
Broad Substrate Specificity and Catalytic Mechanism of Pseudomonas stutzeri L-Rhamnose
Isomerase: Insights from QM/MM Molecular Dynamics Simulations†

Ruibo Wu,‡ Hujun Xie,‡ Yirong Mo,‡,§ and Zexing Cao*,‡

Department of Chemistry and State Key Laboratory of Physical Chemistry of Solid Surfaces, College of
Chemistry and Chemical Engineering, Xiamen UniVersity, Xiamen 361005, China, and Department of
Chemistry, Western Michigan UniVersity, Kalamazoo, Michigan 49008

ReceiVed: February 5, 2009; ReVised Manuscript ReceiVed: April 16, 2009

L-Rhamnose isomerase (L-RhI) has been found in many microorganisms and catalyzes the reversible
isomerization between L-rhamnose and L-rhamnulose. Interestingly, Pseudomonas stutzeri L-RhI (P. stutzeri
L-RhI) exhibits a much broader substrate specificity than others such as Escherichia coli L-RhI (E. coli L-RhI)
and catalyzes the interconversion of many aldoses and ketoses. To elucidate the uniqueness of P. stutzeri
L-RhI and the mechanism of enzymatic catalysis, we performed dual-level combined QM/MM molecular
dynamics simulations on P. stutzeri L-RhI with a number of substrates. Calculations show that the reversible
process between aldoses and ketoses can be rationalized by a zwitterion intermediate mechanism that involves
both proton and hydride transfers. Predicted free energy barriers in the rate-determining step are 8.9 kcal/mol
for L-rhamnose and 13.6 kcal/mol for D-allose, respectively, in good agreement with the experimental
characterization of relative substrate reactivity. Conformational and hydrogen bond analyses of the active
domain and evaluation of electrostatic and van der Waals (vdW) interactions between substrates and surrounding
residues provide a basis to understand the catalytic role of conserved residues, the substrate specificity, and
the relative activity of favorable substrates in P. stutzeri L-RhI.

Introduction

Enzymatic reactions can be executed efficiently under mild
conditions and are essentially involved in all life processes. Their
fascinating advantages over traditional chemical methods have
inspired widespread industrial interests in enzymatic procedures
that have been applied to the synthesis of rare carbohydrates
and reactions concerning heat-sensitive substrates.1-5 The well-
characterized phosphoglucose isomerases (PGI) and bifunctional
phosphoglucose/phosphhomannose isomerases (PGI/PMI) form
a PGI superfamily that catalyze the isomerization of phospho-
rylated carbohydrates,6-9 whereas several well-known D-xylose
isomerase (D-XI), L-fucose isomerase, L-arabinose isomerase,
and L-rhamnose isomerase work on unphosphorylated substrates.
Except for the cupin-type PGIs, the function of conventional
PGIs does not require metal ions in the active domain. In
contrast, metal ions are prerequisite for enzymes catalyzing the
reversible isomerization of unphosphorylated sugars.10-13 For
example, the isomerization activity of D-XI from S. rubiginosus
completely depends on a divalent ion such as Mg2+, Co2+, or
Mn2+, and D-XI has been widely used in the commercial
production of high-fructose corn syrup.14,15

L-Rhamnose isomerase (L-RhI), which is responsible for the
reversible aldose-ketose interconversion of L-Rhamnose to
L-Rhamnulose, has been found to play an important role in the
rhamnose metabolism in Escherichia coli,13,16 Salmonella,17

Lactobacillus,18 and Pseudomonas.19 Its industrial applications
in the rare sugar production have also been extensively
exploited.20-24 L-RhI from Pseudomonas stutzeri (P. stutzeri

L-RhI), expressed in Escherichia coli as a recombinant His-
tagged P. stutzeri L-RhI,25,26 showed a broader substrate
specificity than L-RhI from Escherichia coli (E. coli L-RhI). P.
stutzeri L-RhI can efficiently catalyze the isomerization between
L-rhamnose and L-rhamnulose, L-mannose and L-fructose, L-
lyxose and L-xylulose, D-ribose and D-ribulose, and D-allose and
D-psicose. The aldose structures of selected five-favored sub-
strates are illustrated in Scheme 1, where L-mannose, L-xylose,
and D-allose are normally considered as “rare sugars” due to
their scarcity in nature. These rare sugars have become
increasingly significant in food manufacture and health care,
and many efforts aimed at facilitating the mass production of
various rare and commercially expensive sugars have been
made.26

Clearly, static X-ray crystallographic structures can provide
indispensable structural information to understand the difference
from P. stutzeri L-RhI to other L-RhIs such as E. coli L-RhI,
and fortunately, both crystal structures of E. coli L-RhI and P.
stutzeri L-RhI have been determined.27 The sequence alignment
of these two enzymes shows that their sequence identity is
merely 17%,25,26 suggesting that P. stutzeri L-RhI may quite
differ from E. coli L-RhI structurally. But the crystal structures
revealed that the amino acid residues bound to the metal site
are well conserved in these two enzymes. Furthermore, struc-
tures of P. stutzeri L-RhI in complex with the substrate
L-rhamnose or D-allose indicate that both substrates are nicely
located in the substrate-binding site. Significantly, one part of
the substrate-binding site in P. stutzeri L-RhI interacting with
the substrate at positions 1, 2, and 3 (see Scheme 1) is identical
with that in E. coli L-RhI, while the rest interacting with the
fourth, fifth, and sixth positions is similar to the case of D-XI.
On the basis of the comparison of these three-dimensional
structures, it has been assumed that the configurations of the
C2 and C3 positions of the substrate are closely associated with
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the enzyme activity,28 while the configurations of C4 and C5
of the substrate do not remarkably affect the enzyme activity.
In E. coli L-RhI, the presence of a hydrophobic pocket at the
fourth, fifth, and sixth positions results in the strict substrate
recognition. In sharp contrast, there is no such local hydrophobic
environment around the substrate in P. stutzeri L-RhI, and this
disparity may well explain the broad substrate specificity of P.
stutzeri L-RhI in comparison with E. coli L-RhI.

Unfortunately, the current X-ray diffraction data are unable
to completely identify the metal ions in P. stutzeri L-RhI, and
the most probable candidates are Zn2+ or Mn2+ or Ni2+. The
electron density profiles of two metal ions (M-1 and M-2) show
the M-1 is bound more tightly than the M-2 in the active site.
The M-1 is generally considered to play a structural role in the
substrate binding, while the role of M-2 is primarily catalytic
as M-2 mediates the hydride shift between C1 and C2.28,29 The
metal-mediated hydride shift mechanism has also been proposed
for the enzymatic reaction in D-XI.30

Despite static X-ray crystallographic studies on L-RhIs from
various bacteria strains provide strong clues to elucidate the
substrate recognition features and the enzyme activity, detailed
mechanisms for the broad substrate specificity of P. stutzeri
L-RhI and the enzymatic catalysis are elusive due to the lack of
experimental evidence for the enzymatic dynamics and reaction
transition states. In the present work, we intend to perform
computational studies that can provide complementary informa-
tion on bindings and reactions at the atomic and electronic level.
To this end, molecular dynamics (MD) simulations on the
aldose-ketose isomerization reaction catalyzed by P. stutzeri
L-RhI have been performed at the combined QM/MM level.
Possible reaction mechanisms for the reversible isomerization
and roles of the conserved residues and the interface residues
from the neighboring monomer have been investigated and
elucidated.

Computational Methods

Combined QM/MM methods have been widely used for
computational studies of biological systems.31-41 Within the QM/
MM model, the substrate and its surrounding key residues,
which are directly involved in bond breakings and formations,
are usually defined as the QM part and thus treated quantum-
mechanically, whereas the rest of the protein and solvent is
represented by force fields. This strategy combines the ap-
plicability and accuracy of QM methods in the description of
chemical bond changes and the computational efficiency of MM
approaches for large molecular systems. In consideration of the
complex electronic structures of the transition-metal center and
its ligand environment in metalloenzymes, the treatment of the
QM part normally requires the DFT methodology, which may
well balance the computational cost and the accuracy. As a

matter of fact, the use of DFT approaches in QM/MM
calculations has become increasingly popular.42-44

In computational studies aiming at correlating the structures,
dynamics, and functions of proteins, it is essential to conduct
MD simulations on the biological processes, where the QM part
is often treated at the semiempirical theoretical level, such as
AM1,45 PM3,46 and SCCDFTB,47 to reduce the computational
cost and guarantee enough samplings for the evaluation of
thermodynamic and dynamic properties. But it is well-known
that semiempirical methods may generate poor results and
continuing efforts have been made to improve the reliability of
these methods by either reoptimizing the parameters48 or
including d orbitals.49-52 In this work, however, we employed
a dual-level QM/MM approach53,54 to generate potential of mean
force (PMF) profiles. In dual-level (DL) MD simulations, the
energy profile from PM3/MM MD simulations is named as the
“low-level (LL)” PMF, while the “high-level(HL)” energy
calculation is performed at the B3LYP/6-31G** level. In the
PM3 calculations, the newly developed ZnB (zinc, biological)
parameters,55 which upgrade the description of zinc-containing
metalloenzymes as compared with the original PM3 parameters
for zinc,56 was adopted. The dual-level total energy (E) and the
dual-level PMF (W) can be expressed as follows:

where � is the reaction coordinate, �LL
MEP indicates that the

correction term was obtained along the minimum energy
reaction path (MEP) at the low level of theory, and ∆W0 is the
energy difference between the high level and the low level at
the reaction state. As shown in eq 2, the dual-level PMF may
be improved by combining the sampling efficiency of PM3/
MM MD simulations and the energy veracity of the QM
subsystem at the high level of theory, and this strategy is very
similar to the ONIOM model.57 The dual-level approach has
been used in previous QM/MM simulations.53,54,58,59 Computa-
tional details for the correction term were presented in Figure 3S
in the Supporting Information, and corresponding energy
calculations were carried out with the Gaussian03 package.60

All computational models in this work were generated on
the basis of the crystal structures of P. stutzeri L-RhI in complex
with the bound substrates L-rhamnose and D-allose (PDB codes:
2I56 and 2I57). Since both X-ray structures are quite similar
and the contact areas between chain A and chain B is significant
for the enzymatic catalysis,28 both the chains A and B from

SCHEME 1: Fischer Projection Structures of Substrates Catalyzed by P.stutzeri L-RhI
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PDB 2I56 were considered in the setup of computational models.
The substitution of various substrates (see Scheme 1) for
L-rhamnose generated initial models for these enzyme-substrate
complexes. Hydrogen atoms of the protein were added by using
the HBUILD facility in CHARMM61 based on heavy atom
positions and standard bond lengths and angles. The protonation
states of histidine residues were determined on the basis of their
individual microenvironments. Afterward, these enzyme-substrate
models were solvated into a water sphere of 30 Å radius centered
on the middle point of two zinc ions to produce initial
computational models in solution. The final models of these
complexes consist of about 19 950 atoms (see Figure 1a),
including the protein, 858 crystal water molecules, ∼1500 water
molecules from the water sphere, the substrate, and 8 sodium
ions to neutralize the whole system.

During the MD simulations, about 90 atoms were included
in the QM part, which consists of Glu219, Lys221, Asp254,
His257, His281, His289, Asp327, two zinc cations, the substrate
(L-rhamnose/L-mannose/L-lyxose/D-ribose/D-allose), and two
crystal water molecules (CW625 and CW777). The QM/MM
boundary was described with the generalized hybrid orbital
(GHO) method.62 A set of hybrid orbitals for each boundary
atom between the QM and MM fragments were dynamically
determined and one of the hybrid orbitals was involved in the
SCF calculation for the QM region. The QM/MM boundaries
are shown in Figure 1e. CHARMM22 and CHARMM27 force
fields63,64 were used to represent all of the MM atoms, and all
chemical bonds with hydrogen atoms in the MM part were
constrained with the SHAKE algorithm.65 Stochastic boundary
MD simulations at 300 K were carried out with CHARMM.61

In the simulations, the reaction zone was defined as a sphere of
25 Å radius, and atoms in the reaction zone were propagated
according to the Newtonian mechanics. Atoms within 25-30
Å comprised the buffer zone and were retained by a harmonic
restraining force and propagated by Langevin dynamics. The
harmonic force constants in units of kcal ·mol-1 ·A-2 were 1.22
for backbone oxygen atoms, 1.30 for other backbone atoms,
and 0.73 for all side-chain atoms. The friction coefficients for
heavy atoms of protein and the oxygen atoms of water molecules
were assigned as 200 and 62 ps-1, respectively. All atoms
beyond 30 Å from the center were defined as the reservoir zone,
which were fixed during the MD simulations. The effect
imposed by the atoms in the reservoir zone was simulated by
stochastic boundary potentials.61,66 For the water molecules, the
TIP3P potential67 was used. The list of nonbonded interactions
was truncated at 14 Å and the van der Waals and electrostatic
interactions were smoothly switched off in the range 12-13
Å. The structural comparison and rmsd profiles between the
crystal structure and the equilibrated structure from 300 ps MD
simulations were shown in Figure 1S in Supporting Information.

The umbrella sampling technique was adopted to generate
the low-level PMF along a designated reaction coordinate in
the equilibrated model. A biasing harmonic potential with a force
constant of 15-30 kcal/mol was imposed in MD simulations
for all windows separated by 0.2 Å along the reaction coordinate.
We note that the sufficient sampling for each window was
essential for the reliable estimation of reaction barriers and the
determination of intermediate states. The detailed comparison
of PMFs starting from different initial configurations and
different sampling time scales was outlined in Figure 2S in
Supporting Information. The test MD simulations suggested that
at least 100 ps MD simulations should be performed to reach
the equilibrium state for each window.

To evaluate the equilibrated configurations of P. stutzeri L-RhI
with various substrates from 300 ps PM3/MM MD simulations
and relative energy profiles for isomerizations of the substrates,
we also performed the QM/MM geometry optimizations at the
DFT/CHARMM level. In the QM(DFT)/MM optimizations, the
QM region remained the same as that in QM(PM3)/MM MD
simulations, and the QM part and 2706 MM atoms (defined by
including all residues around two zincs within a distance of 15
Å) were allowed to relax, whereas the remaining MM atoms
were frozen. The QM part was treated at the B3LYP/6-31G(d)
level and the MM part was described by the CHARMM force
fields. An electronic embedding scheme68 incorporating the MM
charges into the one-electron Hamiltonian of the QM treatment
and hydrogen link atoms with charge shift model69,70 for the
QM/MM boundary were adopted in the QM/MM treatment. The
ChemShell package71 integrating the Turbomole72 and DL-
POLY73 programs were employed to perform the QM/MM
computations. The default convergence criteria were adopted
in the QM/MM geometry optimization with the HDLC opti-
mizer74 for complexes of the enzyme with the substrate
L-rhamnose. For comparison with the dual level DFT:PM3/MM
PMF, a potential energy surface scan at the QM(DFT)/MM level
was also carried out.

Results and Discussion

I. Structures of the Active Site. The skeletal configurations
of enzyme-substrate complexes in solution reached equilibrium
and fluctuated only slightly after 100 ps in MD simulations,
and the overall deviation of the 300 ps MD conformation of
protein with reference to the crystal structure28 was small (see
Figure 1S in Supporting Information). Figure 1 displays the
equilibrium conformation and structures of selected parts of the
active domain. The zinc ions are located at the center of the
large domain with a (�/R)8 barrel fold. Important residues
forming the substrate-binding site in the equilibrated state of
the enzyme with L-rhamnose are shown in Figure 1b, where
the interactions of the substrate with its surrounding residues
at the first, second, and third positions of the substrate are
equivalent to those in E. coli L-RhI, while the interactions at
the fourth, fifth, and sixth positions are similar to those in D-XI.
Such structural characteristics in the active domain are the same
as shown in the reported crystal structures.28 The experimentally
proposed conserved residues, two crystal water molecules, and
other key residues in the substrate-binding site are survived
during MD simulations. On the other hand, several water
molecules gradually enter into the active site around the 4, 5,
and 6 positions of the substrate (see Figure 1b). As Figure 1
shows, there is a large cavity in the substrate-binding site that
can accommodate various substrates such as plotted in Scheme
1. These substrates differ from one another due to the R/S
enantiotropy at the fourth and fifth positions and the group at
the sixth position.

The coordination shell of Zn1 (“structural”) changes little after
300 ps MD simulations, while the coordination shell of Zn2
(“catalytic”) fluctuates slightly. As shown in Figure 1c, in the
complex with L-rhamnose, Zn1 is ligated with the O2 and O3
atoms of L-rhamnose, the OD1 atom of Asp254, the ND1 atom
of His281, the OE2 atom of Glu219, and the OD2 atom of
Asp327. Similarly, the Zn2 ion is also hexacoordinated with
ligands L-rhamnose, Asp289, His257, and two water molecules.
In consideration of the slight change of the Zn2 coordination
shell, we also carried out combined DFT/MM optimizations,
and a comparison of the selected calculated and experimental
bond lengths are collected in Table 1S in Supporting Informa-
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Figure 1. (a) Final equilibrium model of L-RhI after 300 ps MD simulations. (b) Key residues around the substrate-binding site. (c) Coordination
shell of two zincs ions. (d) Overlap of the coordination shell of zinc ions from various complexes. (e) Selected interatomic distances around zincs.
(f) Surrounding hydrogen-bond network in the active site from the equilibrated configuration.
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tion. As Table 1S shows, the DFT/MM calculations and the
PM3/MM MD simulations predict similar coordination shells
for both zinc ions in the enzyme-substrate complexes.

For other substrates, Table 1 compiles the distances between
zinc ions and their ligands at equilibrium states. The predicted
structures of the active domain in Table 1 reveals that the Zn1
ion is pentacoordinated in the complexes of P. stutzeri L-RhI
with D-ribose, and D-allose, where the interactions between Zn1
and O3 of these two substrates vanish and the separation
between Zn1 and Zn2 increases slightly during MD simulations
in comparison with the crystal structure. On the contrary, the
coordination of the crystal water CW625 to Zn2 becomes more
tightly. Interestingly, both oxygen atoms of the carboxylate
group of Asp289 coordinate to Zn2, while the O2 atom of
substrates departs from the coordination shell of Zn2 and
interacts with Zn1 more strongly during the configurational
evolution from the initial setup to the equilibrated state. In
general, however, the active domains in the five investigated
substrate-enzyme complexes are quite similar, and especially
for the surrounding environment of metal ions, the residues
involving in the metal bindings are well conserved.

There is a quite complicated hydrogen-bond network around
the substrate; the selected crucial and conserved hydrogen bonds

are shown in Figure 1f, and their distances are listed in Table
2. Such hydrogen bonding interactions help retain the substrate
in the reaction area and mediate hydrogen transfers and thus
are important for the overall enzymatic reaction. We note that
the hydrogen bonds between the substrate and Lys221/Asp327
are stronger in the L-rhamnose-enzyme complex than in other
complexes. Furthermore, there are abundant hydrogen-bonding
interactions at the fourth, fifth, and sixth positions for the
complexes of L-RhI with L-rhamnose and L-mannose, while
hydrogen bonds at these positions are relatively scarce for
the complexes with substrates lyxose, ribose, and allose. These
hydrogen-bonding interactions predicted from PM3/MM MD
simulations have been validated by the cluster-model calcula-
tions at the B3LYP level, where models with the metal-bound
hydroxyl or the metal-bound water for CW777 were considered
(see Figure 4S in Supporting Information for further details).
The relatively strong hydrogen bonding interactions between
substrates and Lys221/Asp327 have been assumed to mediate
the proton transfer in the proposed mechanism for the reversible
aldose-ketose isomerization (vide infra).

The conserved residues around positions 4, 5, and 6 are
similar to the active site in D-XI. To gain insight into the
interactions between the substrate and these residues, an energy

TABLE 1: Selected Average Interatomic Distances (Å) of Various Substrate-Enzyme Complexesa

labelb rhamnose mannose lyxose ribose allose

Interaction with Zn1
a1 (Sub:O2)c 2.07 ( 0.13 2.08 ( 0.13 2.09 ( 0.13 2.07 ( 0.13 2.08 ( 0.14
a2 (Sub:O3) 2.09 ( 0.13 2.11 ( 0.14 2.11 ( 0.13 3.83 ( 1.29 4.03 ( 0.51
a3 (Asp254:OD1) 1.98 ( 0.09 1.98 ( 0.09 1.98 ( 0.09 1.97 ( 0.08 1.96 ( 0.09
a4 (His281:ND1) 2.10 ( 0.14 2.09 ( 0.13 2.08 ( 0.09 2.07 ( 0.10 2.06 ( 0.12
a5 (Glu219:OE2) 2.02 ( 0.10 2.00 ( 0.09 1.99 ( 0.10 1.99 ( 0.09 1.98 ( 0.08
a6 (Asp327:OD2) 1.99 ( 0.11 1.99 ( 0.09 1.99 ( 0.11 1.98 ( 0.10 1.98 ( 0.10

Interaction with Zn2
b1 (Sub:O1) 2.05 ( 0.12 2.04 ( 0.12 2.03 ( 0.1 1 2.03 ( 0.11 2.03 ( 0.11
b2 (Asp289:OD1) 2.06 ( 0.19 2.06 ( 0.12 2.08 ( 0.09 2.05 ( 0.13 2.07 ( 0.11
b3 (Asp289:OD2) 2.02 ( 0.09 2.02 ( 0.11 2.03 ( 0.11 2.02 ( 0.10 2.03 ( 0.10
b4 (His257:NE2) 2.09 ( 0.10 2.09 ( 0.12 2.08 ( 0.11 2.07 ( 0.11 2.08 ( 0.13
b5 (CW625:O) 2.03 ( 0.11 2.04 ( 0.12 2.03 ( 0.11 2.03 ( 0.10 2.03 ( 0.11
b6 (CW777:O) 2.01 ( 0.11 2.01 ( 0.10 2.01 ( 0.10 2.01 ( 0.09 2.01 ( 0.09
c1 (Zn1-Zn2) 4.84 ( 0.22 4.90 ( 0.16 5.02 ( 0.26 4.88 ( 0.18 5.06 ( 0.14
c2 (Sub:O2-Zn2) 3.02 ( 0.18 3.07 ( 0.18 3.17 ( 0.23 3.60 ( 0.39 3.69 ( 0.38

a The average distance over the 300 ps MD simulations in Å. b Refer to Figure 1e for the distance marks. c The distance (a1) between Zn1
and O2 from the substrate (L-rhamnose/D-allose).

TABLE 2: Selected Average Interatomic Distances between H-Bond Donor and Acceptor in Different Substrate-Enzyme
Complexesa

labelb rhamnose mannose lyxose ribose allose

Distance (Donor-Acceptor) (Å)
d1 (Sub:HH1-Asp327:OD2)c 1.79 ( 0.18 2.08 ( 0.33 1.92 ( 0.29 1.78 ( 0.17 1.77 ( 0.15
d2 (Lys221:HZ2-Sub:O1) 2.04 ( 0.17 2.18 ( 0.22 2.31 ( 0.30 2.33 ( 0.33 2.32 ( 0.26
d3 (Lys221:HZ3-Asp289:OD2) 2.50 ( 0.73 2.48 ( 0.83 1.87 ( 0.23 2.30 ( 0.67 1.90 ( 0.21
d4 (CW625:HW1-Asp291:OD2) 2.25 ( 0.64 2.48 ( 0.72 2.55 ( 0.91 2.49 ( 0.86 2.69 ( 1.04
d5 (CW625:HW2-Asp291:OD1) 2.46 ( 0.81 2.47 ( 0.80 2.50 ( 0.72 2.56 ( 0.93 2.39 ( 0.71
d6 (CW777:HW3-Asp254:OD2) 2.50 ( 0.88 2.47 ( 0.82 1.81 ( 0.18 2.39 ( 0.58 2.01 ( 0.39
d7 (CW777:HW4-Asp291:OD1) 3.04 ( 1.39 2.47 ( 0.84 2.24 ( 0.57 2.70 ( 1.13 2.49 ( 0.82
d8 (Sub:HH2-Glu219:OE1) 2.48 ( 0.85 2.48 ( 0.83e miss miss miss
d9 (Sub:HH3-Asp327:OD1) 2.30 ( 0.58 2.48 ( 0.84 1.86 ( 0.23 miss 3.09 ( 1.22f

d10 (CW222:H1-Sub:O4) 3.05 ( 1.16 2.48 ( 0.83 miss miss miss
d11 (Sub:HH4-His101:NE2) 2.46 ( 0.71 2.49 ( 0.88 3.67 ( 1.83 miss miss
d12 (CW282:H1-Sub:O5) 3.12 ( 1.35 2.49 ( 0.84 miss 3.24 ( 1.31 miss

Angle (deg)d

θ1 (Sub-HH1-Asp327) 114 ( 18 101 ( 16 109 ( 19 95 ( 27 92 ( 34
θ2 (Sub-HZ2-Lys221) 144 ( 14 149 ( 9 144 ( 13 156 ( 11 155 ( 12

a The average distance over the 300 ps MD simulations in Å. b Refer to Figure 1f for the distance marks. c Sub is the abbreviation for
substrate. d The angle of H-bond donor-H-H-bond acceptor involved in reaction. e The HH2-CW282 distance instead of d8. f The
HH3-CW309 distance instead of d9.
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analysis including the electrostatic and van der Waals interac-
tions between L-rhamnose and individual surrounding residues
has been conducted, and the relative energy profiles from the
300 ps trajectory are depicted in Figure 2. As Figure 2 shows,
there are remarkable electrostatic interactions arising from the
residues His101 and Asp105 in chain A, and Arg65 in chain B,
while there are dominant van der Waals interactions from the
conserved residues28 Trp57, Phe131, Phe66 in chain B, as well
as Trp104 and Phe179, which may stabilize the L-rhamnose in
the substrate-binding site. These results confirm that the residues
at the interface from the adjoining molecule are equally
important for the substrate binding, as suggested experimen-
tally.28

II. Enzymatic Reaction Mechanism. Once substrates bind
to P. stutzeri L-RhI as discussed in the above, isomerization
will subsequently follow. For the enzymatic reactions of E. coli
L-RhI27 and D-XI,30 a hydride shift mechanism has been
proposed. After examining the hydrogen bond network in the
active site, as illuminated in Figure 1f, however, we are
proposing a zwitterion intermediate mechanism (Scheme 2)
which comprises two proton transfers and a hydride transfer.
The zwitterion intermediate as a key precursor to hydride
transfer was proposed in our recently computational study on

the reversible aldose-ketose interconversion catalyzed by P.
furiosus phosphoglucose isomerase.75 As Scheme 2 shows, the
isomerization starts from a first proton transfer from the substrate
to the residue Asp327, followed by another proton transfer form
Lys221 to the substrate to generate the zwitterion intermediate
with the positive charge at C1 and the negative charge at O2 of
substrate. Finally, a hydride transfer from C2 to C1 leads to
the product L-rhamnulose. Presumably, the presence of a positive
charge at C1 may facilitate the hydride transfer process.

To validate this zwitterion intermediate mechanism involving
three steps, we carried out PM3/MM MD simulations and
explored the thermodynamic and dynamic properties of the
reversible isomerization of L-rhamnose to L-rhamnulose along
the reaction coordinates, which are generally defined as the
differences between the distances of breaking bonds and forming
bonds (see Scheme 2). Parts a and b of Figure 3 present the
dual-level PMFs for the reversible isomerizations of L-rhamnose
to L-rhamnulose and D-allose to D-psicose, respectively. Figure
4 displays the time evolution of selected structural parameters
along the reaction pathways.

As shown in Figure 3, both reactions have similar PMF
profiles and the hydride transfer in the third step is quite facile.
The rate-determining step is the second proton transfer from
Lys221 to O1 of the substrate, and the free energy barrier in
this step is 8.9 kcal/mol for L-rhamnose (Figure 3a), about 4.7

Figure 2. Electrostatic and vdW contribution of individual MM
residues to stabilization and destabilization of the rhamnose-enzyme
complex, where the red bar indicates the contribution of residues in
chain B and the asterisk denotes that the vdW interactions are dominant.

SCHEME 2: Possible Zwitterionic Intermediate
Mechanism and the Definition of Reaction Coordinates
for Proton and Hydride Transfers

Figure 3. (a) Dual-level DFT:PM3/MM potential of mean force (PMF)
and the relative QM/MM potential energy profile (PEP) for the
isomerization of L-rhamnose to L-rhamnulose. (b) Dual-level DFT:PM3/
MM PMF for the isomerization of D-allose to D-psicose.
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kcal/mol lower than D-allose (Figure 3b). Within the transition
state theory, an approximately estimated overall activation
energy difference between L-rhamnose and D-allose is about 4.2
kcal/mol based on the experimental kinetic data.26 In consid-
eration of comparable barriers in the first and third steps for
both substrates, the predicted free energy barrier difference of
4.7 kcal/mol in the second step can be regarded as a good
agreement with the experimental evidence.

Along the reaction pathway, we note that the zwitterion
configuration is of a slightly higher energy than the initial state
by 6 kcal/mol for L-rhamnose and 10.9 kcal/mol for D-allose,
and a similar zwitterionic state of substrate was involved in the
enzymatic reaction of the phosphoglucose isomerase75 and the
cysteine proteases.76 As Figures 1 and 4 show, the coordination
shells of the metal ions are nearly conserved in the reaction
processes, except that the O3-Zn1 bonding gradually vanishes.
At the same time, the hydrogen bond network is remarkably
adjusted as the reaction proceeds, as many hydrogen bonds at
the fourth, fifth, and sixth positions weaken or even disappear.
Such reshufflings actually facilitate the release of the product
in the end.

The potential energy profile (PEP) along the reaction coor-
dinates has also been estimated by using the energy scan at the
B3LYP/CHARMM level. Compared with the dual-level DFT:
PM3/MM MD simulations, the QM(B3LYP)/MM energy scan
results in remarkably increased energy barriers for all three steps,

as Figure 3a shows, though interestingly the latter increases the
three barriers in a similar scale. It is worthwhile to note that
the energy scan computes the energies at separated points and
thus the important entropy contribution that plays a stabilizing
role is not considered. For comparison, the dual-level DFT:
PM3/MM MD simulations take the dynamical movement of the
whole system into account and thus is more reliable than the
energy scans.

To probe the catalytic roles of the residues included in the
QM region, we evaluated their classical electrostatic contribu-
tions to the relative energetics of different key states (including
the reactant, intermediate, transition, and product states) by
ensemble averaging and summarizing. As shown in Figure 5,
these residues totally contribute about 18 kcal/mol to the
stabilization of the transition state in the first step in the
isomerization of L-rhamnose to L-rhamnulose, 20 kcal/mol in
the rate-determining step, and 9 kcal/mol in the third step. The
most remarkable contribution in the first step is from Asp327,
which acts as the proton acceptor in the initial proton transfer.
In the second step, the residues H281, H257, K221, and both
zinc ions have comparable electrostatic energy contributions,
where the metal ions exhibit destabilizing interactions. Appar-
ently, the hydride shift step is basically mediated by the zinc
ions, especially by the “catalytic” metal Zn2.

Significantly yet interestingly, we found that the PM3/MM
PMF barrier is higher than the dual-level PMF barrier by as
much as 18 kcal/mol, as demonstrated in Figure 3S (see
Supporting Information), and we speculate that such notable
discrepancy arises from the poor description of electrostatic
energy in the transition state at the PM3 level. Figure 5 reveals
that the energy difference in the second step from the electro-
static interactions is about 5 kcal/mol for the isomerizations of
L-rhamnose and D-allose, which is comparable to the corre-
sponding free energy barrier difference in the same step as
shown in Figure 3. As Figure 3S shows, the maximum deviation
of PM3/MM PMF appears at the transition state in comparison
with the dual level approach, and the relative single energy from
the partial optimization in the gas phase shows similar trends.

The remarkable movement of the metal center and the hydride
transfer were proposed for reactions in both D-XI isomerase77,78

and phosphotriesterase.59 On the contrary, the metal ions of P.
stutzeri L-RhI move negligibly in our MD simulations, and the
bimetal distance between Zn1 and Zn2 is only slightly fluctuated
within (0.25 Å in the proton transfer and hydride transfer steps.

Figure 4. (a) Evolution of the coordination shell of zinc ions along
the reaction process. (b) Evolution of hydrogen-bond distances along
the reaction process.

Figure 5. Electrostatic contribution of individual residues in the QM
region to stabilization and destabilization of the rhamnose-enzyme
complex at the different steps.
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The hexacoordinated structural environment of zinc ions in P.
stutzeri L-RhI makes the metal dynamic motion become difficult
in reactions.

III. Substrate Specificity. The X-ray crystal structure of E.
coli L-RhI28 revealed that there is an unique hydrophobic pocket
at the positions 4, 5, and 6 of substrate, which is responsible
for the strict substrate recognition. As a consequence, only
L-rhamnose is the suitable substrate which is able to dock into
the reactive site of E. coli L-RhI. In contrast, the crystal structure
of P. stutzeri L-RhI showed that Phe66 from another chain B
extends into the active site in chain A and no hydrophobic
pocket like in E. coli L-RhI was observed. Our QM/MM MD
simulations show that there is a large vacancy around the fourth,
fifth, and sixth positions of substrates for P. stutzeri L-RhI and
a few water molecules even can enter into the active domain of
the complexes of the enzyme with substrates L-rhamnose,
L-mannose, L-lyxose, D-ribose, and D-allose, leading to a typical
hydrophilic microenvironment. Such structural features of the
substrate-binding site and the van der Waals and electrostatic
interactions between substrates and the conserved residues lead
to the broad substrate recognition, which concerns only the
configurations of the first three positions of substrates as
observed experimentally. Furthermore, we note that the coor-
dination shells of the metal ions are pretty much conserved
regardless of the substrate substitution in the MD simulations.

In the present zwitterion intermediate mechanism, the isomer-
ization was driven by proton transfers between the surrounding
residues and the moieties of C2-O2 and O1-C1 of the
substrate, and thus the configurations of O1-C1 and O2-C2
positions are very crucial for the enzyme activity. Similar
structural features and hydrogen bond interactions in the C1
and C2 region (see Figure 1c, Table 1 and Table 2) of the
substrate-binding site for substrates L-rhamnose, L-mannose,
L-lyxose, D-ribose, and D-allose make them serve as suitable
substrates for P. stutzeri L-RhI. However, the differences of
hydrogen bond network at positions 4, 5, and 6 and the
coordination interaction between O3 and Zn1 for these substrates
may slightly influence their relative reactivity in P. stutzeri
L-RhI. As Tables 1 and 2 show, the presence of O3-Zn1 bond
and hydrogen bond interactions at the fourth, fifth, and sixth
positions may retain the substrate in the reactive region nicely,
leading to relatively higher activity for substrates L-rhamnose,
L-mannose, and L-lyxose as compared with D-ribose and
D-allose. This difference in relative activity was observed
experimentally26 and interpreted by the dual-level QM/MM MD
simulations.

Conclusion

Combined QM/MM MD simulations have been conducted
to explore the aldose-ketose isomerization catalyzed by P. stutzer
L-RhI, and a zwitterion intermediate-based mechanism involving
proton and hydride transfers was examined. In the reversible
isomerization, the residues Asp327 and Lys221, serving as the
general acid and base, mediate the proton transfers between the
substrate and surrounding residues, leading a zwitterion inter-
mediate. Following a facile hydride transfer, the zwitterion
evolves into the product. The barriers derived from the dual-
level MD simulations at the rate-determining step are 8.9 and
13.6 kcal/mol for L-rhamnose and D-allose, respectively, and
this predicted disparity in relative activity of P. stutzer L-RhI
toward both substrates is in agreement with experimental
observations.26 The roles of the key residues and the zinc ions
in the enzymatic reaction and the substrate specificity have been
discussed on the basis of the electrostatic interaction analysis

and the dynamic structural features from the MD simulations.
Calculations and simulations show that the residues at the
interface from the neighboring molecule and the hydrogen
bonding interactions around the substrate are important for the
enzymatic process. Albeit a broad substrate specificity, P. stutzer
L-RhI exhibits a keen difference in its activity toward various
substrates. Our analyses suggest that the slight differences in
the coordination shell of Zn1 and in the hydrogen bond network
at the fourth, fifth, and sixth positions are responsible for the
relative activities of substrates L-rhamnose, L-mannose, L-lyxose,
D-ribose, and D-allose.
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