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Abstract Enzyme catalyzed phosphate transfer is a part of
almost all metabolic processes. Such reactions are of central
importance for the energy balance in all organisms and play
important roles in cellular control at all levels. Mutases
transfer a phosphoryl group while nucleases cleave the
phosphodiester linkages between two nucleotides. The sub-
ject of our present study is the Lactococcus lactis β-phos-
phoglucomutase (β-PGM), which effectively catalyzes the
interconversion of β-D-glucose-1-phosphate (β-G1P) to β-
D-glucose-6-phosphate (β-G6P) and vice versa via stabile
intermediate β-D-glucose-1,6-(bis)phosphate (β-G1,6diP)
in the presence of Mg2+. In this paper we revisited the
reaction mechanism of the phosphoryl transfer starting from
the bisphosphate β-G1,6diP in both directions (toward
β-G1P and β-G6P) combining docking techniques and
QM/MM theoretical method at the DFT/PBE0 level of
theory. In addition we performed NEB (nudged elastic band)
and free energy calculations to optimize the path and to
identify the transition states and the energies involved in
the catalytic cycle. Our calculations reveal that both steps
proceed via dissociative pentacoordinated phosphorane,
which is not a stabile intermediate but rather a transition
state. In addition to the Mg2+ ion, Ser114 and Lys145 also
play important roles in stabilizing the large negative charge
on the phosphate through strong coordination with the phos-
phate oxygens and guiding the phosphate group throughout
the catalytic process. The calculated energy barrier of the

reaction for the β-G1P to β-G1,6diP step is only slightly higher
than for the β-G1,6diP to β-G6P step (16.10 kcal mol-1 versus
15.10 kcal mol-1) and is in excellent agreement with experi-
mental findings (14.65 kcal mol-1).
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Introduction

Enzymatic phosphate- and sulfate transfer play essential
roles in the metabolism of many biological systems in nature
[1–3], and research in this field, therefore, is of continuous
interest. Although the most important biological phosphates
are phosphate diesters like DNA and RNA, many metabolic
intermediates exist as monophosphates and are ubiquitous in
the biochemical world. Also, the phosphorylation of pro-
teins is an important control mechanism since the phosphor-
ylated proteins are phosphate monoesters, in which a serine,
threonine, tyrosine or a histidine residue is phosphorylated.
In addition, aspartate residues can also be phosphorylated
and mostly exist as transient intermediates. In contrast to
phosphate monoesters phosphorylated aspartates are rela-
tively reactive [1].

The most common examples for the presence of an
aspartyl-phosphoenzyme are the α- and β-phosphogluco-
mutases (PGM). Their enzymatic reaction proceeds through
a ping-pong mechanism involving aspartyl-phosphoenzyme
(β-PGM-P) and β-D-glucose-1,6-bisphosphate (β-G1,6diP)
intermediates and accomplishes a phosphoryl transfer be-
tween β-G6P and β-G1P (Fig. 1).

The first experimental results of these reactions were
reported by Ray and co-workers [4, 5] who investigated
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the substrate specificity of β-phosphoglucomutase. Ray et al.
slowed down the reaction rate to generate “frozen” complexes
and analyzed the structures using solvent perturbation differ-
ence spectroscopy. They showed that there are two different
binding modes for β-G1,6diP that allow phosphoryl transfer
of different phosphoryl groups to the enzyme. However, this
reaction involves only one catalytic phosphoryl acceptor
group. Zhang et al. [6] demonstrated that Asp8 plays an
essential role in the catalytic cycle as phosphate acceptor
and Asp10 acts as general acid/base. Furthermore, they iden-
tified the conformational changes of the enzyme during ligand
binding (cap-open, cap-closed), that we also studied by nor-
mal mode analysis (see Results and discussion section, Fig. 3).
Dai et al. proposed a model [7, 8] to explore the reaction
mechanism in which Asp10 plays not only the role of the
general acid/base but also is required to stabilize the enzyme
in the cap-closed conformation. Using site-directed mutagen-
esis studies they could assign the roles of other important
active site residues like Thr16, His20 and Lys76 which build
an extensive hydrogen bond network and thereby strongly
contribute to the enzyme stabilization when it changes its
conformation as the catalytic reaction proceeds. The crystal
structure of β-PGM and glucose-1,6-bisphosphate in the pres-
ence of Mg2+ at atomic resolution (1.2 Å), elucidated by
Lahiri et al. [9] at cryotemperature (PDB Code: 1O08),
revealed a pentacoordinated phosphorane intermediate along
the reaction pathway. The presence of such pentavalent phos-
phorane was also confirmed by further experimental studies
using MgF3

– as a transition state analog [10–12]. Furthermore
Goličnik et al. performed kinetic analysis and determined the
overall reaction rate [11] of the complete catalytic process
(Fig. 1). However, they could not assign whether the rate
limiting step is defined by the phosphorylation of the sugar
or the phosphate cleavage of the bisphosphate. They also
found that the bisphosphate (β-G1,6diP) has the highest and
β-G1P the lowest affinity to bind to β-PGM and that the
equilibrium of the reaction lies strongly toward β-G6P com-
pared with β-G1P.

Based on the crystal structure [9] with the five-coordinated
phosphorus, Webster [13] performed DFT/PM3MM calcula-
tions considering only the active site and 30 surrounding
residues to study the existence of a possible five-coordinated
transition state structure using MF3 and PO3 as ligands. In
addition, the activation energy (14 kcal mol-1) of the β-G6P to
β-G1,6diP step was calculated.

In a very recent publication, Marcos et al. [14] studied the
pentacoordinated phosphorus along the reaction pathway of
the β-G6P to β-G1,6diP step using QM/MM calculations
and concluded that the pentacoordinated phosphorane
formed during the reaction is not a stable species but rather
a transition state and that MgF3

– proved to be a good
transition state analog.

In the present work we have investigated the reaction
mechanism of β-phosphoglucomutase and investigated both
steps (β-G6P→ β-G1,6diP and β-G1,6diP→ β-G1P) of the
phosphoryl transfer reaction in atomistic detail. In order to
generate the enzyme-substrate complex with the reoriented
β-G1,6diP we applied docking techniques to predict the
structural details. Afterward, we employed a comprehensive
quantum mechanical/molecular mechanics (QM/MM) ap-
proach to investigate how Asp8 mediates the phosphoryl
transfer to and from β-G1,6diP. This study was performed at
PBE0/DFT level of theory using the extensive functionality
provided by the developed QM/MM [15, 16] modules of the
NWChem [17] software package. To fully understand the
catalytic mechanism at atomistic detail QM/MM approaches
combine a quantum mechanical treatment of those protein
groups that are candidates for participating in the chemical
reaction with a faster molecular mechanical description of
the surrounding protein and solvent environment. Using
high level DFT/PBE0 QM/MM calculations with a large
QM region (81 atoms) our simulations reveal that starting
from the bisphosphate (β-G1,6diP) the catalytic reaction
proceeds in both directions via unstable pentacoordinated
trigonal bipyramidal phosphorane (see Fig. 2). Starting from
β-G6P the first step involves a proton transfer from the
sugar O1* oxygen to the general base Asp10. Subsequently,
O1* attacks the phosphate of the phosphorylated Asp8 and
it undergoes a dissociated [18] inline SN2-type reaction
according to the More O’Ferrall–Jencks plot. Since the
obtained pentacoordinated phosphorane (TS1) is not stable
the reaction quickly proceeds toward stable intermediate
β-G1,6diP. At this point the substrate must leave the active
site for reorientation [8] and has to return with the O6*-
phosphate group close to Asp8. Due to the absence of
crystallographic data of this reoriented structure, the missing
coordinates were generated by docking calculations. In the
second step, starting from the reoriented bisphosphate
(β-G1,6diP) the Asp8 carboxylate attacks the O6*-phos-
phate and the second trigonal bipyramidal pentacoordinated

Fig. 1 General mechanism of
β-phosphoglucomutase
(β-PGM)
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phosphorane transition state (TS2) is formed. As a next step
the protonated Asp10 acts as a general acid, transfers the
proton to O6* to build β-G1P and thereby completes the
catalytic cycle. The enzyme requiresMg2+ ion for the catalytic
activity [3, 19, 20] to neutralize the excess of negative charge
of the phosphorane in the transition state. Simultaneously it
also positions the bisphosphate substrate in the active site. In
addition nudged elastic band (NEB) [21, 22] calculations were
performed between the stationary points to identify the tran-
sition state structures and analyze the energetics along the
reaction coordinates.

This first step of the path is similar to the one suggested
by Marcos et al. [14]. However, we describe both steps of
the catalytic cycle (β-G6P → β-G1,6diP and β-G1,6diP →
β -G1P) and apply a slightly larger QM region (81 atoms)
for the NEB calculations and for the single point calculations
(126 atoms). This way we are able to compare the reaction rate
of both steps. The transition state energy of TS1 and TS2 are
comparable, but the bisphosphate intermediate (β-G1,6diP)
docks preferably with the O1*-phosphate side close to Asp8.

Computational details and methods

Structural model

The high resolution crystallographic structure of β-phospho-
glucomutase from Lactococcus lactis (1.2 Å) complexed
with a high energy (pentavalent phosphorane) reaction in-
termediate was used as starting structure for our calculations
(PDB code 1O08 [9]). Hydrogen atoms were added to the
heavy atoms using Protonate 3D of MOE 2010.10 [23]. The
resulting protonation of the residues are in agreement with
the protonation suggested by H++ [24]. Nine sodium ions
served as counter ions to maintain neutrality in the system
and the complex was solvated in an 80 Å cubic box of water
(containing 11832 water molecules) centered on the active
site. According to the putative mechanism [2, 19] Asp8 was
left unprotonated and Asp10 was protonated at the OD2
oxygen. MD simulations followed by QM/MM optimization
showed that the high energy pentacoordinated phosphorane
in the crystal structure is unstable since it relaxed to the
corresponding bisphosphate during the calculations.

Water molecules

All water molecules present in the crystal structures were
included in the calculations. The location of water molecules
that can hydrogen bond to a proton donor and/or acceptor is
likely to be important for the stabilization of the transition
states and intermediates. Based on the above considerations,
four water molecules were included in the QM region in all
calculations.

Quantum mechanical region

A total of 81 atoms were treated quantum mechanically (QM
region). The forces in the QM subsystem were calculated at the
DFT/PBE0 level using aug-cc-pVTZ basis set. These comprise
fragments of the conserved residues and four additional waters
(from the X-ray structure) that potentially stabilize the ligand
through H-bonds: Wat302, Wat304, Wat306, Wat307, Asp8,
Asp10, Ser114, Ser116, Lys145 (the water molecules
HOH3005, HOH3029, HOH3129, HOH3231 were renamed
for easier handling). Furthermore, we included the complete
substrate (G16) as well as the Mg2+ ion.

Mobile region

The remaining protein atoms (2465 atoms), counter ions and
the solvent molecules of the water box were included in the
molecular mechanics region (MM region) and computation-
ally treated by AMBER99 force field.

Fig. 2 (left) Stable bisphosphate intermediate (INT) and the active site
of β-phosphoglucomutase. (right) β-G6P, QM/MM optimized reactant
state. Dashed blue lines indicate H-bonds and black numbers are the
corresponding H-bond distances. Brown numbers depict P–O distan-
ces. The most relevant atoms are labeled blue. The black dashed line
represents the P–OD1(Asp8) distance. The picture was generated by
MOE2010.10
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MD and QM/MM calculations

The bonds between the QM and MM subsystems were
capped with H atoms [15]. In the first step of the calculation
the entire solvent-enzyme-substrate structure was equilibrated
by performing a series of molecular dynamics annealing runs
for 100 ps at temperatures 50 K, 150 K, 200 K, 250 K and
298.15 K with fixed positions of the atoms in the QM region.
Afterward, the atomic positions in the MM region were fixed
and the atomic positions in the QM region were optimized at
the PBE0 level and wavefunctions were expanded using the
aug-cc-pVTZ basis set. Then the resulting equilibration stage
of the structure was optimized using the multi-region optimi-
zation algorithm implemented in NWChem [17]. This method
performs a sequence of alternating optimization cycles of the
QM andMM regions. The effective charges were recalculated
in each optimization cycle by fitting the electrostatic field
outside the QM region to that produced by the full electron
density representation. Several cycles of this optimization
were carried out until convergence was obtained. Single point
energy calculations of the reactant, intermediate and product
states increasing the QM size (Asp8, Leu9, Asp10, Arg49,
Ser114, Ala115, Ser116, Lys117, Lys145, Mg280, Wat302,
Wat304, Wat306, Wat307, G16, 126 atoms in total) did not
improve our results since the relevant H-bond distances
remained almost the same. In addition, our previous calcula-
tions [25, 26] on pentacoordinated phosphorus compounds
have shown good performance using even a smaller Ahlrichs-
pVDZ basis set by describing the geometry and energetics.

Spring method

Starting from the bisphosphate intermediate (β-G1,6diP) a
sequence of constrained optimizations were performed to
study the phosphoryl transfer. Harmonic restraints (force
constant 2.0) between OD1(Asp8) and the phosphorus
(1.6 Å) and/or between the phosphorus and the sugar oxy-
gen (O1* or O6*, respectively) were imposed to drive the
system over the transition states and reaction barriers to the
reactant and product states while at the same time allowing
the MM system (initially equilibrated to the reactant struc-
ture) to adjust to the changes. When a reasonable estimate of
the phosphoryl transfer was obtained, the constraints were
lifted, and the system was optimized using a sequence of
optimizations and dynamical relaxation steps similar to
those discussed above.

NEB calculations

To obtain an unbiased view of the reactive process, we have
used the implementation of the NEB approach [21] within
the NWChem QM/MM module. The NEB method opti-
mizes the trial reaction pathway between two fixed points.

In our simulations we calculated 15-15 replicas (beads)
connected by harmonic spring forces between reactant and
intermediate and between intermediate product states. To
ensure full relaxation of the protein environment, the first
NEB optimization pass was followed by 20 ps of molecular
dynamics equilibration at room temperature of the MM
region for each bead along the pathway. After this equili-
bration, another round of NEB optimization was performed.

Free energy calculations

The free energy profile over the NEB optimized pathway
was obtained by calculating free energy differences between
the consecutive NEB beads. This approach is similar to the
multilevel perturbation methodology, which has been used
by Valiev et al. [27] for reactions in solutions.

Docking calculations

The docking procedure was performed using MOE 2010.10
[23]. In the potential energy setup panel AMBER99 was
chosen as force field. For solvation the implicit model of Born
was selected. Two placement methods, alpha triangle and
triangle matcher, were employed to find the optimal docking
parameters with the result that the alpha triangle method is
faster and yields more adequate docking poses. In all cases the
scoring was the London dGmethod and force field refinement
was applied allowing for flexibility of the catalytic site within
7.0 Å. Each run was adjusted to retain 30 docked conforma-
tions as a cut-off unless fewer suitable poses were found. To
evaluate the docking method the QM/MM optimized not
reoriented β-G1,6diP was successfully reproduced (RMSD
0.34). The top poses were retained for visual analysis (inves-
tigating the H-bond distances, IBAC [28]). The residues
Asp8, Leu9, Asp10, His20, Trp24, Lys45, Gly46, Val47,
Ser48, Arg49, Lys76, Asn77, Ala 113, Ser114, Ala115,
Ser116, Lys117, Asn118, Lys145, Glu169, Asp170 and
Ser171 were defined as binding pocket. The desired bisphos-
phate intermediate for the study of the β-G1,6diP to β-G1P
step was constructed by using the “build molecule” panel of
MOE and optimized by force field methods (AMBER99)
prior to docking. Top hit was optimized as described above
in section (e).

Normal mode analysis (NMA)

Upon ligand binding the enzyme undergoes a conformational
change following a cap-open cap-closed mechanism. This
movement of the enzymewas studied by normal mode analysis
using the online servers ElNemo [29] and NOMAD-Ref [30].

The structures of the transition states has also been char-
acterized by frequency calculations using NWChem [17].
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Results and discussion

The catalytic action of β-phosphoglucomutase belongs to
the neutral nucleophile and anionic leaving group phospho-
ryl transfer mechanism [31]. This enzyme uses an essential
aspartic acid carboxyl function as a nucleophile to form a
transient aspartyl phosphate intermediate that donates its
phosphoryl group to a second substrate hydroxyl group.
The studies of Lahiri et al. [9] established a high energy
intermediate along the reaction coordinates. However, the
presence of a pentacoordinated phosphorane in the crystal
structure was questioned. Previous computational work of
Webster [13] and Marcos et al. [14] also suggest that the
phosphorane is unstable and rather corresponds to a transi-
tion state structure. In agreement with these findings, in our
calculation the relaxation and QM/MM optimization of the
X-ray structure resulted in the related bisphosphate interme-
diate (β-G1,6diP). This complex, therefore, was used as the
starting point for our studies of the reaction mechanism.

Upon ligand binding the crystallographers observed a
conformation change of the enzyme which follows a cap-
open, cap-closed mechanism (PDB Codes: 2WHE, 2WF5)
[32]. Tama et al. showed that there is a single low-frequency
normal mode whose direction compares well with the con-
formational change and successfully studied the open and
closed form of 20 proteins [33]. Using the online servers
ElNemo [29] and NOMAD-Ref [30] normal mode analysis
was performed to study the cap-open, cap-closed mecha-
nism of β-PGM. The structures of these two conformations
are depicted in Fig. 3.

The intermediate to reactant step (β-G1,6diP → (β-G6P)

In the intermediate state (Fig. 2 left) both phosphate groups
are covalently bound to the substrate glucose where the
closest oxygen (OD1) of the aspartate residue Asp8 is at a
distance of 2.87 Å. The large negative charge on the phos-
phate is stabilized by strong H-bonds to Ser114 (2.48 Å),
Lys145 (2.86 Å) and the Mg2+-ion. The OD2 oxygen of
Asp10 is protonated and the HD2 proton is ideally posi-
tioned to be transferred to O1* during the reaction. The P–O
bond is completely formed and has a bond order [34] (BO)
of 1.0. To simulate the phosphoryl transfer and to drive the
system toward the reactant state β-G6P we applied con-
straints between the phosphorus and the participating oxy-
gen O1* and OD1(Asp8), respectively. In the first sets of
calculation we expanded the P–O1* bond to 2.65 Å to break
this bond, as expected, the phosphate was transferred to
Asp8. In another separate simulation we used the spring
(1.65 Å) to generate a bond between (OD1)Asp8 and the
phosphorus. When the calculation converged the phosphate
group was carried over to Asp8 and the HD2 proton auto-
matically migrated to O1*. Afterward, the constraints were

lifted and the system was QM/MM optimized and it relaxed
to the same reactant state β-G6P in both cases. Figure 2
(right) illustrates the reactant state in which the aspartate
Asp8 is phosphorylated and the P–OD1 bond is completely
formed (BO is 0.86). At this stage OD1(Asp8) is 2.87 Å
away from the sugar phosphate. Lys145 still coordinates to
O3P with a H-bond length of 2.54 Å and Ser114 is also very
strongly H-bonded to O1P (2.50 Å) where NZ(Lys145) and
O3P are almost sharing the 2HZ(Lys145) proton since the
NZ–2HZ bond length (1.15 Å) is longer than the usual N–H
single bond and the 2HZ–O3P distance is 1.40 Å. Further-
more, the O2P oxygen of β-G6P is stabilized by Mg2+ and
proton of O2*.

In order to achieve a complete overview of the catalytic
pathway and to designate the transition state structure and
the free energy profile of the reaction we performed NEB
calculations between the reactant (β-G6P) and intermediate
states (β-G1,6diP). The initial pathway for NEB calculations
was calculated by linear interpolation between the reactant
and intermediate states of the entire solute-solvent system
with 15 beads/replicas for each segment. To support our
results the reaction pathway calculations were performed
in both directions for both steps and resulted in almost the
same structures and energies (see Supporting information).

Fig. 3 Open (blue) and closed (orange) conformation of β-PGM
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In this report we describe the reactant to intermediate and
intermediate to product direction.

In the reactant to intermediate step there are two important
events along the reaction coordinates (Figs. 4 and 5). The first
one is the transfer of the proton from O1* to OD2 of the
general base Asp10 and the second one is the attack of the
phosphate on the O1* oxygen and the formation of the first
pentacoordinated phosphorane structure. The magnesium ion
plays a predominant role in guiding the phosphate group
throughout the catalytic process, since during the phosphoryl
transfer the Mg2+–O2P distance remains almost constant
(varies between 2.01–2.06 Å). According to our calculation
the proton transfer from O1* to OD2(Asp10) occurs fast, at
the very beginning of the reaction therefore the energy of the
phosphoryl transfer determines the energy barrier and the
reaction rate of this step.

This point occurs at the maximum energy along the
reaction path (bead 7, 15.10 kcal), when the PO3

2– moiety
is shared between the glucose O1* and OD1(Asp8) (TS1,
Figs. 4 and 5). For the phosphoryl transfer step the P–OD1
(Asp8) bond expands to 2.23 Å (BO 0.15) and the P–O1*
distance is 2.76 Å (BO 0.02). To reach a favored conforma-
tion PO3

2– is completely planar at this stage and its P–O
bond lengths are equal (1.54 Å). At the transition state the
HD2–OD2 bond length is 1.19 Å and the O1*–HD2(Asp10)
distance is already as long as 1.66 Å. Afterward, the phos-
phate transfer continues stepwise. At the intermediate state
the phosphoryl transfer to O1* is complete.

The intermediate to product step (β-G1,6diP → (β-G1P)

To continue the catalytic cycle from the intermediate bisphos-
phate (β-G1,6diP) toward β-G1P product it is required that
β-G1,6diP undergoes a reorientation in the pocket. Probably
the bisphosphorylated glucose leaves the active site and returns
with the O6*-phosphorylated side close to Asp8 which allows
the phosphate group to be shuttled to the aspartate residue
(Asp8). Zhang et al. [6] identified the conformational changes
of the enzyme that occur during catalytic turnover. They found
that the catalytic cycle proceeds via “cap-open cap-closed
mechanism” as follows: The enzyme opens its active site to
bind β-G1,6diP and closes for the transphosphorylation

process. Afterward, it opens again to release β-G6P and to
absorb β-G1P. Then it is closing again while phosphoryl
transfer to O6* takes place and it opens to release β-G1,6diP.
The cap domain, which is responsible for opening and closing,
comprises the residues: Ser52, Lys79, His20 and Arg49. Their
kinetic studies [6] show that the efficiency of enzyme phos-
phorylation and dephosphorylation is determined by the cap
domain, which binds the ligand phosphate group.

In order to investigate the second part (β-G1,6diP→ β-G1P)
of the phosphorylation reaction by computational approaches
reliable starting geometries of the enzyme-ligand complexes
are indispensable. Because a crystallographic structure of the
reoriented β-G1,6diP is not available in the protein database we
applied docking approaches to predicting binding modes
of β-G1,6diP ligand inside the active site of the enzyme, i.e.,
orientation and conformation that allow transfer of the phos-
phate from O6* to (OD1)Asp8. This procedure has already
been shown to successfully regenerate the not reoriented β-
G1,6diP with MOE2010 (molecule operating environment)
[23]. For evaluation of the docking poses we rather applied the
interaction-based accuracy classification (IBAC) method as
described by Kroemer et al. [28] since for the reoriented β-
G1,6diP-enzyme complex the necessary protein-ligand inter-
actions around the O6*-phosphate are well described in the
literature [6, 8, 19]. Therefore, we have determined the correct
docking poses by comparing the hydrogen bond (H-bond)
lengths and by measuring mechanistically relevant distances
between enzyme and bisphosphorylated glucose.

Starting from the QM/MM optimized (not reoriented)
β-G1,6diP-enzyme complex the ligand was removed from
the active site, bisphosphate was placed then into the pocket
with the 6-phosphate side close to Asp8, and the resulting
hits were ranked according to their binding energies (London
dG scoring function, as implemented into MOE2010). The
best docking pose was then optimized in a separate DFT/
PBE0 QM/MM simulation (Fig. 6, left) to generate an initial
structure for the second set of simulations.

Also in the reoriented intermediate state Lys145 and
Ser114 play a significant role to stabilize the negative charge
on the phosphate oxygens O1P and O2P. The magnesium
ion coordinates as well the O6*-phosphate as the residue
Asp8 hereby neutralizing the negative charge on the oxygens

Fig. 4 Proposed reaction mechanism of the intermediate to reactant step (β-G1,6diP → (β-G6P)
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O3P and O2D(Asp8). In addition O3P is strongly coordinated
byWat305. The P–OD1(Asp8) distance is 2.97 Å and the O6*
oxygen is only 1.84 Å away from HD2(Asp10) and is ideally
placed for a proton transfer. To proceed with the simulations
toward β-G1P (product) the above mentioned spring method
was applied. In separate runs harmonic restraints between
P–O1D(Asp8) and P–O6* were imposed with a length of
1.65 Å and 2.65 Å, respectively. In both cases the phosphate
group has been transferred from O6* to OD1(Asp8) and the
HD2(Asp10) proton has automatically shuttled to O6* with-
out setting any forces. QM/MM optimization after removal of
the constraints resulted in the same product state structure
β-G1P (Fig. 6, right). Similarly to the previous stationary

points in the β-G1P state the P–O phosphate bond lengths
are almost equal. Partial charges calculations indicate that the
negative charge of both phosphate groups is well distributed
between the participating oxygens.

All phosphate oxygen atoms are well coordinated by pos-
itively charged or proton donor residues, respectively, which
stabilize the structure by neutralizing the negative charge.

A detailed overview about the reaction energetics of the
β-G1,6diP → β-G1P step and the transition state structure
were calculated by the above mentioned NEB method as
implemented into NWChem [17]. In this step the reaction
proceeds by transferring the O6*-phosphate to OD1(Asp8)
and carrying over the HD2(Asp10) proton to O6* to

Fig. 5 (left) Calculated free
energy profile for the β-G6P →
β-G1,6diP phosphoryl transfer
of β-PGM. (right) Transition
state (TS1) of the reactant
to intermediate step. Black
numbers indicate the most
relevant distances. The curve
was generated by Origin7.0
and the picture by Jmol11.0
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complete the reaction. Figure 6 shows the QM/MM free
energy profile of the intermediate to product step and the
structure of the second transition state (NEB bead 6).

In the intermediate to product step the reaction proceeds
through a slightly higher reaction barrier (16.10 kcal mol-1, TS2)
than for the reactant to intermediate state (15.10 kcal mol-1,
TS1). Since in both steps similar phosphoryl transfer takes place
it is not surprising that the reaction energies are com-
parable for both steps and the reaction proceeds through
dissociated pentacoordinated phosphorane transition state.
Even the geometry of the transition state structures (TS1 and
TS2) are very similar (Figs. 5 and 7) because also in TS2 the
transferring sugar O–P and P–OD1(Asp8) bonds have a very
small bond order of 0.07 and the phosphorane has a trigonal
bipyramidal geometry. Also in this step the magnesium ion
moves along with the O2P as the reaction proceeds to stabilize
the phosphate. The only difference is that in the β-G1,6diP→

β-G1P step the proton transfer from HD2(Asp10) occurs later
than in the β-G6P→ β-G1,6diP step. In TS2 the O6* oxygen
and OD2(Asp10) are sharing the HD2 proton, while in TS1
the HD2 proton is already completely transferred to O1*.
Normal mode analysis of the transition state structures (TS1
and TS2) show only one negative frequency (see Supporting
information), therefore we assume that we could identify the
real transition states.

Conclusions

In our study, we present mechanistic details of the reversible
enzymatic conversion of β-G6P to β-G1P over β-G1,6diP
with β-phosphoglucomutase using hybrid QM/MM meth-
ods and docking techniques. We have based our calculation
on the high resolution crystal structure of the β-PGM–

Fig. 6 (left) Structure of the
QM/MM optimized reoriented
β-G1,6diP in the active site
of β-PGM. (right) QM/MM
optimized product state, β-G1P,
showing the active side residues
and the monophosphorylated
glucose Dashed blue lines
indicate H-bonds and black
numbers are the corresponding
H-bond distances. Brown
numbers depict P–O distances.
The most relevant atoms are
labeled blue. The black dashed
line represents the P-OD1
(Asp8) distance. The picture
was generated by MOE2010.10
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pentacovalent phosphorus intermediate (TS) complex (PDB
code: 1O08) [9]. The most important catalytic site residues
comprise Asp8, Asp10, Ser114, Ser116, Lys145 and a mag-
nesium ion. In addition the large numbers of crystal struc-
ture water molecules (nine waters) around the ligand build
strong H-bond bridges in the active site as well as with the
residues and the substrate. The residues Lys145, Ser114 and
Mg2+ play significant roles in stabilizing the phosphate
oxygens and in neutralizing their negative charge and guid-
ing the phosphate group throughout the catalytic process.
Starting from the bisphosphate intermediate the phosphoryl
transfer from both the O1* and O6* oxygen proceeds to
OD1(Asp8) accompanied by a proton transfer from Asp10
to the participating sugar oxygen.

According to our findings the catalytic pathway proceeds
via two transition states (TS1 and TS2, Figs. 4 and 6) whose
geometries and energy barriers are comparable. After com-
pleting the first step the intermediate must leave the catalytic
pocket and return after reorientation. Modeling of the reori-
entation process was not possible since the docking complex
needed resolvation which resulted in a different number of
solvent molecules as compared to the bisphosphate before
reorientation. Due to the unequal number of atoms in the two
β-G1,6diP systems no direct energy comparison is possible.

Our study demonstrates how a hybrid QM/MM approach
complemented by docking techniques can provide a com-
prehensive picture of the mechanistic details of a multistep
phosphoryl transfer mechanism in a complex chemical

Fig. 7 (left) Calculated free
energy profile for the
β-G1,6diP → β-G1P
phosphoryl transfer of
β-PGM. (right) Transition
state (TS2) of the reactant
to intermediate step. Black
numbers indicate the most
relevant distances. The curve
was generated by Origin7.0
and the picture by Jmol11.0
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environment. The predictions from the calculations pre-
sented in this work expand and differ from earlier studies of
Webster [13] and Marcos et al. [14] since we modeled both
steps of the catalytic cycle using high level methods and a
large QM region. We provide the first reliable theoretical
estimate of the reaction free energy for both steps of the
catalytic cycle and thereby describe the phosphorylation reac-
tion of β-phosphoglucomutase at atomistic details. Our results
yield key insights into the catalytic mechanism of phosphoryl
transfer and extend the present knowledge about pentacoordi-
nated phosphorane chemistry.
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