each chain 
length, K-means clustering algorithm, as implemented in 
MMTSB tool sets [26], was employed to cluster the 
structures from their 100 ns trajectories based on their 
structural similarities, calculated from their heavy-atom 
root-mean-square-deviation. To determine a reasonable 
representative of each cluster, a structure that is most 
similar to the average structure of all members of each 
cluster was chosen to be a "centroid;" i.e., a "centroid" is 
a structure with the lowest heavy-atom root-mean
square-deviation to the average structure. Based on their 
shapes, these "centroids" were further classified into 
helix-like, partial helix, zig-zag or random structures as 
major representative conformers. Helix-like structures 
were defined as conformations that had more than 1 
helical turn, while partial helix structures were defined 
as conformations that had 1 helical turn. Zig-zag 
structures were defined as conformations that had zig
zag shapes. Random structures were defined as struc
tures that were not classified as helix-like, partial helix 
or zig-zag structures. 

To plot the free energy maps, various parameters were 
employed to characterize the structures of LFOs. Since 
helix-like conformations were observed with high frequen
cies in LFOIO and LF01S and they tended to have similar 
values of upper-middle and lower-middle torsions, their 
upper-middle and lower-middle torsions were used to 
characterize the structures of LFOlO and LF015. Their 
upper-middle torsions were computed by measuring the 
torsion angles of the centers of masses (CM) of residues 5, 
6, 7 and 8 (defined as X6-7 =CMs-CM6-CMT CMs) and 
residues 3, 4, 5 and 6 (defined as X4-S = CM3-CMr CMs-
C~) for LF01S and LFO IO, respectively. Their lower
middle torsions were computed by measuring the torsion 
angles of CMs of residues 8, 9, 10 and 11 (defined as X9-10 

=CMs-CMg-CMlO-CMll) and residues 6, 7, 8 and 9 (de
fined as X7-S = C~-CMTCM8-CM9) for LF01S and 
LFOlO, respectively (Fig. lb, c). For LFOs, the molecular 
angles and middle torsions were computed by measuring 
the angles and torsion angles of CMs of residues 1, 3 and 5 
(defined as Sa = CM\-CMrCMs) and residues 2, 3,4 and 5 
(defined as X3.4 = CMTCMTC~-CMs), respectively 
(Fig. Id), 

To measure conformational flexibilities, the occur
rence frequencies of three dihedral angles between every 
two fructosyl residues, w (C4-C5-C6-06), '" (C5-C6-06
C2') and cj> (C6-06-C2'-05') (Fig. Ie) were computed. 
To identify hydrogen bonds important for the formation 
of helix-like structures of LFO lO and LF01S, the occur
rence frequencies of hydrogen bonds were measured. 
Only the hydrogen bonds with the occurrence frequency 
of at least 1 % were used for further analysis. 
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Results and discussion 
Reliability of REMD simulations 
To determine whether the temperatures were optimally 
distributed and the number of replicas was sufficient. the 
acceptance ratios of replica exchange were calculated. The 
acceptance ratios of the simulations of LFO ls in the 
GBHCT model were almost constant around 28 %, imply
ing a free random walk in the replica (temperature) space 
(Additional file 1: Figure Sla). Moreover, a free random 
walk both in the replica space (Additional file 1: Figure 
SIb) and the temperature space (Additional file 1: Figure 
SIc) were also confirmed. Furthermore, the canonical 
probability distribution of the total potential energy at 
each temperature had sufficient overlap with those of 
neighbors (Additional file 1: Hgure SId). The results of 
the REMD simulations of LFOlO and LFOs in the GBHCT 

model were also similar, and their average acceptance 
ratios were almost constant around 37 and 50 % for 
LFO LO and LFOs, respectively. For the systems 
simulated in the GBOBCl model, the results of REMD 
simulations were also similar to those simulated in 
the GBHCT model. and their average acceptance ratios 
were almost constant around 28, 36 and 50 % for 
LF0 1s, LFO LO and LFOs• respectively. These results 
indicate good reliability of the REMD simulations of 
all systems. 

Sizes of LFOs 

The sizes of LFOs were determined by measuring their 
radii of gyration. Figure 2 shows that the trends of the 
radii of gyration of LFOs simulated in the GBHCT model 

• GBHCT • GBOBC1 I
14 

12 
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Fig. 2 The average radii of gyration calculated from the heavy 

atoms of LFOs simulated in GBI-tCT(square) and GBOBC1 (dot) models 

and those simulated in the GBOBC1 model are similar. 
The radii of gyration of LFOs tended to increase as their 
chain lengths increased from 5 to 15 residues. These 
results suggest the extension of the structures of LFOs 
as their chain lengths increase. 

Conformations of LF01S• LFO,o and LFOs 
Figure 3 shows the free-energy maps of LFOls• LFO lO 

and LFOs as simulated in GBHTC and GBOBCl models as 
well as their major representative conformers and their 
population sizes from clustering analysis and centroid 
classification. For LFO Is, four major conformations such 
as helix-like (a), partial helix (b), zig-zag (c) and random 
(d) structures were observed after clustering analysis and 
centroid classification (Fig. 3a, b and Additional file 1: 
Figure S2 and Figure S5). and they were characterized by 
their upper-middle and lower-middle torsions (X6.7 and 
X9.IO)' Helix-like structures were found with the highest 
population of 54.1 and 63.2 % for those simulated in 
GBHCT and GBOBCI models. respectively. Helix-like 
structures took up conformations of left-handed 3-fold 
helices and tended to have their upper-middle and 
10wer-middJe torsions in the similar range of around 
240-315'. The conformations with the second highest 
population were partial helix structures. and their 
population sizes were 33.9 and 22.3 % for systems simu
lated in GBHCT and GBOBC1 models, respectively. The 
other two conformations were zig-zag and random 
structures. Zig-zag structures were found with the 
population sizes of 2.8 and 6.7 % for systems 
simulated in GBHCT and GBOBCl models, respectively. 
The population sizes of random structures simulated 
in GBHCT and GBOBCI models were 9.2 and 7.8 %, 
respectively. 

Similar to the conformations of LFOIs, four major con
formations such as helix-like (a), partial helix (b), zig-zag 
(c) and random (d) structures were found for LFOlO after 
clustering analysis and centroid classification (Fig. 3c, d 
and Additional file 1: Figure S3 and Figure S6). These 
conformations were characterized by their upper-middle 
and lower-middle torsions (X4.S and X7.S). The conform
ation with the highest population sizes of 50.5 and 57.5 % 
was helix-like structures for those simulated in GBHCT 

and GBOBCI models, respectively. Partial helix structures 
occurred with the second highest population sizes of 34.5 
and 25.4 % for those simulated in GBHCT and GBOBCI 

models. respectively. The population sizes of zig-zag 
structures were 6.8 and 8.7 % and those of random 
structures were 8.2 and 8.4 % for systems simulated in 
GBHCT and GBOBCl models, respectively. 

For LFOs• two major conformations such as partial 
helix (b) and random (d) structures were observed after 
clustering analysis and centroid classification, probably 
due to its shorter chain length as compared to those of 



Kanjanatanin et al. BMC Bioinformatics (2016) 17:306 Page 5 of 8 

(a) ~'k ~ :-~ 

.. 

.J240 
c 
0 

r! 
S 100.. 
'6 
'D 

~'20 
:;; 
~ 
.9 60 

J ___~~.-
~ 240 ___ _ ~":.~1 

o 
r! 
9.. 
'6 
'D 

~ 
i .... 

(e) 

d 
c 

~ 1 
g 

Upper-mlddl. torsion (x..) 

~. 0t.r 

90 

Mol_lor angle (eJ 

Ilt' 
1'"r:J 
UIl -
1).;15 5 
OJ17 .. -s 

m 

~rn 

l.3ll 
I.... 
1.566 

'6 
'D 

~ 
; 
.9 

d 
c 
.2 
I! 
!! 

~ 
! 
~ 

1.166 -; 
8.m .!3 
IIJI9 C 

0.000 ~ 
!!.. 
'ij... 
i 

wo 
~,.. 

USO 
1.560 
1.110 
0.710 
o..110 
0.000 

Mo~ular angle (e) 

Fig. 3 The relative free energy (kcal/mol) maps of LFO, 5 (a), LFO lO (e) and LFOs (e) simulated in the GBHCT model as well as those of LFO,s (b ), 

LFO,o (d) and LFOs (f) simulated in the GBOBCI model. The groups a, b, C and d are helix-like, partial helix, Zig-zag and random structures. Their 
major representative conformers and populations are also shown 

LFO lO and LF01S (Fig. 3e, f and Additional file 1: Figure 
S4 and Figure S7). These conformations were character
ized by their molecular angles (8.) and middle torsion 
(X3-4)' Partial helix structures were observed with the 
population sizes of 92.8 and 92.5 % for those simulated 
in GBHCT and GBOBCl models, respectively. Random 
structures were also found with the population sizes of 
7.2 and 7.5 % for those simulated in GB!-[CT and GBOBCl 

models, respectively. 
Table 1 shows the populations of major representative 

conformers of LF0 1S' LFO IO and LFOs simulated in 

GBHCT and GBOBCl models as determined from clus
tering analysis and centroid classification. As the chain 
length increased, the population of the helix-like 
structures tended to increase. These results may suggest 
that LFOs have tendencies to form helices as their chain 
lengths are extended. 

Hydrogen bonds important for the formation of helix-like 
structures 

To elucidate the hydrogen bonds important for the 
formation of helix-like structures, the occurrence 
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Table 1 The populations of major representative conformers of 

LF01S' LFO lo and LFOs si mulated in GBHCT and GBOBC 1 models as 

determined from clusteri ng analys is and centro id claSSification 

Solvent Major representative Population (%) 
model conformer 

LFOl5 LFO lo LFO, 
GBHCT 	 Helix-l ike structure 51.4 505 

Parti al helix structure 33.9 345 92.8 

Zig -zag structure 2.8 6.8 

Random structure 9.2 8.2 7.2 

GBOBC 1 	 Helix-like structure 63.2 575 

Partia l helix structure 22.3 25 .4 925 

Zig-zag structure 6.7 8.7 

Random structure 7.8 8.4 7.5 

frequencies of hydrogen bonds in helix-like structures of 
LF01S and LFOIO with the occurrence frequencies of at 
least 1 % were analyzed. For the systems simulated in 
the GBH CT model , the 06(i}-H30(i+1) hydrogen bonds 
(between residue i and i + 1) were found with the highest 
frequency, and their glycosidic oxygens acted as import
ant hydrogen bond acceptors that interacted with the 
hydroxyl groups of C3 atoms of the furanose rings and 
probably helped stabilize the helix-like structures 
(Table 2 and Fig. 4). The hydrogen bonds with the 
second and third highest occurrence frequencies for 
both LFO l S and LFO lO were the 01(i)-H30(l) and 05(i) 
HIO(i) hydrogen bonds, which were the hydrogen bonds 
within the same residue (Table 2 and Fig. 4). The trends 
of the occurrence frequencies of the hydrogen bonds of 
LF015 and LFO lO in the GBOBCl model were also similar 
to those in the GBHCT model (Table 2). These three 
hydrogen bonds (06(i)-H30(i+l), 01(i)-H30(i) and 
05(i)-HI0(i) hydrogen bonds), especially the 06(i)
H30(i+I) hydrogen bond that was found with the highest 
frequency, are probably important for the formation of 

Table 2 Occurrence frequencies of hydrogen bonds fou nd in 

helix- liked structures of LF0 15 and LF0 10 

Solvent Residue that form Type Occurrence frequency" (%) 
model a hydrogen bond LFO , S 	 LFO lO 

GBHCT i, i 0 1 (;)-H30o) 15.4 15.3 

05W H100) 115 125 

i, (i + 1) 06(;)-H30o+ 1) 650 60.2 

GBOBC1 i, i 0 1c;>-H30(;) 100 10.0 

OSm-H1 Oc;> 8.3 7.8 

i, (i+ 1) 06o)-H30o+1) 375 34.8 

'Only hydrogen bonds with the occurrence frequency of at least 7 % 

are shown 

helix-like structures of LF0 1S and LFO lO as their occur
rence frequencies are higher than other hydrogen bonds. 

Conformational flexibilities 
To investigate the conformational flexibilities of 
LF015, LFO IO and LFOs, the occurrence frequencies of 
w, \If and <p of all glycosidic bonds were measured. For 
the systems simulated in the GBHCT model, \If and cp 
of all glycosidc linkages of all LFOs exhibited single 
major peaks around 173' and -63', respectively (Fig. 5). 
However, w was more flexible than \If and cp as it 
exhibited one major peak and two minor peaks (Fig. 5) . 
The results from the systems simulated in the GBOB C1 

model were similar (Additional file 1: Figure 58); w 
exhibited more peaks and was more flexible than \If 
and cpo These results suggest that the flexibility of 00 

may be responsible for the conformational diversity of 
LFOs since this dihedral angle has more possibilities in 
rotating and changing the conformations of LFOs. 

Conclusions 
To elucidate the structural and molecular properties of 
LFOs as well as the relationship between these proper
ties and their chain lengths, REMD were performed on 
systems of LFOs, LFO IO and LFO l 5 in GBH CT and 
GBO BC1 solvent models. We found that as the chain 
length increased, the radii of gyration tended to increase, 
suggesting the extension of the conformations as the 
chain length increases. After clustering analysis and cen
troid classifications, four major representative conforma 
tions (helix-like, partial helix, zig-zag and random 
structures) were found for LF01S and LFO IO, while two 
conformations (partial helix and random structures) 
were identified for LFOs. The free energy maps show 
that the four conformations of LF01S and LFO IO were 
characterized by their upper-middle and lower-middle 
torsions, whereas the two conformations of LFOs were 
characterized by their molecular angles and middle tor
sions. As the chain length increased from 5 to 15 resi
dues, the conformation populations of the helix-like 
structures tended to increase, suggesting the possible 
tendency of LFOs to form helices as their chain lengths 
are extended. Moreover, the 06(i)-H30(i+l) hydrogen 
bond was found with the highest frequency, suggesting 
its importance in helix formation of LF0 1S and LFO IO• 

Furthermore, w was found to be more flexible than \If 
and cp and probably responsible for the conformational 
diversity of LFOs. This study gives important insights 
into the structural and molecular properties of LFOs; 
they tend to form helical structures as the chain length 
increases from 5 to 15 residues. Our findings may be 
useful in the selection of LFOs with appropriate chain 
lengths and structural properties for pharmaceutical and 
biological applications. 
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Fig. 4 Hydrogen bonds important for the format ion of helix· like structures (LFO '5 simulated in the GBHCT model is shown as an example). Middle; 

the 06(i)-H30o+ 1) hydrogen bond (occurrence frequency = 65.0 %). Right; the 0 1 (i)- H30(,) hydrogen bond. (occurrence freq uency = 15.4 %). Left; 

the 05w H 1 0 01 hydrogen bond (occurrence frequency = 11 5 %). Hydrogen bonds are represented as dash lines. The LFO chain and fructosyl 

units are represented as ri bbon and filled yellow color representat ions. respectively 
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Additional file 	 References 

Additional file 1: Figure 51. (a) he acceptance ratio of replica 

exchange of the adjacent pairs of thC' simulations of LFO,s in the GBHCT 


model. (b) Replica exchange at 298 K (c) ~-ime series of temperature 

exchange of three arbitrary chosen replicas 2 (black). 8 (red) and 16 (blue) 

(d) The canonical probability of the total potential energy of the systems at 
16 temperatures simulated in the GBHCT model. Figure S2. The 'centroid" 
structure of each cluster of LFO,s simulated in the GBHCT model. Their 
conformation types and populations are also shown. Figure S3. The 
"centroid" structure of each cluster of LFO lO simulated in the G~ model. 
Their conformation types and populations are also shown. Figure 54. The 
"centroid" structure of each cluster of LFOs simulated in the GBHCT model. 
Their conformation types and populations are also shown. Figure 55. The 
'centroid" structure of each cluster of LFO,s Simulated in the GBooc, model. 
Their conformation types and populations are also shown. Figure S6. The 
'centroid" structure of each cluster of LFO lO simulated in the GBOOC1 model. 
Their conformation types and populations are also shown. Figure S7. The 
' centroid" structure of each cluster of LFOs simulated in the GBoec, model. 
Their conformation types and populations are also shown. Figure sa. The 
frequencies of the three dihedral angles of all glycosidic linkage of LFO ,s• 
II OJ and I FO, in the GB06C , model. Each dihedral angle is shown in 
different color. (DOl)( 4740 kb) 
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