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1. INTRODUCTION

Catalysts for radical reactions are important in industrial processes.
The understanding of enzymes catalyzing radical reactions allows to
design new biomimetic catalysts. Computational investigations
complemented by experiments can provide better insight into the
use and the control of radicals by biological systems.

Adenosylcobalamin-dependent glutamate mutase (GM) be-
longs to a group of enzymes that catalyze radical reactions and
use adenosylcobalamin (coenzyme B12) as a cofactor.1 GM
occurs as a tetramer consisting of two identical σε-dimers each
made up of a σ-subunit and an ε-subunit. One cofactor is bound
to each σε-interface. GM is found in anaerobic bacteria, e.g. in
Clostridium spec.2 They use glutamate as a carbon and energy
source and degrade it to butyrate, CO2, NH4

þ, and H2.
3 This

work focuses on the first step of glutamate fermentation by those
bacteria which starts with a reversible interconversion including a
carbon-skeleton rearrangement of (S)-glutamate to (2S,3S)-3-
methylaspartate (MA, see Figure 1). This reaction involves
radical intermediates. Both, the substrate and the product are
small, stable molecules. The reaction is reversible. Thus, gluta-
mate mutase provides a relatively simple system to study enzy-
matic catalysis using radicals.

The crystal structure of the enzyme in complex with substrate
and cofactor has been determined at 1.6 and 1.9 Å resolution.4,5

NMR structures are available as well.6�9 Key residues in the
vicinity of the active site of GM are, e.g., Arg 149, Arg 100,
and Arg 66, which form hydrogen bonds to the glutamate
substrate. They establish the so-called arginine ‘claw’.4 Glu 171

was suggested to act as a a proton acceptor during the reaction.10

Here and in the following residue numbers refer to GM from
Clostridium cochlearium.

According to the bound free-radical hypothesis, the initial step
in coenzyme B12-mediated reactions is the homolytic cleavage
of the cobalt�carbon bond of the cofactor, which produces a
50-desoxyadenosyl radical (Ado) and cob(II)alamin.11,12 Compared
to the following hydrogen transitions catalyzed by GM, the
homolytic cleavage is fast; it is not rate limiting.13�15 Therefore
it is not considered in our simulations.

Several reaction mechanisms have been proposed, e.g., re-
moval of a hydride ion or a not very likely addition�elimination
pathway.16 We study the fragmentation�recombination mecha-
nism proposed based on experimental data.17,18 In this mecha-
nism the homolytic cleavage is followed by the transfer of
the unpaired electron from Ado to the glutamate substrate. After
the rearrangement to a methylaspartyl radical, the unpaired
electron is transferred back to Ado (see Figure 1). These steps
are rate limiting and are investigated in this study. The final part
of the catalysis is reformation of the Co�C bond and product
release.

From experiment, it is unclear which of the individual steps is
rate limiting. While some studies observed large H/D KIEs,19�21

which indicate the hydrogen-transfer steps to be rate limiting,
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more recent work found smaller KIEs and concludes that neither
of the hydrogen-transfer steps is cleanly rate limiting.22,23

A promising method to simulate enzymatic reactions is the
combination of quantum chemical approaches and empiric force
fields (QM/MM),24,25 recently reviewed in references.26�30 All
previousQM/MMcalculations performed onGM considered only
the activating, but not rate limiting,Co�Cbond cleavage.13�15The
dissociation enthalpy for the homolytic cleavage was experimentally
estimated in methylmalonyl-CoA mutase (MMCM), a similar
coenzyme B12-dependent enzyme, to be about 59 kJ mol�1.31

Calculations investigating the rearrangement reaction have been
done in gas-phase models considering different protonation
states.16,32MMCMhas been investigated with QM/MM and other
computational methods.33�35 Both GM21 and MMCM36 generate
a carbon-centered substrate radical after the homolytic Co�Cbond
cleavage. The cofactor�substrate arrangement of MMCM resem-
bles that of GM.37 Nevertheless, computational studies35 favor an
addition�elimination mechanism for MMCM, whereas for GM
experimental as well as computational results support the fragmen-
tation�recombination pathway.16

The paper is organized as follows: In the Section II metho-
dological details and the level of theory are given. In Section III
our results concerning the energetics of the rearrangement
reaction catalyzed by the enzyme are discussed. Then a detailed
discussion of the enzyme environment and its influence on the
reaction follows. Emphasis is given on individual amino acids and
their contribution to a productive catalysis. To our knowledge
this is the first study of the reaction mechanism of GM with the
QM/MM approach.

2. METHODS

2.1. SystemPreparation.The enzymeGM fromC. cochlearium in
complex with 50-desoxyadenosylcobalamin and substrate was modeled
on X-ray diffraction results at 1.9 Å resolution (PDB entry 1I9C).5 The
X-ray data include the whole tetramer with two σε-subunits, and the
substrate glutamate as well as (2S,3S)-3-methylaspartate. The enzyme
consists of two identical subunits without any covalent connections
between them. The reactive parts are remote from each other. Experi-
mental investigations carried out with a mutant containing only one σε-
subunit also show independence of the subunits.38 Thus, we simulated
only one σε-subunit.

After protonation and solvatization (both with VMD39 version 1.8.7)
in a cubic box of TIP3P40 water molecules, the system was extensively
equilibrated on an MM-only level. This allows all cavities within
the enzyme to be filled with water. Naþand Cl� ions (each about
0.05 mol L�1) were added to ensure an overall charge neutrality of the

system. The initial size of the rectangular solvent box was 90.5 �
80.5 � 95 Å3.

In the following classical MD simulations with periodic boundary
conditions were performed using the CHARMM2241�44 force field in
the code NAMD version 2.6.45 The Langevin piston Nos�e�Hoover
method46,47 was used to keep the system at 300 K and 1 bar. The time
step was 2 fs. In the equilibration phase, constraints followed by position
restraints by springs were applied to the whole protein, the cofactor, and
the substrate. All water molecules, also those contained in the crystal
structure, were unrestrained. The volume was kept constant in the
equilibration. At first the solute atoms were completely frozen for 2000
conjugate gradient optimization steps and 0.1 ns of MD simulation.
Next, restraints with a force constant of 5.0 kcal mol�1 Å�2 were applied
to the solute again for 2000 optimization steps and 0.1 ns of MD
simulation. This was followed by 0.1 ns of MD simulation each with
force constants of 2.0 and 0.1 kcal mol�1 Å�2 to gradually relax the
protein with the cofactor and the substrate. In one run the binding
pocket of the enzyme contained the glutamate substrate (50 ns of
sampling). Another run was performed for 26 ns for GM containing the
product MA in the binding pocket.

For the MD run with glutamate in the binding pocket, the protein in
solvent comprised 63 411 atoms, including 17 899 water molecules and
50NaþandCl� ions. Snapshots were taken from thatMD run after 9, 20,
41, 32, 13, and 25 ns of simulation as initial structures for the following
QM/MM calculations. They are labeled as SN-Glu-1 to SN-Glu-6.
Three snapshots were taken from the MD simulation with MA in the
binding pocket (SN-MA-1 to SN-MA-3) after 6, 11, and 15 ns. They
served as starting configurations for the following geometry optimiza-
tions and transition-state searches. Force field parameters for nonstan-
dard residues (cobalamin and MA) were derived by analogy to similar
parametrized residues. They can be found in the Supporting Informa-
tion. For the adenosyl part of coenzyme B12, which is completely
contained in the QM-part, we used the standard adenosyl parameters
with the phosphate group deleted. The snapshots were chosen to cover a
range of different C�C distances (from 3.2 to 5.12 Å) for the hydrogen-
transfer reaction between the substrate and the cofactor.

To prepare the snapshots for simulation, all nonprotein atoms having
a distance greater than 17 Å from the oxygen atom in the ribose ring of
Ado were deleted from the model. This procedure removed the box of
water except molecules in the inner part of the enzyme. During the
calculations all residues that were entirely outside a range of 8 Å from any
substrate or Ado atom were frozen. Additionally, all atoms of the
adenosyl tail of cobalamin further away than 12 Å from Ado were
frozen. That procedure resulted in 96�135 water molecules included in
the different snapshots. Thus, all residues belonging to the first and
second solvation shells of the environment of the active center were
optimized. Additionally, in all snapshots except SN-Glu-1, 14 charged
glutamate or aspartate residues on the surface of the protein were
protonated to obtain a neutral system. All snapshots comprised about

Figure 2. The QM region (in ball and stick representation) containing
Ado (left), glutamate substrate (middle), and the side chain of Glu 171
(right). Carbon is shown in gray, oxygen in red, hydrogen in white, and
nitrogen in blue. Atoms mentioned in the text are labeled.Figure 1. The rearrangement of glutamate to methylaspartate catalyzed

by GM: (A) Ado and glutamate; (B) AdoþH and glutamyl radical; (C)
AdoþH, acrylate, and glycyl radical; (D) AdoþH and methylaspartyl
radical; and (E) Ado and methylaspartate.
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10 200 atoms in the end. They contained water, protein, cofactor, and
substrate but no Naþand Cl�ions from the solvatization.
2.2. QM Methods. Using QM/MM24,25 geometry optimizations,

the chemical steps of the reaction mechanism were investigated. The
chemically active center was treated with DFT,48,49 combined with the
environment described by force field calculations. The QM/MM
(potential energy) calculations were done with ChemShell,26 using
electrostatic embedding, where the MM charges of the force field
polarize the QM part. Covalent bonds between the QM and MM parts
were truncated on theQM side by hydrogen link atoms. The charge-shift
scheme26,50 was employed in order to avoid overpolarization of the QM
density near the link. The CHARMM22 force field41�44 in DL_POLY51

as included in ChemShell26 was used for the MM part.
Unless noted otherwise, the QM-region contained the glutamate

substrate, Ado, and the side chain of Glu 171, see Figure 2. The
truncation of the QM subsystem was done by cutting through the
Cβ�Cγ bond of Glu 171. This resulted in a total of 54 QM atoms plus
one hydrogen link atom. The choice of the truncation is well justified
because only one single bond has been cut, and the distance between the
cut and the chemically active atoms is three bonds at the minimum. Any
possible charge transfer between the regions designated as QM andMM
regions is neglected. In some calculations Glu 171 was left out (48
atoms) or His 150 was added (74 atoms) to the QM part to investigate
specific effects. The homolytic cleavage in the cofactor is fast compared
to the hydrogen transfer between Ado and glutamate substrate. Thus,
cobalamin can be excluded from the QM part.

The QM part carries a charge of�2 and a spin multiplicity of 2. The
QM region was described with DFT with BP86,52�56 BP86-D,57 and
B3LYP58 functionals as implemented in TURBOMOLE version 6.0.2.59

The method of the resolution of the identity60 was used throughout.
Additionally, energies on the BP86-optimized geometry were calculated
with the M06 functional61 in NWChem version 5.1.1.62,63

Of the three functionals used, BP86, B3LYP, and M06, the latter can
be expected to provide themost accurate results.64 For technical reasons,
calculations with the BP86 functional are much faster than calculations
with the B3LYP functional, which are in turn faster than M06 calcula-
tions. Barriers are generally several kJ mol�1 higher with B3LYP and
M06 than with BP86, which is in agreement with a generally observed
trend caused by the Hartree�Fock exchange in B3LYP and M06 but
not in BP86. M06 energies at BP86 geometries deviate only by about
1 kJ mol�1 from the M06 energies at B3LYP geometries, well within the
error bar of QM/MM calculations. Thus, BP86 geometries were used.

After a comparison of def2-SVP,65 cc-pVDZ,66 def2-TZVP,67 def2-
TZVPP,67 cc-pVTZ,66 aug-cc-pVTZ,66 cc-pVQZ,66 and cc-pV5Z66 basis
sets (see Supporting Information), all computations were performed
with the cc-pVTZ basis set, as larger basis sets led to insignificant
changes in the energies. For cc-pVTZ calculations the number of SCF-
basis functions was 1282.

The geometry optimizations were performed with DL-FIND68 in
ChemShell.26 Hybrid delocalized internal coordinates (HDLC)69 were
used throughout.

Minima were located by a quasi-Newton limited memory Broyden�
Fletcher�Goldfarb�Shanno (L-BFGS) method in ChemShell. This
algorithm necessarily converges to minima, as we reverse the step,
should it point uphill.68

Transition states were located with the superlinearly converging
variant70 of the dimer method.71�73 Scans over bond lengths (for
C�C-rearrangement steps) or bond-length differences (for hydrogen-
transfer steps) were performed. All other degrees of freedom were
relaxed. In each rearrangement step the two structures having the
highest energies during the scans were chosen as a starting guess for
the dimer calculations. The dimer method requires two initial structures.
By construction it converges to first-order saddle points. Weights of 1
were used for all atoms in the QM part and weights of 0 for all other

atoms in an algorithm described previously,70 which effectively restricts
the transition mode to the QM atoms. The energy is minimized with
respect to the coordinates of all atoms with weight 0.

To investigate the influence of the protein environment on the
chemically active center, COSMO74 calculations, which model a water
environment, were performed in TURBOMOLE (default parameters
for COSMO) for the glutamate substrate. Additionally, the isolated
glutamate substrate was investigated in the gas phase.

To analyze the results of the optimizations, averages of the potential
energy barriers of the snapshots were calculated by exponential
averages:75,76

ÆΔEæ ¼ � kBT ln exp �ΔE
1

kBT

� �� �
ð1Þ

with T = 300 K, and kB referring to Boltzmann’s constant. According to
Jarzynski’s equation,77 the free energy ΔA of a process equals the
exponential average, ΔA = �kBT lnÆexp(�ΔW/kBT)æ, of the work
ΔW (which can be approximated by potential energy differences ΔE)
drawn from a canonical ensemble. Of course, a sample of nine snapshots
cannot be expected to provide an accurate average. Taking an exponen-
tial average results in a barrier dominated by the smallest barrier which
represents the most likely path.

For further analysis of the reaction mechanism and to investigate the
electrostatic influence of each single amino acid on the activation energy,
the full QM density of SN-Glu-1 was replaced by electrostatically fitted
charges (ESP),78 which were fitted to reproduce the electrostatic
potential of the full DFT (BP86) density polarized by the charges of
the MM environment, as these can be expected to result in a quite
accurate electrostatic energy at hugely reduced costs compared to the
full QM density. The change in the activation energy barrierΔΔ‡Ei due
to the charge on residue i can be determined as

ΔΔ‡Ei ¼ Δ‡E0 �Δ‡Ei ð2Þ
where Δ‡E0 is the electrostatic component of the activation energy
(calculated using ESP charges instead of the QM density), and Δ‡Ei is
the electrostatic component of the activation energy with all charges on

Table 1. Relative QM/MM Energies of Six Snapshotsa

structure SN-Glu-1 SN-Glu-2 SN-Glu-5

A 0.0 0.0 0.0

TS-AB 79.7 93.0 98.2

B �21.6 �23.3 �29.7

TS-BC 61.3 56.7 51.9

C 21.7 40.7 14.5

TS-CD 70.9 78.5 46.1

D 9.2 7.6 �12.3

TS-DE 110.9 129.3 153.7

E 13.5 17.9 �1.5

structure SN-MA-1 SN-MA-2 SN-MA-3

A 0.0 0.0 0.0

TS-AB 192.4 190.5 83.8

B �37.0 �42.0 �36.9

TS-BC 38.9 43.5 43.9

C �11.4 �19.2 �3.4

TS-CD 34.1 15.1 27.2

D �26.1 �57.2 �49.6

TS-DE 110.2 140.1 60.7

E �14.1 �51.3 �36.7
aM06 energies in kJ mol�1 at BP86 geometries.



10198 dx.doi.org/10.1021/ja202312d |J. Am. Chem. Soc. 2011, 133, 10195–10203

Journal of the American Chemical Society ARTICLE

residue i set to 0. In these calculations, the geometries of both the
reactant and the transition state (TS) are kept unchanged. Thus, the self-
energy of the QM part is constant and drops out of ΔΔ‡Ei. Note that
ΔΔ‡Ei contains contributions from MM�MM interactions as well as
fromQM�MM interactions. IfΔΔ‡Ei is positive, then the atom charges
of residue i increase the barrier (destabilize the TS). Otherwise these
charges stabilize the TS. ΔΔ‡Ei estimated in this way is a semiquanti-
tative measure of the electrostatic influence of individual residues,
helpful to determine which residues play a role in the catalytic activity.
However, ΔΔ‡Ei is certainly too crude an approximation to be com-
pared to the effect of a mutation of the respective residue on the
reactivity. Among the effects not covered by ΔΔ‡Ei are the substitution
of residue i by other moieties and changes in the geometries as well as
changes in the polarization of the QM part.

3. RESULTS AND DISCUSSION

3.1. Energy Profile of the Catalytic Reaction. The mecha-
nism discussed in the following consists of: (1) a hydrogen transfer
from glutamate substrate to Ado, (2) a rearrangement of the
(S)-glutamyl radical to a (2S,3S)-methylaspartyl radical, and (3)
a hydrogen transfer back from Ado to form the (2S,3S)-methyl-
aspartate product. We found that the barriers for (1) and (3)
dominate over the barrier of (2). Energetic data for the different
elementary reactions are given in Table 1 . Relative energies were
consistently calculated with respect to the energy of the state A
obtained for the same snapshot, unless noted otherwise. Key
bond distances which changed during the reaction are given
in Table 2.

The intermediates considered in this study are labeled as
follows: homolytic cleavage of the Co�C bond leads to the Ado
radical and glutamate substrate, state A. Hydrogen transfer
generates the glutamyl radical, state B. It fragments into acrylate
and a glycyl radical, state C. Glycyl binding to acrylate results in
the methylaspartyl radical, state D. At the end, the back transfer
of the radical to Ado creates MA, state E. All transition states
between the intermediates are abbreviated by TS, e.g., TS-DE
denotes the transition state between D and E.
The barriers given in Table 1 are significantly higher for the

hydrogen transfers A to B and E toD than for the rearrangement

Table 2. Bond Distances in Å during the Reaction in SN-Glu-1

structure N�O N�HN C50�Cγ Hγ�Cγ Cβ�CR Cγ�CR C50�Cβ Hγ�Cβ

A 2.589 1.145 3.638 1.097 1.540 2.575

TS-AB 2.579 1.449 2.746 1.320 1.561 2.563

B 2.552 1.402 3.689 2.718 1.568 2.537

TS-BC 2.690 1.651 2.254 2.949

C 2.772 1.760 3.322 3.051

TS-CD 2.704 1.661 2.849 2.156

D 2.546 1.165 2.544 1.571 4.105 3.083

TS-DE 2.594 1.151 2.603 1.571 2.751 1.360

E 2.552 1.160 2.578 1.555 4.180 1.096

Figure 3. Energy profile, M06 at BP86 geometry (relative to A).
Figure 4. Energy profile, M06 at BP86 geometry (relative to E).

Figure 5. Barrier heights of both hydrogen transfers versus C�C-
distance (C50�Cγ for A, red diamonds; C50�Cβ for E, blue plus signs)
at energetic minima of glutamate and MA substrate (M06).
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reactions B to D. There is a substantial spread in the hydrogen-
transfer barriers between the different snapshots. They range
from 79.7 to 192.4 kJ mol�1 in A to B and from 97.4 to 192.4 kJ
mol�1 in E to D. Thus, they show a strong dependence on the
environment. The smallest barriers are found in SN-Glu-1 (79.7
and 97.4 kJ mol�1), suggesting that the reaction will most
probably proceed via this path. SN-MA-3 and SN-Glu-1 both
have a barrier height of 97.4 kJ mol�1 for the transition E to D.
However, the barrier for A to B is slightly lower (74.7 kJ mol�1)
in SN-Glu-1 than in SN-MA-3 (83.8 kJ mol�1). Accordingly,
further investigation of the protein will mainly be performed with
SN-Glu-1. The exponentially averaged barrier at T = 300 K is
84.8 kJ mol�1 for A to B and 101.1 kJ mol�1 for E to D.
The barriers for hydrogen transfer and recombination of the

fragments seem to depend stronger on the snapshot than the
barriers for the fragmentation (see Figures 3 and 4). Thus, the
hydrogen-transfer reactions depend much more on the enzyme
environment than the carbon skeleton rearrangement.
The exponential average is smaller with 84.8 kJ mol�1 for the

reaction A to B than for E to D with 101.1 kJ mol�1. The lowest
barriers contribute most to the exponential average. So, a similar
difference is obtained when just comparing the lowest values for
the two mechanisms: 79.7 kJ mol�1 for the former and 97.4 kJ
mol�1 for the latter case. For coenzyme B12-dependent diol
dehydratase, an enzyme similar to GM, the rate-limiting step was
predicted16 to exhibit a barrier between 60 and 75 kJmol�1 based
on theoretical and experimental studies.79�81 In GM, we find the
barrier to be about 25 kJ mol�1 higher.
The wide range of barriers found in the different snapshots is

due to the varying geometries of the snapshots. Differences will
be discussed in more detail in Section 3.3. Comparison of the
reaction B to D in Figures 3 and 4 leads to the insight that the
barriers from B to C (average: 80.1 kJ mol�1) as well as the
barriers fromD toC (average: 62.4 kJ mol�1) are about the same
height in all snapshots. The influence of the protein on the
carbon skeleton rearrangement will be discussed in Section 3.2.
Figure 5 shows the barriers versus the C�C distance between

the hydrogen donor and acceptor in A and E. Independent of the
snapshots and of the substrate in the binding pocket at the
beginning of the simulations, A tends to have shorter distances

than D. Distances refer to the minimum structure. In many cases
the distance can be decreased without significantly increasing the
energy. Promoting vibrationsmay lead to shorter hydrogen-transfer
distances. The large distances (>5 Å) are associated with large
barriers. The reaction will not proceed via these paths. SN-Glu-3,
SN-Glu-4, and SN-Glu-6 show significantly higher barriers than the
other snapshots already with the BP86 functional (which under-
estimates the barrier heights). Thus, these snapshots have not been
investigated in more detail, see Figure S3 of the Supporting
Information. In one case a large barrier is found for a short distance.
In the respective snapshot (SN-Glu-3) one catalytic hydrogen bond
is broken, see Section 3.3, which causes the large barrier.
3.1.1. Catalytic Role of Glu 171. The side chain of Glu 171 is

positioned next to the ammonium group (NH3
þ) of the

glutamate substrate. During the fragmentation�recombination
process, a proton is transferred from the ammonium group to
Glu 171 in all snapshots, see Figure 2. In our simulations transfer
of protons between the QM part and the MM part is impossible.
Thus, the inclusion of neighboring amino acids in the QM part
allows such acid�base reactions to take place, whereas the
exclusion prevents them. The barriers of the rearrangement of
the carbon skeleton are about 30�40 kJ mol�1 higher if the
proton transfer to Glu 171 is forbidden by the choice of the QM-
part in SN-Glu-1, which has the lowest hydrogen-transfer barriers,
see Table 3. This is in agreement with mutation studies in which
Glu 171 was replaced by Gln and other amino acids. These show a
dramatic decrease in reactivity, and, thus, the importance of Glu
171.10 Further investigations including His 150 in the QM part
showed that His 150 does not act as a proton acceptor.
A captodative stabilization, i.e., a proton transfer from the

ammonium group to the carboxyl group of the glycyl radical inC
was proposed by gas-phase calculations.16 This is energetically
unfavorable by about 50, 15, and 60 kJ mol�1 for B, C, and D,
respectively, in aQM/MMenvironment (SN-Glu-1), see Table 3
columns 2 and 5. The protein stabilizes the zwitterionic state.
3.2. Catalytic Effect of the Protein. Variation in the protein

environment has a significant influence on the energy barriers for
the hydrogen transfers. This causes a large spread in the barriers
between the snapshots (Figures 3 and 4). The reaction will
predominantly proceed via the paths with the lowest barriers.
Intermediate B, containing the glutamyl radical, is the most

stable structure along the part of the reaction path under study, in
agreement with experimental results.20 In all calculations, in
protein as well as in gas phase and in water, B has the lowest
energy along the reaction path.
The barrier for fragmentation is similar in the gas phase

(69.9 kJ mol�1), in water (69.1 kJ mol�1), Table 4, and in the
protein (70.1 kJ mol�1) for calculations with BP86 functional.

Table 3. Energy Profiles of SN-Glu-1 with Proton Transfer
Form the Substrate to the Environment Being Selectively
Allowed by the Choice of the QM Parta

QM part substrate

þ Ado

þ Glu 171

substrate

þ Ado

substrate

þ Ado

þ Glu 171

þ His 150

captodative

stabilization

(substrate

þ Ado

þ Glu 171)

A 0.0 0.0 0.0 0.0

TS-AB 54.2 54.5 52.6

B �17.1 �14.4 �18.5 32.3

TS-BC 53.2 87.3 49.3

C 30.1 76.4 28.7 14.4

TS-CD 61.5 87.3 61.2

D 3.3 4.2 4.3 60.4

TS-DE 77.3 80.1 77.9

E 2.6 4.4 3.8
aBP86 energies in kJ mol�1.

Table 4. Relative Energies of the Isolated Substrate Radical
Optimized in the Gas Phase and in Water (COSMO) (kJ
mol�1)

gas phase COSMO

G3(MP2)-RAD(p)16 BP86 BP86

B 0.0 0.0 0.0

TS-BC 59.9 69.9 69.1

C 34.4 2.8 3.6

TS-CD 66.5 78.0 84.2

D 20.3 24.9 31.1
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The rearrangement of the carbon skeleton is less influenced by
the protein environment than the hydrogen transfers. All snap-
shots show barriers within 75.9 and 82.9 kJ mol�1 for the
fragmentation (B to C) and within 30.6 and 49.2 kJ mol�1 for
the recombination (C to D), see Table 1.
The enantioselective catalysis by suppressing the formation of

the (R)-enantiomer happens in step C to D.
The C�C rearrangement is hardly influenced by a water

environment compared to gas-phase calculations. Comparison of
the energies of the substrate in the enzyme environment, water
(COSMO), and the gas phase is given in Table 4 . The enzyme
sterically destabilizes the fragments (stateC).C is about as stable
as B in water or the gas phase, see Table 4, while it is 43.3 kJ
mol�1 (see Table 1, which gives the M06 values; the BP86 value
is 47.1 kJ mol�1) less stable in the enzyme. C is destabilized
predominantly sterically. This reduces the barriers to recombine
the fragments (C to D) from 75.2 kJ mol�1 in the gas phase and
80.6 kJ mol�1 in water down to 31.4 kJ mol�1 (all BP86) in the
enzyme environment. In gas phase and water the fragments lie
parallel to each other, while in the enzyme environment they are
rotated and in a staggered position. The two fragments are held in
place by the enzyme environment: The arginine claw prevents
the fragments acrylate and glycyl to move into a parallel position.
This raises the energy of the intermediate C but avoids the

rotation of the acrylate and, thus, ensures the enantioselectivity.
Additionally, the formation of a bond between glycyl and the
acrylate is facilitated.
Table 4 compares the reaction energies of isolated glutamate

in the gas phase and in water (COSMO) at different levels of
theory. Compared to the G3(MP2)-RAD(p) level at a different
protonation state,16 calculations with BP86 result in a larger
barrier. The reaction of the isolated glutamate in the gas phase is
overall endothermic (Table 4). The enzyme can save this
intrinsic energy for the last step of the reaction.
3.3. Influence of Individual Residues on the Reactivity.

After having located the transition and reactant states connected
to them, we estimated the electrostatic influence of individual
residues (neighboring amino acids and water molecules) on the
activation barriers using static structures.
The resulting values for ΔΔ‡Ei both for the reactions A to B

andD to E are given in Table 5. The residues with larger values of
ΔΔ‡Ei are depicted in Figures 6�9. In the following, individual
amino acids and their influence on the reactivity will be discussed,
first for the reaction A to B and then forD to E. Throughout this
manuscript, hydrogen-bond distances are given between the
hydrogen and heavy atoms (acceptor).
3.3.1. Arginine Claw. Arg 66, 100, and 149 form the arginine

claw, see Figure 6. Arg 100 builds a salt bridge to the carboxyl
group of the side chain of the glutamate substrate, while Arg 66
and Arg 149 are bound to its “backbone” carboxyl group (which
is not, in fact, a part of any protein backbone, we refer here to the
carboxyl group bound to the CR atom). Since each arginine
donates two hydrogen bonds, a total of six such bonds make up
the arginine claw. Their electrostatic effect on the barriers for
hydrogen transfer is moderate, see Table 5 . This is mainly due to
the fact that the interaction between the substrate and the
arginine claw is hardly altered during the mechanism in the
snapshot for which the electrostatic contributions were calcu-
lated (SN-Glu-1). A slight tightening of the arginine claw is
observed during the fragmentation. Qualitatively the same
behavior is observed for SN-Glu-2 and SN-Glu-5.
During the hydrogen-transfer reactions, the glutamate sub-

strate moves slightly toward Ado, which means it moves away
from Arg 149. Consequently, in two snapshots (SN-MA-1 and

Table 5. Residues of the Environment with an Electrostatic
Influence on the Activation Barrier of |ΔΔ‡Ei| > 3 kJ mol�1 in
Either TS-AB or TS-DE (SN-Glu-1)

ΔΔ‡Ei (kJ mol�1)

residue charge A to B D to E

σ Subunit

Asp 14 �1 0.2 �3.4

His 16 0 �3.7 �8.2

cobalamin 0 �7.0 �6.7

ε Subunit

Arg 66 þ1 �3.7 3.2

Arg 100 þ1 �4.7 �1.2

Gln 147 0 3.2 0.7

Arg 149 þ1 2.4 6.2

His 150 0 10.9 �1.2

Tyr 177 0 10.5 �1.7

Asp 198 �1 �4.9 �-1.1

Arg 213 þ1 7.3 2.0

Glu 214 �1 �14.5 �5.8

Phe 216 0 4.4 �0.2

Glu 236 �1 �4.8 �1.6

Met 294 0 1.1 3.0

Lys 322 þ1 8.4 2.9

Lys 326 þ1 �8.2 �2.6

Glu 330 �1 13.9 12.2

water 632 0 3.9 6.0

water 635 0 �0.5 �3.0

water 637 0 �6.6 �6.8

water 642 0 3.4 4.2

water 648 0 3.9 2.5

water 654 0 �5.3 �7.5

Figure 6. Arginine claw of the glutamate substrate (intermediate A).
Residues with 7 > |ΔΔ‡Ei| > 3 kJmol�1 are shown in cyan. They stabilize
the transition state. Additionally, the QM part comprising Ado, the
glutamate substrate, and Glu 171 is shown (ball-and-stick).
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SN-MA-3) Arg 149 forms one hydrogen bond to the carboxyl
group of Glu 171, while one to the substrate is absent in the
structure derived from the MD simulation (E). The other
hydrogen bond between Arg 149 is stable in those cases, though.
During the reaction mechanism also the second hydrogen bond
establishes.
In one snapshot (SN-Glu-3), the arginine claw is opened even

further. Only one hydrogen bond between Arg 100 and gluta-
mate remains stable, the other one is broken. This particular
snapshot shows the highest energies of the intermediates TS-BC
to E, about 50 kJ mol�1 higher than in the other snapshots, on a
BP86 level. This can be interpreted as a clear indication that an
intact arginine claw is crucial for the catalytic activity.

3.3.2. Environment of the Glutamate Substrate. Here we
discuss the residues Arg 213, Glu 214, Lys 322, and Gln 147,
connected to the glutamate substrate via Arg 149 (which is part
of the arginine claw), see Figure 7 . In the reaction from A to B a
proton is transferred form the glutamate substrate to Glu 171. Its
charge changes from �1 to 0. The dipole moment of the whole
reactive center changes. Thus, negatively charged residues (Glu
214, Glu 236, and Asp 198) in the vicinity of Glu 171 stabilize the

Figure 7. Environment of the glutamate substrate (intermediate A).
Residues with |ΔΔ‡Ei| > 7 kJ mol�1 are shown as thicker sticks with
darker colors. Thinner sticks and lighter colors denote residues with 7 >
|ΔΔ‡Ei| > 3 kJ mol�1. Additionally, the QM part comprising Ado, the
glutamate substrate, and Glu 171 is shown (ball-and-stick). Residues
shown in blue stabilize the transition state, and residues shown in red
destabilize the transition state with respect to the resting state.

Figure 8. Environment of Glu 171 (intermediate A). See Figure 7 for
details. Residueswith |ΔΔ‡Ei| > 7 kJmol�1 are shown as thicker sticks with
darker colors. Thinner sticks and lighter colors denote residues with 7 >
|ΔΔ‡Ei| > 3 kJ mol�1. Additionally, the QM part comprising Ado, the
glutamate substrate, and Glu 171 is shown (ball-and-stick). Residues
shown in red destabilize the transition state with respect to the resting state.

Figure 9. Environment of Ado (intermediate A). See Figure 7 for
details. Residues with |ΔΔ‡Ei| > 7 kJ mol�1 are shown as thicker sticks
with darker colors. Thinner sticks and lighter colors denote residues with
7 > |ΔΔ‡Ei| > 3 kJ mol�1. Additionally, the QM-part comprising Ado,
the glutamate substrate, and Glu 171 is shown (ball-and-stick). Residues
shown in blue stabilize the transition state, and residues shown in red
destabilize the transition state with respect to the resting state.

Table 6. Difference of the Dihedral Cβ�Cγ�Sδ�Cε of Met
294 in Different Snapshots Compared to Intermediate A To
Describe the Movement of the Methyl Group of Met 294
Located Between Ado and the Glutamate Substrate

SN-Glu-1 SN-Glu-2 SN-Glu-3 SN-Glu-5

A 0 0 0 0

TS-AB 7.2 1.2 �2.1 0.4

B �0.8 0.5 �0.4 �0.2

TS-BC �2.4 0.9 0.2 2.1

C �10.4 �0.9 �0.6 1.5

TS-CD �10.5 �0.3 3.9 2.2

D �5.0 0.8 3.3 1.8

TS-DE �2.2 0.4 3.7 3.7

E �4.3 �0.7 3.4 2.5

SN-MA-1 SN-MA-2 SN-MA-3

A 0 0 0

TS-AB �1.0 �0.2 0.9

B 0.5 �0.1 0.7

TS-BC �0.1 0.0 1.3

C �0.6 0.8 2.7

TS-CD �1.1 �0.6 2.6

D �1.6 �0.1 0.5

TS-DE �2.6 �5.4 0.3

E �1.3 0.3 �0.0
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transition state, while positive ones (Lys 322 and Arg 213)
destabilize it. Despite their large distance, these residues seem to
have a significant electrostatic influence on the reaction. For
example Lys 322 is 8 Å (closest atom) away from the transferred
proton and increases the barrier by 8.4 kJ mol�1, see Table 5 . Glu
214 is 5.2 Å away (4.9 Å in TS-AB) and decreases the barrier by
14.5 kJ mol�1. InD the proton is already back at the substrate, so
the above-mentioned residues have a weaker effect on the barrier
from D to E.
Tyr 177 provides a hydrogen bond to Glu 171 via its phenol

group, see Figure 8. This bond is elongated during the reaction
from A to B which destabilizes the transition state in SN-Glu-1.
This is in contrast to the other snapshots where that hydrogen
bond is hardly altered in the steps A to B and D to E.
His 150 provides a hydrogen bond via its backbone oxygen to a

proton of the ammonium group of the glutamate substrate, see
Figure 8 . The bond is present in SN-Glu-1 and SN-MA-2 and
absent (>2.2 Å) in the other snapshots. In both, SN-Glu-1 and
SN-MA-2, the hydrogen bond elongates during the carbon
skeleton rearrangement.
3.3.3. Environment of Ado. Glu 330, Lys 326 and four water

molecules change their bonding pattern to Ado during the
hydrogen-transfer reactions. The carboxyl side chain of Glu
330 accepts a hydrogen bond from each of the two OH-groups
of the ribose ring. In some of the snapshots (SN-MA-2, SN-Glu-2,
SN-Glu5) one of these hydrogen bonds opens during the
transitions A to B and D to E. In SN-MA-1 one of the bonds
is open in structures A to C, resulting in a large barrier (192.4 kJ
mol�1) for hydrogen transfer and closed in the further structures.
In summary, in the snapshots with the lowest barriers (SN-Glu-1
and SN-MA-3) both hydrogen bonds between Glu 330 and the
ribose ring remain stable (see Figure 9).
Glu 330 was found to destabilize TS-AB by 13.9 kJ mol�1 and

TS-DE by 12.2 kJ mol�1. Lys 326 stabilizes TS-AB by 8.2 kJ
mol�1 but stabilizes TS-DE by only 2.6 kJ mol�1. Two water
molecules (water 654 and 637) stabilize TS-AB by more than
3 kJ mol�1 through shortening their hydrogen bonds to Glu 330.
Another water molecule (642) increases the barrier by 3.4 kJ
mol�1 by elongating its hydrogen bond to one OH-group of the
ribose ring in Ado.
3.3.4. Met 294. The side chain of Met 294 has to move to

enable the hydrogen transfer from Ado to the substrate and back,
see Figure 8. That requires energy and, thus, increases the barrier.
It plays a more important role in D to E where it increases the
barrier by 3 kJ mol�1, than in A to B. Table 6 shows a dihedral
angle in Met 294 that indicates the movement of a methyl group
located between the substrate and Ado. The strongest movement
is found in SN-Glu-1, which has the lowest barriers for the
hydrogen transfers. Noteworthy, Met 294 is not in direct contact
with the reactive center, but it influences the reaction barriers.

4. CONCLUSIONS

We study the reaction mechanism of glutamate mutase in
atomistic detail using the QM/MM approach. The conversion
of glutamate to methylaspartate proceeds via a fragmenta-
tion�recombination mechanism. The enzymatic reaction is
compared to the uncatalyzed reaction in water and in the gas
phase. We identify the hydrogen transfers as rate limiting steps.
With a barrier of 101.1 kJ mol�1 the transfer E to D is found to
be rate limiting. However, the barrier from A to B is similar with
84.8 kJ mol�1.

The enzyme environment has a stronger impact on the
hydrogen transfers A to B and D to E than on the carbon
skeleton rearrangement B to D. The influence is mostly electro-
statical and to a lesser degree sterical.

Glu 171, in the vicinity of the glutamate substrate, acts as a
catalytic residue by temporarily abstracting a proton from the
ammonium group of the substrate. This facilitates the carbon
skeleton rearrangement steps (B to D). The proton-transfer
changes the dipole moment of the whole active site, an effect
being electrostatically buffered by the protein environment.

The arginine claw (Arg 66, Arg 100, and Arg 149) keeps the
intermediate fragments in place. It raises the energy of inter-
mediateC by steric effects and, thus, facilitates the recombination
process. We find that an open arginine claw leads to much higher
energies of the intermediates, whereas a closed arginine claw is
associated with reaction paths exhibiting the lowest reaction
barriers. The arginine claw is crucial for a successful catalysis.

We find significant catalytic roles of the amino acids Glu 214,
Lys 322, Gln 147, Glu 330, Lys 326, and Met 294. During the
hydrogen transfer Glu 330 reduces the barrier by establishing
stable hydrogen bonds to the ribose ring of Ado. Our careful
investigation of the enzyme environment of the active center lead
to the identification of additional residues important for the
reaction. These results highlight new promising experimental
targets. We find amino acids in considerable distance to the active
center to have a noticeable influence on the reaction.
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