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Fructosyltransferases (FT) act on sucrose by cleaving the -(2→1) linkage, 
releasing glucose, and then transferring the fructosyl group to an acceptor molecule. 
This enzyme is capable of producing prebiotic fructooligosaccharides (FOS) that are of 
industrial interest. While several FOS-synthesizing enzymes FTs have been 
investigated, their catalytic mechanism is not fully understood yet, especially the 
molecular details of how enzymatically synthesized FOS is obtained from sucrose. In 
this research project, we present a comparative QM/MM investigation on the hydrolysis 
and transfructosylation reactions catalyzed by a yeast FT from A. japonicus using 
sucrose as donor and acceptor molecule. It is shown that the fructosylation of the 
substrate is the rate-determining step of the whole catalytic cycle with an energy barrier 
of 15.7 kcal mol-1 [at SCC-DFTB/CHARMM22], in good agreement with the published 
experimental data. For the defructosylation, both the hydrolysis and transfructosylation 
of the fructosyl-enzyme intermediate were explored and the two reactions seem to be 
competitive with similar energy barriers (~10 kcal mol-1). For all studied reaction steps, 
the oxocarbonium transition state was observed on the fructosyl ring bound in the –1 
position, having a C4′-endo conformation. Based on the SCC-DFTB/MM simulations of 
sucrose complex in wildtype and D191A mutant, Asp191 is shown to be responsible for 
the productive sugar conformation (at subsite –1) required for catalysis. An interaction 
pattern, Asp119∙∙∙nucleophile∙∙∙1-OH (substrate), is proposed to determine the feasibility 
of the formation of the intermediate. This is the first computational study for 
understanding the FOS synthesis process, which can be applicable to other related 
FOS-synthesizing enzymes.     
 
Keyword: QM/MM; fructosyltransferase; transglycosylation; prebiotic; SCC-DFTB 
 
 
 



 

Chapter 1: Executive Summary  
 
1.1 Introduction to the research problem and its significance 
 Transglycosylation (TG) activity is a property of some glycoside hydrolases 
(GHs, glycosidases) with which new glycosidic bonds are introduced between donor and 
acceptor sugar molecules. This special property could potentially generate longer chain 
oligosaccharides. It can be employed for production of useful oligosaccharides with 
valuable properties, for example, antitumor properties, and ability to control cell growth, 
antioxidant effects, and the capacity to trigger defense systems in plants. At the present, 
only a few GHs have been reported to show such TG activity with a limited number of a 
highly efficient TG in GHs.  
 Family GH32 fructosyltransferases (FTs) catalyze both hydrolysis and 
transglycosylation (TG) reactions. The TG by these enzymes has received much 
attention for prebiotic fructooligosaccharides (FOS) that are of industrial interest. While 
several FOS-synthesizing enzymes FTs from various organisms have been 
characterized and modified for TG activity by mutagenesis, efficient TG has as yet been 
accomplished with only partial success. In addition, what determines the balance 
between TG and hydrolysis (TG/hydrolysis ratio) remains a key unresolved question 
until now. 

Computational design of a new enzyme (e.g., by mutations) with an expectation 
of ‘new’ activity/function is more reasonable and rational approach for prediction. It can 
be used to complement the experiment and/or to guide future experimental design. 
Hybrid quantum mechanics/molecular mechanics (QM/MM) methods are computational 
tools that are popular for the study of enzyme catalysis at the molecular level. These 
QM/MM methods have been proved to provide not only the atomistic insights into a 
fundamental basis of enzyme catalysis, but also very useful information for future 
biocatalyst design and enzyme engineering.  
  
2. Objectives 
 2.1 To establish theoretical models that could account for the reaction rate of 

both hydrolysis and TG observed experimentally in wildtype and mutants 
 2.2 To identify the underlying structural, thermodynamics and kinetic factors 

that might govern the TG activity in GH32 FT from A. japonicas 
 2.3 To establish a QM/MM approach for future rational design of engineered 

glycosidase with significant TG activity 



 

3.  Methodology 
 3.1 Modeling wildtype and mutant FT with FOS bound  

3.1.1 Searching for the ES crystal structure from Protein Databank (PDB) with  
       high X-ray resolution 
3.1.2 Generating wildtype and mutant structures of FT. Reverting mutation  
       to obtain a wildtype structure (if a mutant X-ray structure) 
3.1.3 Adding missing hydrogen atoms to the X-ray crystal structure and then  
       minimization  
3.1.4 Evaluating the refined crystal structure 
 

3.2 Setting up QM/MM 
3.2.1 Selecting the active site residues and substrate to be treated in QM. This  
        QM treated with SCC-DFTB method is used to describe bond breaking and  
       bond forming in the reaction.  
3.2.2 The remaining residues (excluding the QM region) including the water  
        molecule is treated molecular mechanically (MM) with CHARMM all-atom  
        force field which is used to describe the interactions of molecule  
        classically.  
  

3.3 Simulations of wildtype and mutant FT complex with donor/acceptor substrate 
3.3.1 The complexes were solvated by a 25 Å radius sphere of TIP3P  
     model waters centered on the anomeric carbon atom 
3.3.2 QM/MM MD simulations of the enzyme complex were carried out 
    at 300 K 
 

3.4 Modeling hydrolysis and TG reactions with QM/MM energy minimization 
3.4.1 Finding the suitable reaction coordinate to be used in reaction modeling   
3.4.2 Calculating the potential energy surface (PES) using adiabatic mapping at  
    [QM/MM(SCC-DFTB:CHARMM)] level. 
3.4.3 Plotting the PES against the reaction coordinate used  
3.4.4 Comparing the calculated energy barrier of TG with that of hydrolysis 
 

3.5 Residue analysis 
 3.5.1 The QM/MM interaction energy with and without each selected residue  
   deleted was evaluated and denoted as ∆E(QM/MMelec) 
 3.5.2 Positive and negative values of ∆E(QM/MMelec) indicate that the residue  
   stabilizes or destabilizes the reacting system, respectively.  



 

4. Schedule for the entire project  

Research plan 
Month no.  

1-6 6-12 12-18 18-24 
1. Modeling wildtype and mutant FT with FOS 
bound  
- Searching for the ES crystal structure from Protein 
Databank (PDB) with high X-ray resolution  
- Generating wildtype and mutant structures of FT. 
Reverting mutation to obtain a wildtype structure (if a 
mutant X-ray structure)  
- Adding missing hydrogen atoms to the X-ray crystal 
structure and then minimization  
- Evaluating the refined crystal structure  

 

    

2. Set up QM/MM for enzyme models  
- QM region was treated by SCC-DFTB and MM region was 
treated by CHARMM  

    

3. Simulations of wildtype and mutant FT 
complex with donor/acceptor substrate 
- Solvating the complexes with TIP3P model waters within 25 
Å of the anomeric carbon  
- Running QM/MM MD simulations of the enzyme complex at 
300 K 

    

4. Modeling hydrolysis and TG reactions with 
QM/MM energy minimization  
- Finding the suitable reaction coordinate to be used in 
reaction modeling  
- Calculating the potential energy surface (PES) using 
adiabatic mapping at [QM/MM(SCC-DFTB:CHARMM) level  
- Plotting the PES against the reaction coordinate  
- Comparing the calculated energy barrier of TG with that of 
hydrolysis 

    

5. Residue analysis  
- Calculating the QM/MM interaction energies with and 
without each selected residue deleted 
- Identifying which residues stabilize or destabilize the 
system from the magnitude of ∆E(QM/MMelec) energies for 
each individual residue  

    

6. Comparing the calculated results with 
experiment 

    

7 Conclusion and report      
 
 
 



 

Chapter 2 Content of Research  
 
2.1 Introduction 
 Fructooligosaccharides (FOSs) are of increasing interest as ‚functional 
sweeteners‛ because of their health benefits, including non-cariogenicity, low caloric 
value, and the ability to stimulate the growth of beneficial colonic lactic acid bacteria and 
to enhance the intestinal immune response 1. They are also prebiotic substances found 
in many vegetable or natural foods 2. Because of low extraction yields of FOSs from 
natural sources and their limited chemical structures, biocatalytic approaches based on 
enzyme catalyzed transfructosylation reactions 3 are attractive for the synthesis of well-
defined FOSs. Currently, commercially available FOSs for human consumption are 
exclusively inulin-type prebiotics with -(2→1)-linkages, such as 1-kestose and nystose 
(see Figure 1); all of which can be produced from sucrose by the action of 
fructosyltransferase (FT). FTs are found in many plants and microorganisms 4. Among 
the studied FOS-synthesizing enzymes, fugal FTs or -fructofuranosidases have 
attracted industrial attention for the mass production of FOS. A growing number of fugal 
FT genes have been extensively characterized with high transfructosylation/hydrolysis 
ratios over the past few years 3d, 5. Fugal FTs from Aspergillus sp. 4 have been studied 
extensively along with others from related species, such as Aureobasidium, Penicillium, 
and Fusarium.  

  
Figure 1. Chemical structures of sucrose, 1-kestose, and nystose, which can act as 
donor or acceptor substrates. Atomic labels of the furanosyl ring described in this work 
are also indicated. 



 

 Despite the large number of microbial FT producers, only a few have 
demonstrated potential for industrial application and have been used in several studies 
about FOS production. Current research studies focus on changing operational 
conditions, finding novel microbial sources, or using a rational in silico approach to 
improve the efficiency in the enzymatic synthesis of FOSs 3d, 4a, 5-6. Glycoside hydrolases 
(GHs) generally catalyze hydrolysis, but many also catalyze transglycosylation and a 
few GH homologues known as transglycosylases (TGs) display significant 
transglycosylation activities 7. Since oligosaccharides can have novel nutritive and 
biological properties and are of use in studying enzymes used in biofuel production, 
producing new, efficient TG is of interest. Nowadays, there is not a straightforward, 
easy, and rational approach for engineering enzymes for high transglycosylation activity, 
mainly due to the limited knowledge of the molecular basis of transglycosylation. 
 The usefulness of QM/MM calculations in oligosaccharide synthesis has been 
demonstrated recently with the purpose to understand the mechanism of 
glycosides/oligosaccharide synthesis at a molecular level or (ii) to explain differences in 
activities between wildtype and mutant GHs 8. The first QM/MM study of the TG 
mechanism in GHs has been reported by Ramos’s group whose research work is able 
to describe both hydrolysis and TG reactions of the -galactosidase 9. The calculations 
showed that the formation of a (1,6) linkage is more favorable than (1,3), thereby 
explaining the experimental observation. Liu and his colleague 8 has successfully 
described the relative activities of three glycosynthase mutants (E386G, E386S and 
E386A) of rice BGlu1 by QM/MM calculations. They also noted that inspection of the 
crystal structures alone was not enough to understand the source of the different 
activities of the mutants. Zhang et al. 10 utilized QM/MM metadynamic simulation to 
understand the mechanism of Humicola insolens Cel7B glycosynthase (E197S mutant) 
during flavonoid glycosides synthesis. 

Here, we have investigated the detailed chemical steps of the hydrolysis and 
transfructosylation of a fungal fructrosyltransferase from A. japonicas. This enzyme 
belongs to the GH family GH32, which contains several other enzymes from different 
fungal sources (CAZy database, 11). The natural acceptor substrates of fungal FT 
include the sucrose, 1-kestose, and nystose (Figure 1). The enzymes acts on the 
fructosyl donor substrate sucrose via a retaining catalytic mechanism and was shown to 
have high transfructosylation activity compared to other related GH32 enzymes 12. 
However, in general, FTs are retaining enzymes that have high potential to synthesize 
FOS by transfructosylation. The structure of FT comprises two domains with an N-



 

terminal catalytic domain containing a five-blade -propeller fold linked to a C-terminal 
-sandwich domain, which contains the active site. The catalytic triad of Asp60, Asp191, 
and Glu292 are proposed to act as a nucleophile, transition-state stabilizer, and general 
acid/base catalyst, respectively. These residues contribute to the binding of the terminal 
fructose in the −1 subsite, in addition to the catalytic mechanism. The reaction 
proceeds via a double-displacement mechanism with retention of the anomeric 
configuration of the fructosyl moiety. Cleavage of the glycosidic bond of the donor 
substrate sucrose (Fru-β-(2–1)-α-Glc), where Fru = fructose and Glc = glucose) has 
been proposed to result in the formation of a covalent enzyme–α-fructosyl intermediate 
and the release of glucose (see Scheme 1). Subsequently, the fructosyl unit can be 
transferred to water (see hydrolysis, Scheme 1) or acceptor substrates such as sucrose 
(see transfructosylation, Scheme 1), leading to the generation of fructose or 1-kestose 
as a final product, respectively.  
 Herein, we report a comparative QM/MM investigation on the sucrose hydrolysis 
and transfructosylation (i.e., production of 1-kestose) by A. japonicus FT (see Scheme 
1) and demonstrate, using SCC-DFTB QM/MM calculations, why fungal FTs are capable 
to produce FOS from sucrose. The role of the interaction involving the donor 1-OH 
substrate is also explored, which supports a recent finding on Saccharomyces 
cerevisiae Gas2 7. Our study provides detailed insights into how sucrose is hydrolyzed 
and how FOS with β-(2→1)-linkages is synthesized by fungal FTs. The roles of 
catalytic residues in the catalysis are also discussed. 
 

 
Scheme 1. Proposed catalytic mechanism of an FT enzyme using sucrose as a donor 
(hydrolysis) or an acceptor (transfructosylation) to generate fructose or 1-kestose as a 
reaction product, respectively.  
 



 

2.2 Computational details 
Model setup 

The initial structure for the sucrose hydrolysis and transfructosylation steps were 
based on the X-ray crystal structures of the D191A mutant of A. japonicas FT in 
complex with sucrose and 1-kestose (solved at 2.1−2.2 Å resolution, PDB codes 3LDK 
and 3LDR) 12. The wildtype was recovered by manually mutating Ala191 to Asp191. For 
the transfructosylation, owing to the lacking of structural information for the fructosyl-
enzyme intermediate, we thus used the X-ray crystal structure (PDB code 3LDR) of 1-
kestose, a transfructosylation product, as a starting point for modeling the 
transfructosylation reaction. All crystallographic water molecules were kept. Hydrogen 
atoms were added using the HBUILD subroutine in CHARMM and titratable residues in 
the enzyme were assigned based on the pKa estimated by PROPKA 3.1 
(http://propka.ki.ku.dk) 13 at pH 7. Asp119 was assigned in a protonated form, as it is 
thought to enhance the nucleophilic efficiency  by positioning the nucleophile Asp60 12. 
Glu292 were protonated, while other aspartate and glutamate residues were 
deprotonated. Histidine residues were assigned following the CHARMM format: HSD 
(protonated on ND1), HSE (protonated on NE2) or HSP (doubly protonated on ND1 and 
NE2). In our model system, three residues (HSP50, HSP180, HSP332) were fully 
protonated while other histidine residues (HSE64, HSE74, HSD79, HSE144, HSE240, 
HSD304) were modeled in their neutral states, with their tautomeric state assigned on 
the basis of the hydrogen bonding network by WHAT-IF (http://swift.cmbi.ru.nl) 14. 
  
QM/MM MD simulation 

To obtain the thermally equilibrated system of the two complexes, two 900-ps 
QM/MM MD simulations of the enzyme complex were carried out at 300 K using the 
same protocols applied successfully in our previous studies 15. In brief, the complexes 
were solvated by a 25 Å radius sphere of TIP3P model waters 16 centered on the 
anomeric carbon atom (C2′) of the fructosyl moeity at subsite –1 (see Figure 1). The 
stochastic boundary method 17 was used to represent environmental effects. All atoms 
outside the 25 Å sphere centered on C2′ were deleted, while protein heavy atoms in the 
buffer zone (21–25 Å) were subject to Langevin dynamics with positional restraints 
using force constants scaled to increase from the inside to the outside of the buffer. All 
atoms within a 21 Å sphere of the reaction zone were subjected to Newtonian dynamics 
with no positional restraints. Each system was thermolized in an NVT ensemble at 300 
K with a stochastic boundary QM/MM MD simulation, following the procedure described 



 

previously 15. An integration time-step of 1 fs was used, with all of the bonds involving 
hydrogen atoms constrained using the SHAKE algorithm 18. All simulations were 
performed with CHARMM program 19. 

The QM region comprises the catalytic triad, Asp60, Asp191 and Glu292, and 
the substrate (sucrose/1-kestose). Hydrogen link atoms 20 were placed between C and 
C on Asp60 and Asp191 and between C and Cγ on Glu292. The QM regions for 
each reaction consist of 67 atoms (fructosylation), 46 atoms (hydrolysis), and 88 atoms 
(transfructosylation); all of these have a net charge of –2, corresponding to the negative 
charge of Asp60 and Glu292. All remaining atoms of the protein, carbohydrate, and 
solvent were incorporated via MM with the CHARMM force field 21. 
 
Reaction path calculations 

The starting points for the QM/MM calculations were taken from several 
snapshots of the MD-equilibrated structures and energy minimized with QM/MM. The 
QM/MM calculations were carried out using the Self-Consistent-Charge Density-
Functional Tight-Binding method (SCC-DFTB) 22 as implemented in CHARMM. The 
SCC-DFTB method is a fast semi-empirical density functional approach that has been 
extensively tested and applied to several GHs 15, 23. The adiabatic mapping calculations 
15a were performed to explore the reaction path for the whole catalytic cycle in Scheme 
1 and its reaction coordinate (r) definition will be described below. During the adiabatic 
mapping its value was incremented by 0.1 Å each step, using a force constant of 5000 
kcal mol−1Å−2 to drive the coordinate to each particular value. Energy minimizations at 
each r value were performed to within an energy gradient value of 0.01 kcal mol−1Å−1. 
The final energies were computed by a single-point calculation, removing the energy 
contributions due to reaction coordinate restraints.  

 



 

 
Figure 2. Comparison between the selected geometries of 1-kestose optimized by 
B3LYP/6-31++G(d,p) and SCC-DFTB (parentheses). Units for distances (black) are 
given in angstroms and for angles (blue), in degrees. 
 
2.3 Results and discussion 
2.3.1 Validation of the SCC-DFTB method 

The application of the SCC-DFTB method in the elucidation of enzymatic 
reactivity toward carbohydrate molecules has been reported by several previous 
studies15, 23a, 24. However, its validity remains to be checked, usually with the higher-level 
methods such as ab initio or DFT. It has been shown that the SCC-DFTB-optimized 
geometries can be compared with those obtained at the B3LYP/6-31++G(d,p) level of 
theory 25. For this reason, we select 1-kestose as an example and optimized its 
structure in gas-phase using both the SCC-DFTB and the B3LYP/6-31++G(d,p) 
methods. The optimized structure of 1-kestose is displayed in Figure 2, with some 
selected geometric parameters labeled. Clearly, the geometries obtained by both 
methods are quite close, with typical bond distance difference smaller than 0.1 Å and 
angle difference less than 7°. Superimposition of the two optimized structures with the 
experimentally determined structure (PDB code 3LDR) further shows a good overlap 
among them, with the scissile glycosidic bond being twisted to a lesser extent in the X-
ray structure. We also tested its reliability in predicting reaction energetics by performing 
additional energy corrections at B3LYP/6-31+G(d) level on all studied reactions, 
employing our previous protocol 15a. It is shown that both methods give qualitatively 
similar results. From the testing calculations above, one can see that SCC-DFTB is a 
valid and reasonable method for describing the structure and reactivity of the studied 

http://pubs.acs.org/doi/full/10.1021/acs.jpcb.6b10501#fig1
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enzymatic systems. Thus, the reported structures and energies discussed in the 
following sections are based on the QM(SCC-DFTB)/MM calculations. 
 
2.3.2 Simulations of wildtype and mutant FT complex with donor/acceptor substrate 
 Two 900 ps QM/MM MD simulations of the sucrose−FT and 1-kestose−FT 
complexes in wildtype (WT) were performed to obtain the thermally equilibrated 
structures for modeling reactivity of FT-catalyzed hydrolysis and transfructosylation 
reactions. The root mean square deviations (RMSDs) for the protein heavy atoms of the 
simulations indicated that both complexes are quite stable and reached equilibrium after 
~400 ps of simulations. Selected structural parameters of the two complexes are 
included in Tables 1−3. The 1-kestose−FT system exhibited a slightly higher RMSD 
(0.30 ± 0.01 Å) compared to the sucrose−FT system (0.21 ± 0.01 Å), owing to its 
longer sugar chain. Typical snapshots of the active site structures resulting from the two 
QM/MM MD simulations are shown in Figure 3 in comparison with the initial X-ray 
structures. The active site of FT consists of the side chains of Asp60 (nucleophile), 
Phe118, Asp119, Ile143, His144, Arg190, Ala/Asp191 (stabilizer), Glu292 (acid/base), 
Glu318, Ser329, His332, Tyr369, Tyr404, and Glu405 residues. These residues create 
an electrostatic and hydrophobic binding pocket that locked the substrate in a distorted 
conformation required for catalysis. 

 
Figure 3.  Superimposed structures of active site between the simulated (WT) and 
experimental (D191A) structures for the sucrose−FT (a) and 1-kestose−FT complexes 
(b). Structures shown in red and green color represent the equilibrated MD and X-ray 
structures, respectively. For clarity, substrates are shown in stick representation, while 
active site residues in line representation. 

 
 



 

Table 1. Structural Parameters of Stationary Points for the First (Fructosylation) 
Half-Reaction Obtained from the QM(SCC-DFTB)/MM Calculations. Atom definition 
is indicated as Figure 5. 
distances (Å), angles (º)   fructosylation 

   X-raya   MD (RC)b RC TS1 IM1 

Oε1–Hε1     – 1.01  0.03 1.01 1.66 1.71 

Hε1–O1′′     – 1.81  0.11 1.67 1.02 1.01 

Oε1–O1′′  2.83 2.65  0.08 2.67 2.64 2.67 

C2′–O1′′     1.37 1.52  0.04 1.53 2.38 3.26 

C2′–Oδ2(Asp60)     3.99 3.66  0.30 3.43 2.48 1.56 

(Asp60)Oδ1∙∙∙HO(Asp119)     2.52c 1.79  0.13 1.72 1.70 1.82 

3–OH∙∙∙Oδ1(Asp191)     – 1.90  0.12 1.82 1.72 1.73 

4–OH∙∙∙Oδ2(Asp191)     –   1.77  0.09 1.74 1.69 1.72 

C 5′–O5′–C2′–C3′     2.5   15.9  7.5 21.9 0.8 –21.3 

C4′–C3′–C2′–O5′ –29.0 –34.3  5.3 –41.8 –23.1 –4.7 
a Taken from the X-ray structure of D191A-sucrose complex (PDB code 3LDK)    
b Taken from the equilibrium QM/MM MD simulation at 600–900 ps. 
c O–O distances 

 
During the WT simulations, both substrates are quite stable and its initial 

conformation maintained. The superposition of the wildtype MD active-site structures of 
the sucrose−FT and 1-kestose−FT complexes with their nonproductive mutant (D191A) 
complexes determined experimentally displays very small RMSDs (0.49 Å and 0.25 Å, 
respectively) between them, indicating that the mutant has no substantial effect on the 
substrate binding. The mutant seems to has only minor effect on the conformation of 
the terminal fructose at the −1 subsite (Figure 3): it adopts a 3E conformation which is 
inconsistent with the nonproductive conformation (4E) found in the D191A mutant 12. 
Therefore, we suspect that such discrepancy in the fructose conformer derived from the 
MD and X-ray data may be due to the missing of hydrogen bonding interaction between 
the substrate and Ala191.  

To test this hypothesis, we have performed another QM/MM MD simulation of 
the sucrose−FT complex in the D191A mutant. It is found that the mutant not only 
perturbed the stability of the overall system, altered the conformation of the fructosyl 
portion in the −1 subsite (i.e., changing from 3E in WT to 4E in D191A) but also limited 
the attacking position of the nucleophile (Asp60) toward the anomeric carbon C2′ 



 

(d[C2′–Oδ1(D60)] = 4.11 ± 0.19 Å and d[C2′–Oδ2(D60)] = 3.75 ± 0.24 Å). This is not the 
case for the WT system where both distances, C2′–Oδ1(Asp60) and C2′–Oδ2(Asp60), 
could be happened (Figure S3) with the average values of 3.71 ± 0.24 and 3.66 ± 0.30 
Å, respectively, based on the QM/MM MD simulation of sucrose−FT complex in the WT 
system. 

In the equilibrated system of the sucrose complex, the carboxylate oxygen 
atoms (Oδ1 and Oδ2) of Asp191 forms strong, stable hydrogen bonds with two hydroxyl 
groups at position 3 and 4 (3−OH and 4−OH) of the fructosyl moiety at subsite –1 
(3−OH∙∙∙Oδ1 = 1.90  0.12 Å and 4−OH∙∙∙Oδ2 = 1.77  0.09 Å, Table 1). The glucosyl 
moiety at subsite +1 is stabilized by hydrogen bonds formed by the backbone oxygen 
atom of Ile143 and the sidechain carboxyl group of Glu318. Glu292, an acid/base 
catalyst, hydrogen bonds with the glycosidic bond oxygen O1′′ at subsite +1 (Hε1–O1′′ 
= 1.81 ± 0.11 Å) and is positioned 5.5 Å away from the Asp60, which supports the 
double displacement mechanism. Overall, Glu292 was well-positioned for proton 
donation to the glycosidic bond, whereas Asp60 is oriented towards the anomeric center 
(with a C2′–Oδ2(Asp60) distance of 3.66 ± 0.30 Å). These interactions, as required for 
the first step of the sucrose hydrolysis, are maintained over the course of the simulation. 
For the 1-kestose system, the same interactions are also seen with additional 
interactions between the Tyr404 and the glucosyl moiety at subsite +2. 
 
2.3.3 Reaction paths  

As pointed out by Chuankhayan et al. 12, the first half-reaction (fructosylation) of 
the FT enzyme involves a cleavage of the glycosidic bond of the sucrose substrate and 
the formation of the covalent fructosyl-enzyme intermediate. Then, the glucose product 
must be displaced from the enzyme active site, which allows either water solvents 
(hydrolysis) or acceptor molecules (transfructosylation) to attack at the anomer center in 
the second half-reaction step. Details of the two half-reactions were discussed in the 
following subsections. The calculated energy profiles for the whole reaction pathways in 
Scheme 1 are summarized in Figure 4. All corresponding stationary points (reactant 
complex: RC, transition state: TS, intermediate: IM, and product complex: PC) on the 
profiles are illustrated in Figures 5-7.  

 



 

 
Figure 4. Whole relative energy profiles for the hydrolysis and transfructosylation 
reactions with sucrose as donor and acceptor substrate, respectively, as shown in 
Scheme 1. The energy profile of the first step of the hydrolysis reaction with 1-kestose 
as a donor substrate is also included for comparison (shown in dash line). 
 
 
Interactions involving the donor 1-OH and its impact on the energy barrier. In the 
work of Raich et al. 7, the 2-OH group of glucose changes its hydrogen bond partner 
with either nucleophile or a water solvent. In our simulation, we have investigated 
similar interactions involved in any potential OH substituents with nucleophile and found 
that 1-OH seems to play a similar role, while other C3-OH and C4-OH groups of 
fructose participate in hydrogen bonding with Asp191. Moreover, the nucleophile Asp60 
also forms hydrogen bond partner with Asp119 and/or the 1-OH as shown in Scheme 2. 
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Scheme 2 Three possible interactions (Asp119∙∙∙nucleophile∙∙∙1-OH) involving Asp119, 
Asp60 (nucleophile) and 1-OH of the −1 fructose found during the formation of the 
fructosyl-enzyme intermediate (RC → IM1) 
 
 To test how such different interaction in Scheme 2 affects the fructosylation 
energy barriers, we performed additional QM/MM calculations in the RC, TS1, and IM1 
for the WT system. Regarding to this, several different active-site configurations were 
extracted from the QM/MM MD simulation trajectory of the sucrose–FT complex and 
their structures minimized. Then, we computed the minimum energy path for the 
formation of the fructosyl–enzyme intermediate (RC→TS1→IM1) using a linear 
interatomic distance, r1 = [O1′′,C2′] – [C2′,Oδ1(Asp60)], as a reaction coordinate. It is 
shown that the shape of the potential energy profile greatly affected by different 
interactions involving the Asp119, nucleophile and 1-OH (hereafter 
Asp119∙∙∙nucleophile∙∙∙1-OH). The fructosylation energy barriers for three different 
interactions (Scheme 2) are calculated to be 14−16 kcal mol−1 for I, 20−21 kcal mol−1 

for II and 27 kcal mol−1 for III. Notably, the reaction occurring via the Asp60-nucleophile-
1-OH interaction exhibits a much higher barrier of ~10 kcal mol−1, compared to that via 



 

the Asp60-interaction. However, the T11A interaction may block the attacking of Asp60 
and make the initial formation of intermediate IM1 less likely, resulting in a drastic 
decrease of enzymatic activity as observed experimentally 26. Thus, reaction proceeding 
via I is the most energetically preferable pathway for the first fructosylation step and the 
resulting stationary structures as well as selected geometries are shown in Figure 5 and 
Table 1. 
 
First half-reaction: the formation of fructosyl-enzyme intermediate. To facilitate the 
cleavage of the β-(2→1) linkage, Glu292 must first donate its proton Hε1 onto the 
glycosidic bond oxygen (O1′′), which leads to the formation of the fructosyl–enzyme 
intermediate. At this stage, the proton is fully transferred to O1′′ to form the glucose 
molecule with a deprotonated Glu292 residue. During the process, the fructosyl moiety 
of the substrate at the –1 position changes from 3E to 4E in TS1 and finally to 5E in IM1, 
while the glucosyl ring remains in a chair conformation (4C1). The planarity of the 
fructosyl ring at subsite –1 at TS1 (see C5′–O5′–C2′–C3′; changing from 21.9° at RC to 
0.8° at TS1) is consistent with the character of an oxocarbenium-like transition state 
found in many GHs active on the pyranosyl ring of carbohydrate substrate such as 
cellulose 24 and chitin 15b. This step requires surmounting an energy barrier of 15.7 kcal 
mol−1 and the process is endothermic by about 6 kcal mol−1 relative to the reactant 
(RC). Note that no experimental rate constant (kcat) has been measured for hydrolytic 
activity of FT from A. japonicus. However, kcat values for sucrose hydrolysis catalyzed by 
other related fructosyl-transferring enzymes from A. aculeatus, S. occidentalis, and X. 
dendrorhous have been reported to be between 105 s-1 and 20460 s-1 6b, 27, 
corresponding to energy barriers of about 12–16 kcal mol−1. Thus, the calculated overall 
barrier of 15.7 kcal mol−1 obtained in this study (Figure 4) is in good agreement with 
these observations.  

We further calculated the energy profile of this step by which 1-kestose serves 
as a donor substrate of the reaction (i.e., the reverse of the transfructosylation) and the 
result is compared  with the sucrose, as shown in Figure 4 (see RC-A→TS1-A→IM1-
A). It is shown that the FT enzyme is more active toward sucrose than 1-kestose, giving 
the lower values in activation energy (15.7 vs. 18.8 kcal mol−1) and reaction energy (6.1 
vs. 8.5 kcal mol−1), assuming that the first step of the reaction in both substrates is 
dominant. This result further supports previous biochemical studies 27a, 28 on related 
enzymes which hydrolyze sucrose more efficiently than 1-kestose.       



 

   

 
Figure 5. Snapshots of the stationary points for the first (fructosylation) half-reaction. 
For clarity, only the residues involved in the QM region are shown in the figure with ball-
and-stick model. The black dashed lines represent bond breaking and forming bonds. 
Atom definition discussed in the text is also labeled. 
 
Second half-reaction: hydrolysis of the fructosyl-enzyme intermediate. After the 
departure of the glucose product, a water molecule competes with a nearby acceptor 
molecule to come into the active site and acts as the nucleophile in the second half-
reaction with Glu292 serving as the general base to activate this water molecule. To 
model this reaction step, we first removed the product from the active site and allowed 
some water molecules to fill the cavity. The position of the attacking water was manually 
placed in proximity to the C2′ atom. These water molecules were minimized and the 
entire protein system was further relaxed by another MD simulation. Several snapshots 
from the equilibrium state (600–900 ps) were used for the reaction path calculations. 
Starting from a snapshot extracted from the simulation, we calculated the energy profile 
for the hydrolysis process (IM2→TS2→PC2) using a reaction coordinate defined as r2 
= [C2′–Oδ1(Asp60)] – [C2′–Ow] (see also Figure S2). The stationary structures are 
visualized in Figure 6 and the selected structural parameters are tabulated in Table 2. 
Like the process of fructosylation, the carboxylate group of the Glu292 accepts a proton 
from the water nucleophile. The transition state TS2 was found to have transient bonds 
C2′–Ow and C2′–Oδ1(Asp60) of 2.32 and 2.22 Å, respectively (Table 2). The 
conformation at the anomeric center C2′ changes from 5E in IM2 to 4E in TS2 to 
facilitate the attacking of nucleophile, which then end up for this hydrolysis process with 
3E. Such a distortion of the furanose ring at subsite –1 is once again confirmed by the 
change of the C5′–O5′–C2′–C3′ dihedral angle as shown in Table 2. With the 



 

elongation of the C2′–Oδ1(Asp60) bond from 1.56 to 3.47 Å, the covalent fructosyl–
enzyme bond is finally broken, and the Glu292 is also protonated again to complete the 
catalytic cycle of sucrose hydrolysis. This step requires an energy barrier of about 11 
kcal mol−1 (Figure 4) in order to generate a fructose molecule as product (see PC2, 
Figure 6). It is found that the barrier of the hydrolysis process is significantly lower than 
that of the first half-reaction (15.7 kcal mol−1), as shown in Figure 4.  

 
Figure 6. Snapshots of the stationary points for the second (hydrolysis) half-reaction. 
For clarity, only the residues involved in the QM region are shown in the figure with ball-
and-stick model. The black dashed lines represent bond breaking and forming bonds. 
Atom definition discussed in the text is also labeled. 
 

Table 2. Structural Parameters of Stationary Points for the Second (Hydrolysis) 
Half-Reaction Obtained from the QM(SCC-DFTB)/MM Calculations. Atom definition 
is indicated as Figure 6. 

distances (Å), angles (º) 
 hydrolysis  
MD(IM2)a IM2 TS2 PC2 

Oε1–Hw 2.48  0.64 1.71 1.55 1.02 
Hw–Ow 0.98  0.02 1.01 1.04 1.72 

C2′–Ow 3.49  0.13 3.56 2.32 1.47 

C2′–Oδ2(Asp60) 1.53  0.04 1.56 2.22 3.47 

(Asp60)Oδ1∙∙∙HO(Asp119) 2.00  0.25 1.85 1.71 1.70 

3–OH∙∙∙Oδ1(Asp191) 1.96  0.22 1.68 1.72 1.82 

4–OH∙∙∙Oδ2(Asp191) 1.77  0.12 1.75 1.73 1.75 

C5′–O5′–C2′–C3′ –20.4  7.8 26.1 –7.8 9.1 

C4′–C3′–C2′–O5′ 1.9  9.5 –1.9 –14.7 –32.0 
a Taken from the equilibrium QM/MM MD simulation at 600–900 ps  
 



 

Second half-reaction: transfructosylation. As mentioned previously, the initial 
structure for modeling this reaction step (IM3→TS3→PC3) was taken from a crystal 
structure of FT bound with 1-kestose (PDB code 3LDR), a product of the 
transfructosylation, which was then subjected to a QM/MM MD simulation for 1200 ps. 
To model this step, we performed both reverse and forward reactions using different MD 
snapshots, as starting points (PC3), along with r3 = [C2′,O1′′] – [C2′,Oδ1(Asp60)]. The 
energy profile is shown in Figure 4. The resulting optimized structures are shown in 
Figure 8 and their selected geometries are tabulated in Table 3. The sucrose acceptor 
is hydrogen bonded, via its 1-OH group, with a carboxylate group of Glu292 with an 
Oε1–Hε1 distance of 1.70 Å  and is 3.32 Å away from the anomer atom C2′ (see IM3, 
Figure 7). Break down of the intermediate (IM3) occurs concomitantly with the formation 
of the glycosidic bond, as can be seen by the shortening of the C2′–O1′′ bond (3.32 Å 
at IM3 → 2.25 Å at TS3 Å → 1.52 Å at PC3) and elongation of the C2′–Oδ1(Asp60) 
bond (1.53 Å at IM3 → 2.35 Å at TS3 Å → 3.22 Å at PC3). At the same time, Glu292 
abstracts a proton (Hε1) from the hydroxyl group of the sucrose acceptor. The 
shortening of the 3–OH∙∙∙Oδ2(Asp191) distance from 1.78 Å at IM3 to 1.72 Å at PC3 
clearly indicates the role of Asp191 in substrate distortion. Near planarity (C5′–O5′–C2′–
C3′ = 2.8 Å) is also found at TS3, as has been found in TS1. In this step, the proton 
transfer takes place before the breakdown of the intermediate. This process requires 
10.2 kcal mol−1 and is exothermic by about 9 kcal mol−1 relative to IM3 (see Figure 4). 
The 1-kestose product (PC3) appears to be more stable than the hydrolysis product 
(PC2), which is expected from its additional hydrogen bonds with residues at subsites 
+1 and +2. In an opposite manner to the first half-reaction, the conformation of the –1 
Fruc unit changes from 5E in IM3 to 4E in TS3 and finally to 3E in PC3, while other Fruc 
and Glc units at the positive subsite maintained its envelope and chair conformation, 
respectively.  

It is interestingly to noted here that the barrier for both hydrolysis and 
transfructosylation is quite similar (10.2 vs. 11.0 kcal mol−1), which further suggests that 
the two processes would compete with each other if the water and the acceptor sucrose 
have the same concentration in the productive position. This result also supports a 
previous report of Ghazi et al. 6b on the kinetics of the hydrolytic and transfructosylation 
reactions of A. aculeatus FT. Using transition state theory, the reported kinetic 
parameters of the two reactions correspond to the energy barriers of about 15 kcal 



 

mol−1 (hydrolysis) and 13 kcal mol−1  (transfructosylation), showing the same trend as 
found in our QM/MM calculations.  

 
Figure 7. Snapshots of the stationary points for the second (transfructosylation) half-
reaction. For clarity, only the residues involved in the QM region are shown in the figure 
with ball-and-stick model. The black dashed lines represent bond breaking and forming 
bonds. Atom definition discussed in the text is also labeled.  
 
Table 3. Structural Parameters of Stationary Points for the Second 
(Transfructosylation) Half-Reaction Obtained from the QM(SCC-DFTB)/MM 
Calculations. Atom Definition is Indicated as Figure 7. 
distances (Å), angles (º) transfructosylation   

MD(PC3)a 
 

X-rayb IM3 TS3 PC3 

Oε1–Hε1 1.70 1.60 1.02 1.01  0.03 – 

Hε1–O1′′ 1.01 1.03 1.68 1.72  0.11  2.84c 

C2′–O1′′ 3.32 2.25 1.52 1.52  0.04 1.48 

C2′–Oδ2(Asp60) 1.52 2.35 3.22 3.40  0.19 3.09 

(Asp60)Oδ1∙∙∙HO(Asp119) 1.89 1.71 1.70 1.78  0.10  2.65c 

3−OH∙∙∙Oδ2(Asp191) 1.78 1.76 1.72 1.85  0.26 – 

4−OH∙∙∙Oδ2(Asp191) 1.75 1.73 1.77 1.80  0.11 – 

C4′–C5′–O5′–C2′ 34.5 16.2 1.0 1.3  6.1 2.2 

C5′–O5′–C2′–C3′ –17.8 2.8 21.8 22.6  6.0 25.0 

C4′–C3′–C2′–O5′ –5.7 –20.5 –35.5 –37.5  4.8 –26.7 
a Taken from the equilibrium QM/MM MD simulation at 600–900 ps. 
b Taken from the X-ray structure of D191A-FT complex with 1-kestose (PDB code 3LDR)    
c O–O distances 
 

2.3.4 Residue contributions to electrostatic stabilization 
Analysis of the interaction of the reacting system with the protein environment 

can identify key groups involved in stabilizing transition states and intermediates in 



 

enzymes 15a, 29. The interaction energies of protein residues in the environment (treated 
by molecular mechanics, MM) with the reacting system (treated quantum mechanically, 
QM) are calculated for the key step of the reaction (here RC, TS1, and IM1). For each 
complex, the QM/MM interaction energy with and without each selected residue deleted 
was evaluated 15a. Positive and negative values of ∆E(QM/MMelec) indicate that the 
residue stabilizes or destabilizes the reacting system, respectively. This method was 
used to identify the effect of active site residues on the energy barrier of the rate-
determining (fructosylation) step of the reaction catalyzed by the FT enzyme (Figure 3). 
Results are presented in Table 4. It is found that Glu318 has a destabilizing effect on 
the TS1 and IM1 of –7.3 and –12.1 kcal mol−1. Arg190 interacts through hydrogen 
bonds with sucrose and have a strongest stabilizing effect on both TS1 and IM1 of 12.9 
and 13.2, respectively. Residue Asp119 interacts through hydrogen bonds with the 
nucleophile Asp60, slightly stabilizing and destabilizing the TS1 and IM1, respectively.  
 

Table 4 Changes of the ∆E(QM/MMelec) Stabilization Energies (∆∆E in kcal mol−1) 
Due to the Electrostatic Contribution of the Key Residues in Table S1  

   Residue deleted 
∆∆E 

RC → TS1 RC → IM1 
Asp119 1.3 −1.4 
Arg190 12.9 13.2 
Glu318 −7.3 −12.1 
His332 5.2 7.9 

 
2.4 Conclusion 

In this study, the QM/MM calculations were performed to understand the 
catalytic mechanism and energetic origin for the preference of the FOS production by a 
fungal FT. In particular, we examined the transition state structures and energetics of 
both hydrolysis and transfructosylation reactions of the enzyme. For the fructosylation 
process, the cleavage of the β-(2→1) linkage of the sucrose substrate follows an SN2-
like mechanism, in which the protonation of glycoside oxygen taking place prior to the 
breaking of glycosidic bond. The formation of fructosyl-enzyme intermediate was 
calculated to be the rate-determining step of the whole catalytic process, with the 
energy barrier of 15.7 kcal mol−1, in good agreement with the reported experimental 
data. Our calculations indicate similar values of the deglycosylation barriers (~10 kcal 



 

mol−1) in both steps (hydrolysis and transfructosylation), which could explain from the 
energetically point of view why this fungal enzyme is capable to synthesize the FOS. 
For each reaction step, a conformational change (3E ↔

 4E ↔ 5E) is observed in the 
fructosyl ring at subsite –1 with the transition state featuring an oxocarbonium. 
Moreover, our results also support the higher hydrolytic activity of sucrose over 1-
kestose, by showing that FT has an energetic preference for the hydrolysis of sucrose 
rather than that of 1-kestose. The importance of residues Arg190 and His332 in 
stabilizing the TS1 and IM1 during the key (fructosylation) step of the overall reaction 
are also highlighted. The detailed information obtained in this study contributes to a 
better understanding on the FOS synthesis process, which can be applied to other 
FOS-synthesizing enzyme FT and may help further protein engineering research. 
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Chapter 3: Research Output  
 

1. ผลงานตพีมิพใ์นวารสารวชิาการนานาชาต ิ(ระบุชือ่ผูแ้ต่ง ชือ่เรื่อง ชือ่วารสาร ปี 
เล่มที ่เลขที ่และหน้า) หรอืผลงานตามทีค่าดไวใ้นสญัญาโครงการ 
1.1 บทความวิจยัระดบันานาชาติท่ีได้รบัการตีพิมพ ์ (และ/หรือก าลงัอยู่ใน

ขัน้ตอน) ในฐานข้อมูล SCOPUS/ISI และมีค่า impact factor จ านวน
ทัง้ส้ิน 4 เรื่อง 
ก. บทความหลกัท่ีคาดไว้ในสญัญาโครงการ จ านวน 1 เรื่อง 

          Jitonnom J., Ketudat Cairns JR, Hannongbua S, QM/MM modeling 
of the hydrolysis and transfructosylation reactions of fructosyltransferase 
from Aspergillus japonicas, an enzyme that produces prebiotic 
fructooligosaccharide, submitted. 

            
ข. บทความอ่ืนๆ ท่ีต่อยอดจากงานวิจยัหลกัของโครงการ จ านวน 3 

เรื่อง 
           Jitonnom J., Meelua W. Effect of ligand structure in the 
trimethylene carbonate polymerization by cationic zirconocene catalysts: A 
‚naked model‛ DFT study. J. Organometal. Chem., 2017, 841, 48-56. (IF: 
2.336) 

     Jitonnom J., Meelua W. Cationic ring-opening polymerization of 
cyclic carbonates and lactones by group 4 metallocenes: A theoretical study 
on mechanism and ring-strain effects. J. Theor. Comput. Chem., 2017, 16, 
1750003 (IF: 0.619) 

     Jitonnom J., Molloy R., Punyodom W., Meelua W. Theoretical 
studies on aluminum trialkoxide-initiated lactone ring-opening 
polymerizations: Roles of alkoxide substituent and monomer ring structure. 
Comput. Theor. Chem. 2016, 1097, 25-32. (IF: 1.403) 
 

2. การน าผลงานวจิยัไปใชป้ระโยชน์ 

- เชงิวชิาการ (มกีารพฒันาการเรยีนการสอน/สรา้งนกัวจิยัใหม่) 
               ผลการด าเนินงานโครงการ “การประยุกต์ใช้คอมพิวเตอร์ช่วย
วศิวกรรมเอนไซม์ฟรุกโตซิลทรานเฟอเรสตระกูล 32 เพื่อใชใ้นการสงัเคราะห์ 
ฟรุกโตโอลิโกแซคคาไรด์” ได้สร้างองค์ความรู้ใหม่ต่อวงการวิชาการ โดย
สามารถท านายกระบวนการย่อยสลายและย้ายหมู่ฟรุกโตสในระดบัโมเลกุล 
และอธบิายผลการทดลองก่อนหน้านี้ วา่ท าไมกระบวนการทัง้สองจงึเกดิขึน้ได้



 

ในเอนไซม์ฟรุกโตซิลทรานเฟอเรส ทัง้ๆ ที่โดยทัว่ไปกระบวนการย่อยสลาย
เป็นกระบวนการที่พบได้เป็นส่วนใหญ่ในกลุ่มเอนไซม์ไกลโคสเิดส นอกจากนี้
ยงัสามารถบอกบทบาทของกรดอะมิโนที่เกี่ยวข้องได้ ผลลัพธ์ที่ได้ยังเป็น
ประโยชน์ต่อการศกึษาวศิวกรรมโปรตนีเพื่อปรบัปรุงสมบตัขิองเอนไซม์ต่อไป 
นอกจากนี้ยงัมผีลงานวจิยัอื่นๆ ทีเ่กดิจากการสะสมความรูข้องโครงการวจิยัไป
ใชต้่อยอดกบัระบบทางเคมทีีส่ าคญัๆ ได ้เชน่ การออกแบบตวัเร่งปฏกิริยิาพอลิ
เมอรไ์รเซชนัแบบเปิดวง การท านายต าแหน่งยดึเกาะของสารยบัยัง้ทีบ่รเิวณเรง่
ของโปรตนีเป้าหมาย เป็นตน้ 
               โดยสรุปผลการด าเนินโครงการในช่วงระยะเวลา  2 ปี ผู้วจิยั
สามารถตพีมิพ์บทความวจิยัในระดบันานาชาตทิี่มคี่า impact factor ไปแล้ว 
จ านวน 3 เรื่อง และก าลงัรอตีพิมพ์ อีก 1 เรื่อง โดยมีการน าผลงานวจิยัไป
เผยแพร่ในงานประชมุวชิาการระดบันานาชาต ิงานสมัมนา รวมไปถงึการน าไป
บูรณาการกบัการเรยีนการสอนในรายวชิา 242413 เคมคี านวณเบื้องต้น และ 
256449 งานวิจัยแนวใหม่ทางเคมีเชิงฟิสิกส์  ของคณะวิทยาศาสตร ์
มหาวทิยาลัยพะเยา ในด้านพัฒนาคน งานวิจยัและความรู้ที่เกิดขึ้น ยังถูก
ถ่ายทอดไปยงันกัเรยีนระดบัมธัยมศกึษาตอนปลายในโครงการ วมว. โรงเรยีน
สาธติมหาวทิยาลยัพะเยา ซึ่งจะเตบิโตเป็นนกัวจิยัในอนาคตต่อไป 
 

3. อื่นๆ (เชน่ ผลงานตพีมิพใ์นวารสารวชิาการในประเทศ การเสนอผลงานในทีป่ระชมุ
วชิาการ หนงัสอื การจดสทิธบิตัร) 
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