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Abstract:  

Phosphorylation mechanisms of glucose catalyzed by complexes of glucose-ATP-Mg2+-StHK, 

glucose-ATP-Mg2+-K15A mutant and glucose-ATPγS-Mg2+-StHK have been extensively studied 

using the quantum mechanical/molecular mechanical (QM/MM) method. Structural analyses show 

that Mg2+ ion plays a key role in the stabilization of the β-phosphate in the whole catalytic 

reaction and contributes much to the departure of γ-phosphoryl (or γ-thiophosphoryl) group. 

Besides, the existence of K15 could also facilitate the stabilization of the β-phosphate directly and 

influence the binding of γ-phosphate (or γ-thiophosphate) with C6-hydroxyl group indirectly. For 

each complex, two catalytic processes (the phosphate transfer and proton transfer steps) are 

studied. The phosphate transfer process is calculated to be the rate-determining step in all three 

complexes, where the energy barrier of the phosphate transfer is 4.0, 11.7 and 10.9 kcal/mol for 

glucose-ATP-Mg2+-StHK, glucose-ATP-Mg2+-K15A mutant and glucose-ATPγS-Mg2+-StHK 

complexes, respectively. Both the ATP and ATPγS bound StHK are exothermic, where the 

catalytic reaction is endothermic for K15A mutant. Calculations suggest that the influence of 

K15A mutation to the reactive activity is larger than that of the exchange of ATP to ATPγS. We 

suppose that K15 might play the similar role with those conserved arginine residue in human 

hexokinase I-IV. 

 

Key words: Phosphorylation, glucose, Sulfolobus tokodaii hexokinase, quantum 

mechanical/molecular mechanical (QM/MM) 

 

Abbreviations: HK, hexokinase; StHK, Sulfolobus tokodaii hexokinase; QM/MM, quantum 

mechanical/molecular mechanical; ATPγS, adenosine 5′-O-(thiotriphosphate); R, reactant; TS, 

transition state; Int, intermediate; P, product; AMP-PNP, adenosine 5-(β,γ-imino) triphosphate. 
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1 Introduction 

Phosphorylation of glucose to glucose 6-phosphate is important for both energy metabolism 

and biosynthesis in the cell. In eukaryotes, the enzyme that catalyzes the production of glucose 

6-phosphate is catalyzed by hexokinases (EC 2.7.1.1), which can phosphorylate several hexoses, 

including mannose and fructose, in addition to glucose 1. In bacteria, phosphorylation catalyzed by 

glucokinases (EC 2.7.1.2) is specific for glucose. Most Archaea use two types of glucokinase as 

follows: (i) ADP-dependent glucokinases 2-7, or (ii) ATP-dependent glucokinases belonging to the 

repressors/open reading frames of unknown function/sugar kinases (ROK) family 8, 9. Various 

species of the hexokinase families have been studied, including human hexokinase 10-14, rat and 

Schistosoma mansoni hexokinase 15, yeast hexokinase 16-19, Escherichia coli glucokinase 20, 

Arthrobacter sp. strain KM glucomannokinase 21, and Escherichia. coli rhamnulose kinase 22. 

Few studies have mentioned the hyperthermophilic archaeon Sulfolobus solfataricus 23-25. 

Nishimasu et al crystallized the ATP-dependent Sulfolobus tokodaii hexokinase(StHK) 26 structure 

for the first time. Kinetic analyses indicated that StHK was a novel hexokinase that could 

phosphorylate not only glucose but also glucosamine, mannose, and so on. So, StHK is distinct in 

its broad substrate specificity from other hexokinases. Nishimasu et al also reported a crystal 

structure of the xylose-ADP-Mg2+-StHK tetrameric complex 27. As no crystal structure bound to 

Mg2+ ion has been reported for the hexokinase family, this is the first report of the binding mode 

between StHK and Mg2+ in this family. 

On the basis of experimental studies 11, 28, the catalytic base residue for human hexokinase I is 

D657, which functions as a proton acceptor to abstract the proton from the C6-hydroxyl group of 

glucose. This catalytic residue is structurally conserved in the hexokinase family. Besides, a 

conserved Arg residue (R539 for hexokinase I) 13,14 in the active site plays a key role in stabilizing 

the reaction intermediate using its positively charged side chain in human hexokinase I-IV, where 

it changes to K15 in StHK. This indicates that StHK would use a catalytic mechanism similar to 

those proposed for the other members of HK. However, an aspartate is not likely able to abstract 

the proton from the C6-hydroxyl group of glucose because the pKa of an aspartate residue is low. 

It may be more likely that the phosphate transfer would proceed firstly through the 

metaphosphate-like transition state and an aspartate residue would accept the substrate proton at 

the later stage, as proposed for some other kinases29. A simplified theoretical model derived from 

the reported crystal structure of human pancreatic glucokinase (PDB ID: 3ID8)30 was constructed 

using the two-layer ONIOM method incorporated in Gaussian 09 31, which only includes sugar 

(glucose and ribose), ATP, Mg2+, D205, and K169 32. The aim of their calculation is to understand 

the substituents effects of arsenic on phosphorylation. The goal of this work was to investigate the 

phosphorylation mechanism of StHK using the quantum mechanical/molecular mechanical 

(QM/MM) method. In order to investigate the importance of K15, the catalytic mechanism of 

K15A mutant was also studied. Moreover, a non-hydrolyzable ATP analog, ATPγS was used to 
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replace ATP in order to further understand the catalytic mechanism of StHK. 

 

2 Computational methods 

2.1 Automated docking setup 

The initial structure for this calculation was taken from a recently published crystal of StHK in 

complex with xylose, ADP, and Mg2+ (PDB ID:2E2Q)[27]. Since the crystal in complex with 

glucose and ATP had not been determined by experiment, the glucose and ATP were docked into 

the binding pocket using Autodock 4.0 program 33. Before docking, substrates of glucose and ATP 

were optimized at the B3LYP/6-31G(d) level with Gaussian 03 package 34. When docking, the 

grid scale was set as 60Å × 60Å × 60Å based on grid module, with a spacing of 0.375 Å between 

grid points. Gasteiger charges 35 were set for both substrates and protein. 60 independent docking 

runs were performed. The protein was kept rigid, and all torsional bonds of the ligands were kept 

free. Based on a root-mean-square deviation criterion of 10 Å, docking results were clustered. 

Finally, the conformation with the more cluster member and the lowest protein–ligand interaction 

energy was chosen as the bioactive structure. The obtained docking tetrameric complex of 

glucose-ATP-Mg2+-StHK was overlapped with an adenosine 5-(β,γ-imino) triphosphate 

(AMP-PNP) containing glucokinase (glucose-(AMP-PNP)-Mg2+-glucokinase) 30 in order to check 

the reasonability of our mode. The whole superposition was shown in Fig. 1. 

Based on the docking structure, the mutation of K15A was performed to obtain the tetrameric 

complex of glucose-ATP-Mg2+-K15A mutant, where one oxygen atom on the γ-phosphate group 

of ATP was replaced by a sulfur atom to obtain a non-hydrolyzable ATP analog (ATPγS) 

containing complex (glucose-ATPγS-Mg2+-StHK). For clarity, we use ATP-bound StHK, 

ATP-bound K15A mutant, and ATPγS-bound StHK to denote the tetrameric complex of 

glucose-ATP-Mg2+-StHK, glucose-ATP-Mg2+-K15A mutant, and glucose-ATPγS-Mg2+-StHK, 

respectively. 

 

2.2 Computational model 

The obtained docking structure, as well as the derived K15A mutant structure and 

ATPγS-bound complex were used as the initial structure of molecular dynamic (MD) simulation. 

The catalytic base residue D95 was modeled in deprotonated state. The protonation states and 

hydrogen atom positions of all other ionizable amino acid residues were altered based on 

PROPKA  method 36,37. Hydrogen atoms were added via the HBUILD facility in the CHARMM 

package 38. Besides, the crystallographic water molecules found in the protein were retained at 

their original positions and the extra 6,426 water molecules were added to form a 39 Å water 

sphere centered on D95. To neutralize each system, the number of adding Na+ ion is 3, 4 and 3 for 

the ATP-bound StHK, ATP-bound K15A mutant and ATPγS-bound StHK, respectively. To 

equilibrate the prepared system, several minimizations followed by a 1,000 ps MD simulation 

were performed with the CHARMM22 forcefield39. During the subsequent QM/MM calculations, 
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a total of 152,140,152 atoms in the active site were selected as the QM region for the ATP-bound 

StHK, ATP-bound K15A mutant and ATPγS-bound StHK, respectively, as shown in Fig. 2. The 

atomic coordinates of these atoms (QM part) are listed in Supporting Information. The remaining 

enzyme and waters were set as MM region. In the geometry optimizations, the QM region was 

treated with quantum mechanics by Turbomole module40 and the MM part with molecular 

mechanics under the CHARMM22 forcefield by DL-POLY program41. The whole calculations 

were carried out at B3LYP/6-31G(d)/CHARMM22 level. The charge shift model with hydrogen 

link atoms was adopted to simulate bonds and satisfy the valencies of covalently bonded atoms 

across the QM/MM boundary42. Programs of ChemShell43, Turbomole and DL-POLY were 

combined to perform the QM/MM calculations. Geometry optimization was carried out by hybrid 

delocalized internal coordinates (HDLC) optimizer44. During the optimizations, stationary points 

were searched by the quasi-Newton limited memory Broyden–Fletcher–Goldfarb–Shanno 

(L-BFGS) algorithm 45, 46, which was suitable for optimization problems with a large number of 

variables. Transition states were searched by the algorithm of partitioned rational function 

optimization (P-RFO)47, 48.  

 

3 Results and discussion 

3.1 Docking structure 

A global overlap of the docking conformation (gray) with a crystal structure of the 

Mg2+-bound glucokinase in the presence of both glucose and AMP-PNP (PDB ID: 3ID8, cyan) is 

given in Fig. 1. Residues D95 (catalytic base residue) and T116 in HK superpose well with D205 

and T228 in glucokinase, respectively. The docked glucose and ATP overlap well with that of 

ligands glucose-(AMP-PNP)-Mg2+-bound crystal glucokinase. All these Asp residues of D71, D95 

and D140 can form hydrogen bonds (HBs) with docked ligand glucose. Residue K15 has an 

electrostatic interaction with the oxygen atom on the β-phosphoryl group of ATP, where Mg2+ 

interact with both β- and γ-phosphoryl groups of ATP. It is shown that Mg2+ ion adopts an 

octahedral coordination, as was observed in the native structure30. All these descriptions indicate 

that the docking structure is reliable for the following QM/MM calculations. 

In our study, the potential catalytic base residue is D95. However, since the pKa of aspartate is 

low29, the aspartate itself can not be able to abstract the proton from C6-hydroxyl group of glucose. 

The most possible way is that the phosphate transfer would proceed before the proton transfer 

process from the substrate to D95 29. In order to identify the role of K15, the catalytic mechanisms 

of wide type StHK and its K15A mutant were explored based on ATP as the phosphate donor. To 

further understand the catalytic mechanism of StHK, the non-hydrolyzable ATPγS was also used 

as the phosphate donor based on the wide type StHK. These mechanisms were studied separately 

in the following sections. 

 

3.2 Catalytic mechanisms investigations 
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3.2.1 Catalytic mechanism investigation of ATP bound StHK 

The final solvated model of prepared StHK after QM/MM optimization is displayed in Fig. 3a, 

and the active site of the optimized reactant (R1) is shown in Fig. 3b. For clarity, only the 

important residues surrounding the active site are listed. In this structure, the catalytic base residue 

D95 forms a strong HB (distance of 1.98 Å) with the C6-hydroxyl group of glucose. Other two 

Asp residues (D71 and D140) also form strong HBs with glucose. In fact, the two Asp residues 

always form strong HB interactions with glucose in the following phosphate transfer and proton 

transfer process, even in the ATP-bound K15A mutant, and ATPγS-bound StHK, which might 

contribute to the stability of glucose. Besides, the side chain of K15 forms a strong salt bridge 

interaction with the β-phosphate of ATP with a distance of 2.11 Å. The positively charged K15 

contributes considerably to the cleavage of the Pγ-Oγ bond (labels are shown in Fig. 2). As an 

octahedral ion, Mg2+ coordinates with two phosphoryl oxygen atoms of ATP (distances of 2.07 Å 

and 2.10 Å) except with other four water molecules (Water 1-4). It assumes that these 

electrostatic interactions play a vital role in the following reactions. Similar to the function of 

positive K15, the strong electrostatic interactions formed between Mg2+ and phosphoryl oxygen 

atoms make the Pγ-Oγ bond be more weak, which might be favorable for the departure of the 

phosphoryl group. 

Structures of transition state (TS1 and TS2), intermediate (Int1), and product (P1) were 

searched using B3LYP/6-31G(d,p)//CHARMM22 geometrical optimization in an adiabatic 

mapping procedure 49. The saddle and stationary points for the phosphory transfer were optimized 

to be TS1 and Int1 (as shown in Fig. 4), where saddle and stationary points for the proton transfer 

process were optimized to be TS2 and P1 (Fig. 5), respectively. 

In TS1 (Fig. 4a), the linking Pγ-Oγ bond has changed from 1.77 Å in R1 to 2.29 Å. The 

γ-phosphorus atom has approached to the phosphate acceptor (C6-hydroxyl group of glucose) with 

a distance of 2.43 Å. Obviously, the γ-phosphate of ATP has partially transferred to the 

C6-hydroxyl group. During the γ-phosphate transfer process, the C6-hydroxyl group has 

strengthened its HB interaction with the catalytic base residue D95 (distance of which decreases to 

1.85 Å). In this structure, the salt bridge formed between K15 and β-phosphate of ATP decreases 

to 1.94 Å, indicating that the established electrostatic interaction has been strengthened at this 

stage. The strengthened electrostatic interaction has two important roles: firstly, it contributes 

considerably to the cleavage of Pγ-Oγ bond; second, it is favorable for the stability of the departure 

part of ATP. The Mg-O (γ-phosphate) interaction distance is also longer in TS1 (2.13 Å) as 

compared to its reactant R1 (2.07 Å). 

In Int1 (Fig. 4b), the older covalent Pγ-Oγ bond has elongated to 3.05 Å. The longer Pγ-Oγ 

bond distance reveals that the cleavage of the linking Pγ-Oγ bond has completed. The γ-phosphate 

of ATP has attached to the C6-hydroxyl group with the formation of a new covalent O6-Pγ bond 

(distance of 1.95 Å). With the departure of the leaving γ-phosphoryl group, ATP has changes to 

ADP. As the approach of the γ-phosphate to the phosphate acceptor, the ligand glucose has 
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strengthened its HB interaction with D95 (distance of which decreases to 1.64 Å). The shorter 

distance indicates that the following proton transfer process is ready to occur. Though the 

γ-phosphate has moved to interact with the ligand glucose at this stage, the γ-phosphate still 

coordinates with Mg2+ ion (distance of 2.12 Å). Since Mg2+ could disperse its positive charge to 

γ-phosphate, this electrostatic interaction could stabilize the binding of γ-phosphate to 

C6-hydroxyl group. Furthermore, Mg2+ ion could also stabilize the leaving departure (ADP) 

because it still coordinates with β-phosphate of ADP. Besides, residue K15 also forms a sat bridge 

interaction with β-phosphate with a distance of 1.84 Å. It is shorter than that of the TS1, meaning 

the electrostatic interaction has been strengthened at this stage. The strengthened interaction is 

favorable for the stability of the leaving ADP. 

The next step is the proton transfer process. When the catalytic base residue is D95, the proton 

abstract process corresponds one transition state (TS2) and product structure (P1), where the 

structures are shown in Fig. 5. 

In the structure of TS2 (Fig. 5a), the proton of C6-hydroxyl group is abstracted by D95 and 

moves to a distance of 1.23 Å away from the carboxyl oxygen of D95, where the H-O bond of 

C6-hydroxyl is elongated to 1.24 Å. Besides, followed by the departure of the proton, the newly 

formed O6-Pγ bond decreases to 1.83 Å, indicating that this bond is strengthened during the proton 

transfer process. Though the O6-Pγ bond is further strengthened, the γ-phosphoryl group still 

coordinates with Mg2+ ion (distance of 2.10 Å). The charged Mg2+ makes the γ-phosphoryl group 

be more positive, which is favorable for the nucleophilic attack on the oxygen atom of 

C6-hydroxyl group. Similar to above structures, the residue K15 still coordinates with the 

β-phosphate of ATP and the salt bridge distance decreases to 1.82 Å, revealing that the salt bridge 

interaction is further strengthened. 

In P1 (Fig. 5b), the H-O bond of C6-hydroxyl group increases to 1.68 Å, showing that the 

cleavage of this bond has completed. Obviously, D95 has abstracted the proton from glucose 

forming a new covalent H-O bond (1.02 Å). At this stage, the substrate of glucose has been 

phosphorylaed to glucose 6-phosphate. Though both phosphorylation and proton transfer 

processes has completed at this stage, the Mg2+ ion still coordinates with the β-,γ-phosphate tightly. 

For one thing, the electrostatic interaction formed between γ-phosphate and Mg2+ ion is favorable 

for the formation of glucose 6-phosphate, which might drive the proton transfer process. For 

another thing, the binding mode of Mg2+ with β-phosphate is also favorable for the stability of 

leaving ADP. Also, residue K15 further strengthens its interaction with β-phosphate of ADP with a 

distance of 1.80 Å, which is favorable for the stabilization the ADP. 

 

3.2.2 Catalytic mechanism investigation of the ATP bound K15A mutant 

The catalytic mechanism catalyzed by K15A mutant is explored at the same level. The 

optimized structures for the phosphorylation of glucose are shown in Fig. 6 and 7. For clarity, only 

important residues surrounding the active site are listed. 
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Fig. 6 gives the optimized reactant (R2), transition state (TS3), and intermediate (Int2) for the 

phosphate transfer process. Fig. 6a (R2) shows that the phosphoryl group of ATP adjusts to get 

closer to T116 when the electrostatic interaction formed between β-phosphate and K15 disappears. 

It can be seen that two HBs are formed (lengths of 1.76 and 2.06 Å) between them, meaning that 

the interaction between Oγ atom of ATP and T116 is strengthened. Though lacking contributions of 

positive charge supplied by K15, ATP could still coordinate with Mg2+ using its β-phosphate and 

γ-phosphate (distances of 2.01 and 2.18 Å, respectively). Besides, D95 forms a strong HB with the 

C6-hydroxyl group (distance of 1.77 Å). In this structure, Pγ atom of γ-phosphate is 2.65 Å away 

from the O6 atom of C6-hydroxyl group, which is 0.46 Å shorter than that of R1. The distance 

change may be due to the mutation of K15A, which results in the loss of electrostatic interaction 

formed between K15 and β-phosphate. 

For TS3 (Fig. 6b), the length of Pγ-Oγ bond increases to 2.33 Å, where the distance between 

the O6 atom of C6-hydroxyl group and Pγ atom of γ-phosphate decreases to 2.48 Å. Obviously, 

the previous covalent Pγ-Oγ bond has broken at this stage, but the γ-phosphate has not been 

transferred to C6-hydroxyl group completely. As the breaking of Pγ-Oγ bond, the interaction 

formed between γ-phosphate and Mg2+ ion becomes weak (distance of 2.23 Å), where the 

β-phosphate strengthens its interaction with Mg2+ ion (distance of 1.99 Å). Besides, interactions 

formed between T116 and Oγ atom of ATP are also strengthened (1.71 and 2.01 Å). As the 

approach of the γ-phosphate, the C6-hydroxyl group strengthens its interaction with D95 (distance 

of 1.73 Å). 

For Int2 (Fig. 6c), the Pγ-Oγ bond increases to 3.03 Å, where the distance between the O6 

atom of C6-hydroxyl group and Pγ atom of γ-phosphate decreases 1.99 Å. So, the breaking of the 

Pγ-Oγ bond has completed at this stage, where ATP has changed to ADP. After the departure of the 

γ-phosphate, the β-phosphate strengthens its interactions with T116 and Mg2+ ion. It can be seen 

that HB distances between T116 and Oγ atom of ATP decrease to 1.61 and 1.96 Å, respectively. 

The strong HB interactions indicate that T116 might play an important role in the stability of the 

leaving ADP. As the approach of the γ-phosphate, the C6-hydroxyl group further strengthens its 

interaction with D95 (distance of 1.73 Å). 

The optimized structures of transition state (TS4) and product (P2) for the proton transfer 

process are given in Fig. 7. In TS4 (Fig. 7a), the H-O bond length of C6-hydroxyl group increases 

to 1.19 Å, where the proton is abstracted by D95 to a distance of 1.24 Å. At the same time, the 

γ-phosphate group gets closer to O6 atom of C6-hydroxyl group followed by the departure of the 

proton (distance of 1.89 Å). Though the O6-Pγ bond is further strengthened, the γ-phosphoryl 

group still coordinates with Mg2+ ion with a distance of 2.17 Å. The charged Mg2+ might make the 

γ-phosphoryl group be more positive, which further facilitates the nucleophilic attack on O6 atom 

of C6-hydroxyl group. 

In P2 (Fig. 7b), the H-O bond distance on C6-hydroxyl group increases to 1.75 Å, where the 

proton is only 1.00 Å away from the carboxyl oxygen atom of D95. Obviously, the proton 
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abstraction process has completed at this stage, where the glucose has changed to glucose 6- 

phosphate. Similar to the wide type product P1, Mg2+ ion still coordinates with the β- and 

γ-phosphate tightly after the phosphorylation and proton transfer processes. Distance between 

Mg2+ and β-phosphate is shorter (1.96 Å) as compared to wide type product P1, where distance 

between Mg2+ and γ-phosphate is longer (2.13 Å). The length changes may be due to the mutation 

of K15. The positive charge of K15 may repulse Mg2+ to interact with β-phosphate, where in 

K15A mutant no such electric force exists. 

 

3.2.3 Catalytic mechanism investigation of ATPγS bound StHK 

To better understand the catalytic mechanism of StHK, the non-hydrolyzable ATP analog, 

ATPγS, was used to replace ATP. The catalytic mechanism of glucose-ATPγS-StHK complex is 

explored at the same level. Optimized structures of reactant (R3), transition state (TS5 and TS6), 

intermediate (Int3), and product (P3) for the phosphorylation and proton transfer processes are 

shown in Fig. 8 and 9, respectively. 

The optimized structure R3 is shown in Fig. 8a. The distance between C6-hydroxyl group and 

D95 is 1.84 Å, and length between C6-hydroxyl group and γ-thiophosphoryl group of ATPγS is 

3.46 Å. Since the γ-phosphate is replaced by γ-thiophosphoryl group here, Mg2+ ion weakens its 

interaction with γ-thiophosphoryl group (distance of 2.62 Å) and strengthens its interaction with 

β-phosphoryl group (distance of 2.09 Å) as comparing with R1. The weak electrostatic 

interactions formed between Mg2+ and phosphoryl group might facilitate the departure of the 

phosphoryl group. The positively charged K15 forms a strong salt bridge interaction with 

β-phosphate with a distance of 2.10 Å, which might contribute considerably to the cleavage of the 

Pγ-Oγ bond. 

In TS5 (Fig. 8b), the linking Pγ-Oγ bond has changed from 1.75 Å in R3 to 2.45 Å. The 

γ-thiophosphorus atom has approached to the phosphate acceptor with a distance of 2.60 Å. 

Obviously, the γ-thiophosphoryl group has partially transferred to the C6-hydroxyl group. 

Comparing with TS1, the distance between γ-thiophosphate (γ-phosphate in TS1) and Mg2+ has 

elongated (2.91 Å vs 2.13 in TS1). Besides, the S(γ-thiophosphate)-Mg interaction distance is also 

longer in TS5 as compared to its reactant R3 (2.62 Å). The increase of the S(γ-thiophosphate)-Mg 

interaction distance might reduce the positive charge distributions on the Pγ-Oγ bond, which is not 

favored for the breaking of Pγ-Oγ bond. Since the positively charged K15 still interacts with the 

β-phosphate with a distance of 2.14 Å, the breaking of the Pγ-Oγ bond might not be so difficult. As 

the approach of γ-thiophosphate to the phosphate acceptor, the C6-hydroxyl group has 

strengthened the HB interaction with D95 (distance of which decreases to 1.79 Å). 

In Int3 (Fig. 8c), the older covalent Pγ-Oγ bond has elongated to 3.43 Å, and γ-thiophosphate 

is transferred to a distance of 1.91 Å away from the C6-hydroxyl group. These distance changes 

mean that the cleavage of the linking Pγ-Oγ bond has completed, where the ATP becomes ADP. As 

the approach of the γ-thiophosphate to the phosphate acceptor, the C6-hydroxyl group of glucose 
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strengthens its HB interaction with D95 (distance of which decreases to 1.49 Å). Obviously, the 

proton of C6-hydroxyl group comes to a proper position, which is feasible following proton 

transfer process. Though phosphorylation of glucose takes place at this stage, the γ-thiophosphate 

still coordinates with Mg2+ ion (distance of 2.80 Å). But this distance is 0.68 Å longer than that in 

Int1. Since the charge of Mg2+ could be dispersed to γ-thiophosphate, the electrostatic interaction 

formed between γ-thiophosphate and Mg2+ ion is favorable for the binding of γ-thiophosphate to 

C6-hydroxyl group. Furthermore, Mg2+ ion could stabilize the leaving departure ADP because it 

coordinates with β-phosphate with a length of 2.03 Å. Besides, K15 also forms a sat bridge 

interaction with β-phosphate with a distance of 1.96 Å. It is shorter than that of the TS1, meaning 

the electrostatic interaction has been strengthened at this stage. The strengthened interaction is 

favorable for the stability of the leaving ADP. 

Optimized structures of transition state (TS6) and product structure (P3) for the proton transfer 

step are shown in Fig. 9. In the structure of TS6 (Fig. 9a), the proton of C6-hydroxyl group moves 

to a distance of 1.29 Å from the carboxyl oxygen of D95, where the H-O bond of C6-hydroxyl 

elongates to 1.16 Å. Besides, followed by the departure of the proton, the newly formed O6-Pγ 

bond decreases to 1.86 Å, indicating that this bond is strengthened during the proton transfer 

process. Though the O6-Pγ bond is further strengthened, γ-thiophosphate still coordinates with 

Mg2+ ion with a distance of 2.78 Å. The charged Mg2+ makes the γ-thiophosphoryl group be more 

positive, which is favorable for the nucleophilic attack on O6 atom of C6-hydroxyl group. Similar 

to above structures, K15 still coordinates with the β-phosphate and the salt bridge distance 

decreases to 1.95 Å, indicating that the salt bridge interaction is further strengthened. 

The final product (P3) is given in Fig. 9b. It shows that the H-O bond distance for 

C6-hydroxyl group increases to 1.81 Å, indicating that the cleavage of this bond has completed. 

Obviously, D95 has abstracted the proton from glucose with the formation of a covalent H-O bond 

(1.00 Å). Similar to P1, the γ-thiophosphate still coordinates with Mg2+ ion (distance of 2.75 Å). 

But this distance is 0.63 Å longer than that in P1, meaning that the electrostatic interaction formed 

between γ-thiophosphate and C6-hydroxyl group is relatively weak here. So, Mg2+ ion has less 

contribution to the binding of γ-thiophosphate in P3. However, the electrostatic interaction 

established between Mg2+ ion and β-phosphate is still very strong with a length of 2.03 Å. Besides, 

K15 also forms a sat bridge interaction with β-phosphate with a distance of 1.96 Å. Obviously, 

β-phosphate could be stabilized by positively charged Mg2+ and side chain of K15. 

 

3.3 Analyses of the reaction energies for the catalytic mechanisms 

After identifying the geometries of reactants, transition states, intermediates, and products, 

relative energies of these optimized structures are listed in supporting information (Fig. S 1). More 

accurate energies are obtained by performing single point calculations at 6-31++G(2d,2p) basis set, 

as shown in Fig. 10. Since variation tendencies of the two figures are similar, only the more 

accurate energies shown in Fig. 10 are discussed below. In this figure, the energy barriers of 
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ATP-bound StHK are shown in black line. The energy barrier of the γ-phosphate transfer process 

is calculated to be only 4.0 kcal/mol (TS1). The relative energy of intermediate Int1 is -0.7 

kcal/mol, indicating that the step of γ-phosphate transfer is a little exothermic. When D95 

abstracts a proton from the C6-hydroxyl group, the energy barrier is calculated to be 3.5 kcal/mol. 

Comparing the two energy barriers with each other, we suppose that the γ-phosphate transfer 

process might be the rate-determining step. The relative energy of product (P1) is -0.9 kcal/mol, 

indicating that the final step is exothermic.  

The relative energies of ATP-bound K15A mutant are shown in red line. In general, mutation 

of K15 to A15 increases the energy barriers. It shows that the γ-thiophosphate transfer experiences 

a 11.7 kcal/mol energy barrier to the intermediate Int2, the energy of which is much larger as 

compared to the corresponding wild type complex (TS1). The higher energy barrier contributes 

much to the disappearance of electrostatic interaction. As the departure of γ-phosphate to glucose, 

Mg2+ ion could interact easily with the β-phosphate without the repulse from positive K15. At the 

same time, it weakens its interaction with the γ-phosphoryl group. So, the energy barrier of the 

γ-phosphate transfer process becomes large. Here, the relative energy of intermediate Int2 is 11.6 

kcal/mol higher than that of the reactant, indicating that the γ-phosphate transfer step is 

endothermic. In the next proton transfer process, although the energy barrier is calculated to be 3.7 

kcal/mol, the relative energy of TS4 (15.3 kcal/mol) is 3.6 kcal/mol larger than that of TS3. 

Therefore, the proton transfer process might be the rate-determining step for the K15A mutant. 

The calculated energy of product P2 is 11.4 kcal/mol, showing that the final reaction is 

endothermic. 

The relative energies of ATPγS-bound StHK are shown in blue line. It shows that the energy 

barrier of γ-thiophosphate transfer process is 10.9 kcal/mol (TS5), which is similar to that of the 

K15A mutated complex. Though it is smaller than that of TS3, this energy is still much larger than 

that of TS1. Besides, the relative energy of intermediate Int3 is also larger as compared to the 

corresponding wild type complex (Int1). In the next proton transfer process, the energy barrier is 

calculated to be only 0.6 kcal/mol and the relative energy of product P2 is only -0.1 kcal/mol. The 

γ-thiophosphate transfer process might also be the rate-determining step for this ATPγS-bound 

StHK. 

Analyses of the energy profiles for three complexes of ATP-bound StHK, ATP-bound K15A 

mutant as well as ATPγS-bound StHK reveal that K15 plays a key role in StHK catalytic process. 

For one thing, the existence of K15 facilitates Mg2+ ion to interact with γ-phosphate 

(γ-thiophosphate), which facilitates indirectly the binding of γ-thiophosphate (γ-phosphate) with 

C6-hydroxyl group. For another thing, K15 can interact directly with β-phosphoryl group, which 

facilitates the cleavage of O6-Pγ bond. So, the influence of K15A mutation to the activity is larger 

than that of the exchange of ATP to ATPγS. We suppose that the residue K15 might play a similar 

role with the arginine residue in human hexokinase I-IV. 
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4 Conclusions 

Phosphorylation mechanisms of glucose to glucose 6-phosphate in complexes of ATP-bound 

StHK, ATP-bound K15A mutant as well as ATPγS-bound StHK have been extensively studied 

using QM/MM approach. Structural analyses indicate that the existence of Mg2+ ion and K15 is 

favorable for the phosphorylation reaction to proceed. The Mg2+ ion always coordinates with β- 

and γ-phosphate (or γ-thiophosphate) in the whole catalytic reaction, and the binding mode can be 

changed when K15 mutates to A15. For one thing, the existence of K15 facilitates Mg2+ ion to 

interact with γ-phosphate (or γ-thiophosphate), which facilitates indirectly the binding of 

γ-phosphate (or γ-thiophosphate) with C6-hydroxyl group. For another thing, K15 can interact 

directly with β-phosphoryl group. Energy analyses reveal that the phosphate transfer step proceeds 

firstly followed by the proton transfer step, where the phosphate transfer step is always the 

rate-determining step in all three complexes. The energy barriers of the phosphate transfer steps 

are 4.0, 11.7 and 10.9 kcal/mol for ATP-bound StHK, ATP-bound K15A mutant and ATPγS-bound 

StHK, respectively, suggesting that the influence of K15A mutation to the activity is larger than 

that of the exchange of ATP to ATPγS. Without the influence of K15 to Mg2+, catalytic reaction 

changes from an exothermic reaction to an endothermic one. We suppose that the residue K15 

might play the similar role with those conserved arginine residue in human hexokinase I-IV.  
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Figure captions 

Fig. 1 Superposition of the docking conformation (gray) with the crystal structure of Mg2+-bound 

glucokinase in the presence of both glucose and AMP-PNP (PDB ID: 3ID8, cyan). 

Fig. 2 The selected QM and MM regions in the active site: (a) for ATP-bound StHK and 

ATP-bound K15A mutant; (b) for ATPγS-bound StHK. 

Fig. 3 (a) The solvated model of prepared StHK for QM/MM calculation; (b) the active site of the 

optimized reactant (R1). 

Fig. 4 Optimized structures in the phosphate transfer process of ATP-bound StHK: (a) for 

transition state (TS1); (b) for intermediate (Int1). 

Fig. 5 Optimized structures in the proton transfer process of ATP-bound StHK: (a) for transition 

state (TS2); (b) for product (P1). 

Fig. 6 Optimized structures in the phosphate transfer process of ATP-bound K15A mutant: (a) for 

reactant (R2); (b) for transition state (TS3); (c) for intermediate (Int2).  

Fig. 7 Optimized structures in the proton transfer process of ATP-bound K15A mutant: (a) for 

transition state (TS4); (b) for product (P2).   

Fig. 8 Optimized structures in the thiophosphate transfer process of ATPγS-bound StHK: (a) for 

reactant (R3); (b) for transition state (TS5); (c) for intermediate (Int3) structures. 

Fig. 9 Optimized structures in the proton transfer process of ATPγS-bound StHK: (a) for transition 

state (TS6); (b) for product (P3). 

Fig. 10 The obtained relative energies in the phosphate transfer process and the proton transfer 

process. The curves colored in black, red and blue denotes the relative energies in ATP-bound 

StHK, ATP-bound K15A mutant, and ATPγS-bound StHK complexes, respectively. 
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Fig. 1 Superposition of the docking conformation (gray) with the crystal structure of Mg2+-bound 
glucokinase in the presence of both glucose and AMP-PNP (PDB ID: 3ID8, cyan).  
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Fig. 2 The selected QM and MM regions in the active site: (a) for ATP-bound StHK and ATP-bound K15A 
mutant; (b) for ATPγS-bound StHK.  
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Fig. 3 (a) The solvated model of prepared StHK for QM/MM calculation; (b) the active site of the optimized 
reactant (R1).  
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Fig. 4 Optimized structures in the phosphate transfer process of ATP-bound StHK: (a) for transition state 
(TS1); (b) for intermediate (Int1).  
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Fig. 5 Optimized structures in the proton transfer process of ATP-bound StHK: (a) for transition state (TS2); 
(b) for product (P1).  
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Fig. 6 Optimized structures in the phosphate transfer process of ATP-bound K15A mutant: (a) for reactant 
(R2); (b) for transition state (TS3); (c) for intermediate (Int2).  
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Fig. 7 Optimized structures in the proton transfer process of ATP-bound K15A mutant: (a) for transition 
state (TS4); (b) for product (P2).  

119x167mm (300 x 300 DPI)  

 
 

Page 25 of 28 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 8 Optimized structures in the thiophosphate transfer process of ATPγS-bound StHK: (a) for reactant 
(R3); (b) for transition state (TS5); (c) for intermediate (Int3) structures.  
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Fig. 9 Optimized structures in the proton transfer process of ATPγS-bound StHK: (a) for transition state 
(TS6); (b) for product (P3).  
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Fig. 10 The obtained relative energies in the phosphate transfer process and the proton transfer process. 
The curves colored in black, red and blue denotes the relative energies in ATP-bound StHK, ATP-bound K15A 

mutant, and ATPγS-bound StHK complexes, respectively.  
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