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Abstract: Macrophomate synthase (MPS) of the phytopathogenic fungus Macrophoma commelinae
catalyzes the transformation of 2-pyrone derivatives to the corresponding benzoate analogues. The
transformation proceeds through three separate chemical reactions, including decarboxylation of oxalacetate
to produce pyruvate enolate, two C-C bond formations between 2-pyrone and pyruvate enolate that form
a bicyclic intermediate, and final decarboxylation with concomitant dehydration. Although some evidence
suggests that the second step of the reaction catalyzed by MPS is a Diels-Alder reaction, definite proof
that the C-C bond formations occur via a concerted mechanism is still required. An alternative route for
formation of the C-C bonds is a stepwise Michael-aldol reaction. In this work, mixed quantum and molecular
mechanics (QM/MM) combined with Monte Carlo simulations and free-energy perturbation (FEP) calculations
were performed to investigate the relative stabilities of the transition states (TS) for both reaction
mechanisms. The key results are that the Diels-Alder TS model is 17.7 and 12.1 kcal/mol less stable than
the Michael and aldol TSs in the stepwise route, respectively. Therefore, this work indicates that the Michael-
aldol mechanism is the route used by MPS to catalyze the second step of the overall transformation, and
that the enzyme is not a natural Diels-Alderase, as claimed by Ose and co-workers (Nature 2003, 422,
185-189; Acta Crystallogr. 2004, D60, 1187-1197). A modified link-atom treatment for the bonds at the
QM/MM interface is also presented.

Introduction

The Diels-Alder reaction between 1,3-dienes and alkenes
is a cycloaddition that forms cyclohexenes in a concerted
manner. Due to its versatility and extraordinary stereoselectivity
(two new C-C bonds and up to four new stereocenters are
created), the Diels-Alder reaction is considered one of the most
important reactions in organic synthesis.1 This pericyclic reaction
has been applied extensively in the synthesis of complex
pharmaceutical and biologically active compounds.2

The involvement of enzymes in the biosynthesis of secondary
metabolites through Diels-Alder reactions has been postulated
for over 100 natural products.3 Nevertheless, to date, only three
purified or partially purified enzymes have been reported as
naturally occurring Diels-Alderases.4,5 Solanapyrone synthase
of the fungusAlternaria solani catalyzes the conversion of
prosolanapyrone II to solanapyrones A and D via oxidation and
subsequent intramolecular Diels-Alder reaction.6-8 Fungal

lovastatin nonaketide synthase has been shown to catalyze the
[4 + 2] cycloaddition of an intermediate hexaketide triene to
generate the decalin system of lovastatin.9 The last example of
natural Diels-Alderases is macrophomate synthase (MPS) of
the phytopathogenic fungusMacrophoma commelinae.The
enzyme catalyzes the transformation of 2-pyrone derivatives into
the corresponding benzoate analogues.10-12

As Diels-Alder cycloadditions are still rare in nature,
catalytic antibodies have provided an alternate source of detailed
information on protein-catalyzed cycloadditions.5 The immune
system solves the problem of molecular recognition by generat-
ing structurally distinct antibodies and amplifying those with
the requisite binding affinity and specificity.13 When the immune
system is challenged with transition-state analogues, the resultant
antibodies can show catalytic activity for the respective reaction.
Several Diels-Alderase catalytic antibodies have been elicited
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using this strategy,14-18 and crystal structures for three of them
are available.13,19,20Modified RNA has also been shown to be
an effective Diels-Alderase with its activity entirely dependent
on the nature of the base modification and presence of cupric
ion.21

According to the mechanistic studies of Watanabe and co-
workers,11 MPS catalyzes the transformation of 2-pyrone
derivatives into the corresponding benzoate analogues through
three separate chemical reactions, including decarboxylation of
oxalacetate to produce pyruvate enolate, C-C bond formations
between 2-pyrone and pyruvate enolate to form a bicyclic
intermediate, and final decarboxylation with concomitant de-
hydration to produce benzoate analogues, like macrophomate
(Scheme 1). Examination of the kinetic parameters indicates
that the third step is rate-determining.11 In addition, Watanabe
and co-workers suggest that the second step is an intermolecular
Diels-Alder reaction.11,12This combination of an electron-rich
dienophile, pyruvate enolate, and an electron-deficient diene,
the substituted 2-pyrone, is categorized as an inverse-electron
demand Diels-Alder reaction.22

The crystal structure of MPS complexed to pyruvate enolate
and Mg2+ was obtained recently, making MPS the first potential
Diels-Alderase with its structure determined.12 MPS is a Mg2+-
dependent enzyme consisting of 339 residues. Mg2+, which is
essential for the decarboxylation of oxalacetate to produce the
reactive enolate (see Scheme 1),11 is coordinated in an octahedral
geometry. Two of the ligands of Mg2+ are side-chain carboxyl
oxygens from residues Glu185 and Asp211. Two additional
coordination sites are filled with water molecules, and the last
two coordination sites are occupied by the C2-carbonyl and C1-

carboxyl oxygens of pyruvate enolate. The X-ray crystal
structure of MPS contains only residues 1-299 for each of the
monomers belonging to a hexameric structure. The coordinates
of the C-terminal 40 residues from 300 to 339 were not
determined due to poor electron density in this region. However,
this region is not important for the catalytic activity since the
mutant with these 40 residues deleted showed the same MPS-
specific activity as that of the native enzyme.12

Although some evidence suggests that the second step of the
reaction catalyzed by MPS is a Diels-Alder reaction, proof that
the C-C bond formations occur via a concerted mechanism is
still required. The other plausible route is a tandem Michael-
aldol reaction (Scheme 2).11 This alternative is initiated with
attack of the reactive enolate to form the first C-C bond with
the negative charge highly delocalized in a 1,7-dioxoheptatrienyl
substructure, followed by formation of the second C-C bond
to generate the bicyclic intermediate.

In this work, mixed quantum and molecular mechanics
(QM/MM)23 combined with Monte Carlo (MC)24 simulations
and free-energy perturbation (FEP)25-28 calculations were
performed to determine the preferred route for the second step
of the transformation catalyzed by MPS. More specifically,
potential of mean force (PMF)26 calculations were carried out
to investigate the relative stabilities of the transition states (TS)
identified for both the concerted Diels-Alder pathway and for
the stepwise Michael-aldol reaction. On the technical side, a
new treatment for the bonds at the QM/MM interface is also
presented.

The QM/MM Model. A major complication in hybrid
QM/MM methods is the treatment of the interface between the
quantum part, describing the reactive region, and the classical
part, describing the environment. The most popular approaches
are the link atom29-31 and the local self-consistent field
formalisms.32-34 A modified link-atom method has been utilized
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Scheme 1. Chemical Reactions Catalyzed by MPS Scheme 2. Diels-Alder versus Michael-Aldol Reaction
Mechanism
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here. In our QM/MM implementation, nonbonded interactions
between the QM part and the environment are treated classically,
as described previously for uncatalyzed reactions in solution35-37

and for an enzymatic reaction where no substrate-protein
covalent linkages are formed or broken.38 Specifically, the
nonbonded interactions are given by eq 1 as the sum of all
interactions between the QM and MM atoms, whereqi andqj

are the partial atomic charges, andσij andεij are Lennard-Jones
(LJ) parameters.

The interfacial scheme for the current QM/MM implementa-
tion involves the backbone of the protein. Important amino acid
residues (QMresidue) that are involved in the enzymatic reaction
are always fully included in the QM region. The QM/MM
partition is then performed at two regions in the peptide chain
using three bonds at each QM/MM interface: N-CR, H-CR,
and R′′-CR in QMresidue- 1, and CR-C, CR-Η, and CR-R′
in QMresidue+ 1 (Figure 1). The QM atoms are represented by
the region within the dashed lines in Figure 1. The link atoms
are formally hydrogens, but in contrast to the standard link-
atom formalism, their bonds to the QM region are elongated
by ca. 0.5 Å to allow spatial coincidence between the hydrogens
and the CR atoms. In this manner, the link atom and CR form a
single atom and collectively interact with the system.

The interactions of the overlapped atoms with the QM region
are described through the link atoms as hydrogens, included in
the SCF calculation. The connection of the QM and MM regions
requires the inclusion of the classical bond stretching, angle
bending, and torsion terms if any MM atom is involved in the
interaction. These bonded interactions are described through the
CR carbon atoms. Nonbonded interactions (eq 1) are also
included between the QM and MM atoms; the link atoms in
this case have the charge determined from the QM calculation
and normal Lennard-Jones parameters for a CR atom. However,
to avoid redundancies with the MM bond stretching, angle
bending, and torsion terms, any nonbonded terms between QM
and MM atoms that have 1,2 or 1,3 or 1,4 spatial relationship
are excluded.

The elongation of bonds between the link atoms and the QM
region is obviously artificial. To minimize potential errors, the
elongated bonds are kept as far from the reaction center as
possible. Also, these bond lengths are kept fixed during the MC
simulations. As fixed bonds, their energy contributions to the
entire system are roughly constant and should not affect the
Metropolis test.24

In view of the MC sampling, the need for very rapid QM
energy evaluation is clear. Therefore, in the present QM/MM
implementation,35 the QM choice is a semiempirical method,
such as AM1,39 PM3,40,41 or PDDG/PM3.42,43 The choice of
overlapping the CR atom with the hydrogen link atom is
supported by both Mulliken and CM44,45 charges from the
semiempirical methods. Specifically, the charges for a hydrogen
atom connected to either a carbonyl or a nitrogen of a peptide
bond are similar to the charge for a CR atom in the OPLS-AA
force field.46 In other words, the semiempirical QM charges
obtained for the hydrogen link atoms can represent well the
electrostatic interactions of the CR atoms. Furthermore, the atoms
in the elongated bonds have almost the same QM charges as
those for the normal bond length, and the elongation does not
significantly alter the charges of other QM atoms. In general,
there is good accord between the OPLS-AA charges in the MM
region and the semiempirical QM charges for corresponding
QM atoms. Consequently, use of the OPLS-AA Lennard-Jones
parameters for both the QM and MM atoms in eq 1 has been
appropriate.35-38

Computational Details

PM3 Validation. As parameters for Mg2+ have not been obtained
for the PDDG methods, the present QM/MM calculations used PM3
for the QM part. However, before applying the PM3 method to the
full enzymatic reaction, a reduced QM model with 28 heavy atoms
comprising Mg2+, two water molecules, two formates to represent the
side chains of Glu185 and Asp211, pyruvate enolate, and the 2-pyrone
derivative shown in Scheme 2 was investigated. The energetics and
structures for species along the two possible routes to form the bicyclic
intermediate were obtained with PM3 and compared to results of DFT
calculations at the B3LYP/6-31+G(d)//3-21+G level using Gaussian
98.47 Stationary points for the Michael and bicyclic intermediates were
obtained for both PM3 and DFT. Models for the Michael and aldol
TSs, with a single negative eigenvalue corresponding to the appropriate
C-C bond formation, were also identified with both PM3 and DFT.
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Figure 1. QM/MM partition scheme.
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However, no Diels-Alder TS could be located at either level. To obtain
a Diels-Alder TS model, the number of degrees of freedom was
reduced by removing the two water molecules and the two formates,
but this procedure worked only for the PM3 method; a single negative
eigenvalue corresponding to the appropriate reaction coordinate, the
symmetric combination of the two forming C-C bonds (ê), was found.
The PM3 Diels-Alder TS model was finally obtained by “resaturating”
Mg2+ with the water molecules and formates and by energy minimizing
the final structure while keeping the forming C-C bond lengths fixed
at the value found for the system with fewer degrees of freedom. B3LYP
calculations using a larger basis set [6-31+G(d)//6-31+G(d)] were
performed in a further simplified QM model consisting of 2-pyrone
and the enolate of acetaldehyde, and again, no Diels-Alder TS could
be obtained.48 The quantitative accord between the PM3 and DFT results
is good, as described in the Results.

QM Region. The QM region, which consists of Mg2+, Glu185,
Asp211, neighboring peptide bonds, link atoms, two water molecules,
pyruvate enolate, and the 2-pyrone derivative, has a total of 77 atoms.
The QM/MM partition was done for Glu185 and Asp211, as shown in
Figure 1, using a total of four link atoms. The initial coordinates for
the heavy atoms of Glu185, Asp211, neighboring peptide bonds, the
two water molecules, and the Mg2+ were taken from the crystal
structure, whereas initial coordinates for the water hydrogens, pyruvate
enolate, and the 2-pyrone derivative were taken from the reduced PM3
models for both the Michael and Diels-Alder TSs, generating two
preliminary TS models for the QM/MM simulations. Coordinates for
the hydrogens of Glu185 and Asp211 were obtained using standard
bond lengths, bond angles, and dihedral angles. As described above,
the bonds between the link atoms and the QM region were elongated
by 0.5 Å to allow for effective spatial overlap between the hydrogens
and the CR atoms.

QM/MM System. Cartesian coordinates for the 1.70 ÅMacrophoma
commelinaeMPS crystal structure complexed to pyruvate enolate and
Mg2+ (Brookhaven Protein Data Bank code: 1IZC) were employed.12

Of the six active sites for MPS identified in the 1IZC structure, only
the first was retained and taken as the center of the reacting system
(Figure 2). The selected active site contains residues from the chains
A and C of the enzyme. To insert the QM region into the protein
environment, the Mg2+ and the Glu185 and Asp211 heavy atoms
corresponding to the preliminary Michael and Diels-Alder TS models
were optimally overlaid by matching the coordinates of the corre-
sponding atoms. Subsequently, all atoms from the crystal structure that
were present in the QM model (except for the CR atoms overlapped
with the link atoms) were deleted. Residues with any atom within 15
Å from the center of the reacting system were retained in the simulations
(residues in yellow and magenta), and any clipped residues were capped
with acetyl and/orN-methylamine groups. The enzymatic system then
has 2085 atoms, including 123 amino acid residues.

Degrees of freedom for the protein backbone atoms were not sampled
in the QM/MM calculations. Only side chains of residues with any
atom within 10 Å from the center of the solute were varied (residues
in yellow). As the QM region has a charge of-2 e, charge neutrality
was imposed by having a total MM charge of+2 e; charged residues
near the active site were assigned normal protonation states at
physiological pH, and the adjustments for neutrality were made to the
most distant residues. The entire system was solvated with a 22 Å radius
water cap consisting of 794 molecules, and a half-harmonic potential
with a force constant of 1.5 kcal/mol‚Å2 was applied to water molecules

at distances greater than 22 Å from the center of the solute to inhibit
evaporation. The preparation of the enzymatic system was much
facilitated by use of the Chop delegate and MidasPlus 2.1.49 As the
CM charge models44,45 have not been parametrized for systems
containing Mg, partial atomic charges for the QM region were obtained
from the Mulliken procedure, while standard Lennard-Jones parameters
were assigned for QM atoms (for C,σ ) 3.550 Å, ε ) 0.070 kcal/
mol; for H on C,σ ) 2.460 Å,ε ) 0.030 kcal/mol; for N,σ ) 3.250
Å, ε ) 0.170 kcal/mol; for O,σ ) 3.000 Å,ε ) 0.170 kcal/mol; for
Mg, σ ) 3.400 Å, ε ) 0.050 kcal/mol; for H on a heteroatom,
σ ) ε ) 0.000).46

PMF Calculations. In this work, PMF calculations were used to
investigate the relative stabilities for the TSs of both reaction mecha-
nisms and, consequently, to identify the most viable route. Figure 3
represents ahypotheticalfree-energy surface for the two C-C bond
formations between the 2-pyrone derivative and pyruvate enolate,
generating the bicyclic intermediate in the protein via stepwise and
concerted reaction mechanisms. The aldol and Michael TSs are
characterized by ensembles of structures near free-energy maxima for
elongatingRCC2 and thenRCC1 in the product (see Scheme 2), while
the Diels-Alder TS is characterized by a collection of structures
displaying the free-energy maximum forê, the symmetric combination
of RCC1 andRCC2.

In theory, two-dimensional (2D) PMF calculations could be per-
formed to characterize all species in the free-energy surface. However,
the computational demands to obtain the full free-energy surface in
the protein complex are very high, especially because of the large size
of the QM region. Thus, less demanding 1D PMF calculations were
performed to locate the Michael and aldol TSs in the protein complex,
while 2D PMF calculations on a reduced region of the full free-energy
surface were performed to locate the Diels-Alder TS. Specifically,
RCC1 was followed from the preliminary Michael TS model to the free-
energy maximum forRCC1, corresponding to the optimized Michael
TS, and to the free-energy minimum forRCC1, corresponding to the
Michael intermediate. The same procedure was done for the second
step on the Michael-aldol route.RCC2 was followed from the value of
4.00 Å to the free-energy minimum forRCC2, corresponding to the
Michael intermediate, and to the free-energy maximum forRCC2,
corresponding to the optimized aldol TS. The initial value forRCC2 is
long enough to guarantee the location of both the Michael intermediate
and the aldol TS.

(48) B3LYP/6-31+G(d) calculations were performed to study the reaction
between 2-pyrone and the enolate of acetaldehyde. No Diels-Alder TS
could be obtained using a larger basis set for this additional, simplified
model. Initial configurations for the Diels-Alder TS were optimized to
the Michael TS, with a single negative eigenvalue corresponding to the
appropriate C-C bond-forming mechanism. The bicyclic intermediate for
this model is no longer a stationary point at this level of calculation. Initial
configurations for the bicyclic intermediate optimized to the Michael
intermediate. The potential energy difference between the Michael TS and
intermediate is 13.5 kcal/mol.

(49) Tirado-Rives, J.Chop; Yale University: New Haven, CT, 2002. (b) Huang,
C.; Pettersen, E.; Couch, G.; Ferrin, T.MidasPlus 2.1; University of
California: San Francisco, CA, 1994.

Figure 2. MPS active site model surrounded by a 22 Å water cap
(coordinates from 1IZC).
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It should be noted that the Michael intermediate is a collection of
structures displaying a range of values for bothRCC1 andRCC2; the
free-energy minima forRCC1 andRCC2 correspond to subsets of the
entire population. Thus, a small correction for the∆G between the
minimum and maximum forRCC1 and RCC2 was considered and
calculated by eq 2:

Equation 2 represents the free energy associated with the conversion
of all Michael intermediate structures into the subset displaying the
free-energy minimum geometry forRCC1 (or RCC2), andPsubsetis the
probability of sampling the particular subset.∆Gallfsubsetis then added
to the∆G values between the minimum and maximum forRCC1 and
RCC2 to yield the free-energy differences between the Michael
intermediate and the Michael and aldol TSs, respectively.

Two-dimensional PMF calculations mappingRCC1 andRCC2 were
performed in a region surrounding the preliminary Diels-Alder TS
model. As the free-energy difference between the Michael and aldol
TSs may be obtained as detailed above, only the free-energy difference
between the Michael and Diels-Alder TSs was considered. Once the
true Diels-Alder TS is located, its stability can be compared to that
of the two TSs on the Michael-aldol route by performing a series of
PMF calculations connecting the Michael and the Diels-Alder TSs.

To calculatePsubset, the radial distribution function for a general
reaction coordinate,R (g(R)), was obtained from the respective PMF
curve (G(R)), which was computed using increments of 0.02 Å. The
probabilities of samplingR (P(R) or Psubset) were obtained as the product
of the respectiveg(R) and the volume element of the configuration
space corresponding to the coordinateR. The volume element can be
interpreted as a quantity proportional to the probability of samplingR
with the potential function set to zero.26 In the present case, the volume
element is 4πR2. This procedure was detailed previously.37,38 The 2D
PMF map was also obtained using increments of 0.02 Å.

MC Simulations Protocol. PMF curves were obtained via MC
statistical mechanics at 25°C using FEP calculations. To ensure
convergence, each MC/FEP simulation was extensive. Initial reorga-
nization of the solvent was performed for 5× 106 configurations. This
was followed by 30× 106 configurations of full equilibration and 30
× 106 configurations of averaging for each window in each MC/FEP
calculation using double-wide sampling. Subsequently, for further
analyses, energies for the QM and MM regions and the interaction
energies between QM and MM components were averaged via MC
simulations at 25°C for the TSs found for the two reaction mechanisms.
In these cases, initial reorganization of the solvent was performed for
5 × 106 configurations. This was followed by 200× 106 configurations
of full equilibration and 200× 106 configurations of averaging for
each TS model. Computation of the QM energy and atomic charges is

required for every MC move of the QM region, which was attempted
every 400 configurations. Specifically, in an FEP calculation using
double-wide sampling, three QM calculations are performed for each
accepted move of the QM region corresponding to the value for the
reaction coordinate and its two perturbed values. A total of nearly 200
million QM calculations were performed in this work. The combined
QM/MM method as implemented in MCPRO 2.150 was used to perform
all calculations, and established procedures including Metropolis and
preferential sampling were employed.24 Statistical uncertainties were
obtained from the batch means procedure with batch sizes of 1× 106

configurations.24 The MM part of the protein was represented with the
OPLS-AA force field;46 the TIP4P model was used for water,51 and
residue-based cutoffs of 10 Å were employed for all nonbonded solute-
solute and solvent-solute interactions.

Results and Discussion

PM3 versus B3LYP. The energetics and structures for the
species along the two possible routes to form the bicyclic
intermediate were obtained from PM3 and DFT calculations
on a reduced model of the system. As mentioned above, the
reduced QM model consists of the Mg2+ ion, two water
molecules, two formates representing the side chains of Glu185
and Asp211, pyruvate enolate, and the 2-pyrone derivative
shown in Scheme 1. Stationary points at both levels for the
Michael and aldol TSs and the Michael and bicyclic intermedi-
ates are depicted in Figure 4. The PM3 Diels-Alder TS model
obtained as described in the Computational Details is also
displayed. TheRCC1 andRCC2 distances are 2.02 and 2.38 Å,
respectively. As mentioned above, no Diels-Alder TS could
be obtained at the B3LYP level. TheRCC1 distance for the
Michael TS is 2.40 Å with PM3 and 2.50 Å with DFT, whereas
for the Michael intermediate, it is 1.56 and 1.59 Å, respectively.
For the aldol TS, theRCC2 distance is 2.04 Å with PM3 and
2.03 Å with DFT. Finally, theRCC1 andRCC2 distances are 1.54
and 1.65 Å, respectively, for the PM3 bicyclic intermediate,
whereas the DFT calculations give values of 1.55 and 1.65 Å.
Although both levels of theory provide almost identical values
for RCC1 andRCC2, the PM3 and DFT structures for the Michael
and bicyclic intermediates and aldol TS are slightly different;
one of the water molecules coordinated to Mg2+ donates a
hydrogen bond to the C2-carbonyl oxygen of the pyrone moiety

(50) Jorgensen, W. L.; Tirado-Rives, J.MCPRO, version 2.1; Yale University:
New Haven, CT, 2004.

(51) Jorgensen, W. L.; Chandrasekhar, J.; Madura, J. D.; Impey, W.; Klein, M.
L. J. Chem. Phys.1983, 79, 926-935.

Figure 3. Hypothetical free-energy surface for the reaction between the 2-pyrone derivative and pyruvate enolate via stepwise and concerted reaction
mechanisms.

∆Gallfsubset) -RTlnPsubset (2)
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with DFT, but not with PM3. It can also be seen that for both
PM3 and DFT, the overall coordination geometry to Mg2+,
which remains fairly unaltered for all species along the reaction
paths, is octahedral and very similar to the coordination
geometry observed in the crystal structure (Figure 5). However,
the distances from PM3 are ca. 0.2-0.3 Å shorter than those
from the DFT calculations and the crystal structure.

Table 1 compares the relative energies for these stationary
points from the PM3 and B3LYP/6-31+G(d)//3-21+G calcula-
tions. The Michael intermediate is 26.6 kcal/mol more stable
than the Michael TS with DFT and 32.5 kcal/mol with PM3.
The aldol TS is 20.3 and 7.9 kcal/mol more stable than the
Michael TS with DFT and PM3, respectively. The bicyclic

intermediate is 21.6 kcal/mol more stable than the Michael TS
with DFT, while the corresponding value computed from PM3
is only 10.1 kcal/mol. However, the energy differences between

Figure 4. Structures for species along the two possible routes to form the bicyclic intermediate obtained from PM3 and DFT calculations.

Table 1. Relative Energies (kcal/mol) from the PM3 and DFT
Calculations on the Model Reaction

PM3 B3LYP/6-31+G(d)//3-21+G

Michael TS 0.0 0.0
Michael intermediate -32.5 -26.6
aldol TS -7.9 -20.3
bicyclic intermediate -10.1 -21.6
Diels-Alder TSa 11.4 n.a.

a See Computational Details for location procedure.
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the aldol TS and the bicyclic intermediate given by both levels
of theory are in close agreement. As for the Diels-Alder TS,
it is 11.4 kcal/mol less stable than the Michael TS at the PM3
level, but the TS model for the concerted route is not a true
stationary point; the PM3 Diels-Alder TS was generated by
removing the two water molecules and the two formates,
“resaturating” the Mg2+, and energy minimizing this structure
with the forming of C-C bond lengths fixed. Overall, both QM
levels find the Michael intermediate as the most stable species,
followed by the bicyclic intermediate, the aldol TS, and the
Michael TS, while with PM3, the Michael TS is more stable
than the Diels-Alder TS. The general agreement between the
PM3 and DFT results for the energetics and structures supports
the use of the semiempirical method in the QM/MM simulations.

The Michael-Aldol Route. Figure 6 shows the QM region
of the unoptimized Michael and Diels-Alder TS models used
as starting configurations in the PMF calculations. Figure 7 plots
the PMF curves following the reaction coordinatesRCC1 and
RCC2 in the stepwise path to generate the bicyclic intermediate
and the probability of samplingRCC1 andRCC2 for the Michael
intermediate. The PMF curve for the first step on the Michael-
aldol route (Figure 7a) was zeroed atRCC1 ) 2.40 Å, which is
the value for the preliminary (unoptimized for the protein
environment) Michael TS. The free-energy minimum (RCC1 )
1.60 Å) and maximum (RCC1 ) 2.08 Å), corresponding to the

optimized Michael TS, were identified from the PMF curve,
and the∆G between them amounts to 11.5 kcal/mol. The
probability of sampling the subset displaying the free-energy
minimum geometry forRCC1 from all Michael intermediate
structures was computed to be 23.6%, giving a∆Gallfsubsetvalue
of 0.8 kcal/mol. Thus, the final value for the free-energy
difference between the Michael intermediate and the Michael
TS on the stepwise route is 12.3( 0.1 kcal/mol.

Figure 7b shows the PMF curve for the second step on the
Michael-aldol route. The free-energy minimum occurs at 3.48
Å, and the maximum, corresponding to the aldol TS, is at 2.20
Å; the ∆G between them amounts to 16.6 kcal/mol. The
probability of sampling the subset displaying the free-energy
minimum geometry forRCC2 from all Michael intermediate
structures was computed to be 10.2%, giving a∆Gallfsubsetvalue
of 1.3 kcal/mol. Thus, the final value for the free-energy
difference between the Michael intermediate and the aldol TS
is 17.9( 0.2 kcal/mol. Consequently, the aldol TS is 5.6 kcal/
mol less stable than the Michael TS.

The Diels-Alder Route. The PM3 and DFT calculations
for the reduced QM model of the reacting system did not identify
a Diels-Alder TS. As discussed above, the PM3 Diels-Alder
TS, which was used to build the QM region of the preliminary
QM/MM Diels-Alder TS model (RCC1 ) 2.02 Å,RCC2 ) 2.38
Å), is not a true stationary point. To locate the concerted TS in
the protein environment, the 2D PMF calculations should cover
the region surrounding the hypothetical Diels-Alder TS in
Figure 3. More specifically, a free-energy map was built for
the vicinity of the preliminary Diels-Alder TS model, a good
starting point for the Diels-Alder TS search in the enzyme
active site. Figure 8 shows that no Diels-Alder TS is again
apparent. Instead, the free-energy map points to a stepwise
mechanism, with formation of the first C-C bond (RCC1)
generating the stable Michael intermediate, followed by forma-
tion of the second C-C bond (RCC2).

Diels-Alder versus Michael-Aldol. At this point, it is very
clear that the Diels-Alder TS for a reduced QM model in the
gas phase or in the protein environment either does not exist or
is very unstable, at least at the levels of calculation used in this
work. Even without locating the true Diels-Alder TS in the
free-energy map, it is worthwhile to compare the stabilities of
the TSs identified for the Michael-aldol route with those of
the preliminary Diels-Alder TS. As the free-energy difference
between the Michael and aldol TSs in the stepwise route has
already been calculated (5.6 kcal/mol favoring the Michael TS),
only the free-energy difference between the Michael TS and
the unoptimized Diels-Alder TS was computed. The conversion
of the Diels-Alder TS model to Michael TS was performed
through a series of PMF calculations and found to be favorable
by 17.7 kcal/mol. As a consequence, the unoptimized Diels-
Alder TS is 12.1 kcal/mol less stable than the aldol TS.

Energy Contributions to the Free-Energy Differences
between the TSs.Long MC simulations (200× 106 configura-
tions of equilibration followed by 200× 106 configurations of
averaging) were performed for the Michael and aldol TSs
identified by the PMF calculations and the preliminary Diels-
Alder TS model. Interatomic distances,52 extracted from 200
structures saved every 1× 106 configurations, were averaged

(52) Average values for the coordination distances were obtained with the Mok
program (www.perlmol.org/pod/mok.html).

Figure 5. Coordination geometry observed for the crystal structure.

Figure 6. Initial configurations of the QM region (77 atoms) for the QM/
MM simulations of both the Michael and Diels-Alder TSs.
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to analyze the coordination between the Mg2+ and the side-
chain carboxyl oxygens from residues Glu185 and Asp211, the
two water molecules, and the C2-carbonyl and C1-carboxyl
oxygens of pyruvate enolate, all part of the QM region. Table
2 (see also Figure 5) shows that the average coordination
distances are mostly the same for all TSs, and they compare
fairly well to the crystal structure for bound pyruvate enolate.
For the Diels-Alder and aldol TSs, the distances for the
coordination between Mg2+ and the carbonyl and carboxyl
oxygens are ca. 0.2-0.3 Å shorter than those for the crystal
structure, whereas the coordination to the water molecules are
ca. 0.2 Å longer. However, for the Michael TS, the average
coordination distance between Mg2+ and the carboxyl oxygen
from residue Asp211 (oxygen O4) is ca. 0.6 Å longer than that
for the other TSs and 0.4 Å longer than that for the crystal
structure.

Energies for the QM (EQM) and MM (EMM) regions and the
interaction energies between them were also averaged for all
TSs. To facilitate the analysis,EQM/MM was broken into the

interactions between the QM region and the solvent (EQM/Solv)
and the QM region and the protein (EQM/Ptn). It should be noted
that long MC simulations for all TSs were carried out to obtain
reasonably converged results. Figure 9 shows that the conver-
gence rate for all energy components is slow, so the energy
differences in Table 3 between the TSs have significant
statistical uncertainties. Nevertheless, the results indicate that
the aldol TS has the most favorableEQM, followed by the
Michael and Diels-Alder TSs;EQM for the aldol and Michael
TSs are 22.6 and 10.8 kcal/mol, respectively, more stable than
EQM for the Diels-Alder TS. These results agree with the PM3
calculations in the gas phase for the reduced QM model (Table
1), which point to aldol and Michael TSs that are 19.3 and 11.4
kcal/mol, respectively, more stable than those of the Diels-
Alder TS.

Figure 10 illustrates the interactions between the QM region
and the nearest residues for all TS models. The average
structures that emerged feature an extensive hydrogen-bonded
network between the QM region and the protein that is present
for every TS. More specifically, the QM water molecule (W2)
is hydrogen bonded to the side chains of the MM residues
His125C and Ser148A, which also donate hydrogen bonds to
the carboxyl oxygen of Asp211C. Additional hydrogen bonds
are formed between the hydroxyl oxygen of Ser148A and the
QM water (W1) and between the backbone nitrogen of His125C
and the carboxyl oxygen of Glu185C. The C2-carbonyl oxygens
of pyruvate enolate and the 2-pyrone derivative accept hydrogen
bonds from the guanidinium nitrogens of Arg101C, which is
in turn hydrogen bonded to Asp70C. In contrast to suggestions
by Ose and co-workers,12 the MC simulations showed no
hydrogen bonds between the side chain of Tyr169A and the

Figure 7. PMF curves following the reaction coordinatesRCC1 (a) andRCC2 (b) in the stepwise path, and the probability of samplingRCC1 andRCC2 for
the Michael intermediate.

Table 2. Average Coordination Distances Obtained for All TS
Modelsa

distance Diels−Alder TS Michael TS aldol TS
crystal

structureb

Mg-O1 1.88( 0.03 1.86( 0.02 1.87( 0.03 2.06
Mg-O2 1.86( 0.02 1.86( 0.03 1.86( 0.03 2.17
Mg-O3 1.84( 0.03 1.83( 0.03 1.85( 0.03 2.12
Mg-O4 1.85( 0.03 2.46( 0.04 1.85( 0.03 2.08
Mg-Ow1 2.42( 0.04 2.40( 0.05 2.42( 0.05 2.27
Mg-Ow2 2.44( 0.04 2.39( 0.03 2.41( 0.04 2.19

a Obtained with the Mok program.52 b For pyruvate enolate bound to
MPS.12
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2-pyrone; the C5-acyl-carbonyl and C4-methoxy oxygens of
the 2-pyrone are hydrogen bonded to water molecules. It is also
worth mentioning the hydrogen bond interactions described by
the PM3 Hamiltonian within the QM region. The C1-carboxyl
oxygens of pyruvate enolate are hydrogen bonded to the
backbone nitrogen of Asp211C; W2 donates a hydrogen bond

to the carboxyl oxygen of Glu185C, and W1 donates a hydrogen
bond to the C2-carbonyl oxygen of the pyrone moiety; as
mentioned above, this interaction is absent in the reduced PM3
models for the TSs in the gas phase but occurs with DFT.
Although the hydrogen-bonded network exists for all TSs, Table
3 shows thatEQM/Ptn for the Michael TS is the most favorable,
followed by the Diels-Alder and aldol TSs.

To investigate the more favorable interactions between the
QM region and the protein for the Michael TS, per-residue
interaction energies were calculated during the MC simulations.
Figure 11 plots the per-residue interaction energy differences
between the Michael and aldol TSs (Figure 11a) and Michael
and Diels-Alder TSs (Figure 11b). Very similar profiles were
obtained in both cases, indicating that the QM regions of both
the aldol and Diels-Alder TSs interact similarly with the
protein. This should be expected since the transition structures
differ primarily by the aldol TS being just tighter than the Diels-
Alder TS, with RCC1 andRCC2 values of ca. 1.60 and 2.20 Å
compared to 2.02 and 2.38 Å.

The QM region of the Michael TS interacts more favorably
with the residues Arg146A, Ser148A, Asp70C, His125C, and
Lys188C (Figure 11). As for the aldol and Diels-Alder TSs,
their QM regions interact better with Pro151A, Arg101C,
Gly210C, Asp215C, and Met236C. The peak for residue

Figure 8. Free-energy map near the preliminary Diels-Alder TS model, obtained from 2D PMF calculations.

Table 3. Average Intramolecular and Intermolecular Energies
(kcal/mol), and Energy Differences Obtained from Long MC
Simulations for All TS Modelsa

Diels−Alder TS Michael TS aldol TS

EQM -575.8( 0.2 -586.6( 0.2 -598.4( 0.2
EQM/Solv -128.3( 0.4 -117.1( 0.5 -128.8( 0.5
EQM/Ptn -454.6( 0.3 -458.5( 0.3 -451.1( 0.5
EMM -9138.8( 2.3 -9157.8( 2.4 -9144.9( 2.0
ETotal -10297.5( 2.4 -10320.0( 2.5 -10323.2( 2.1
∆EQM 0 -10.8( 0.3 -22.6( 0.2
∆EQM/Solv 0 11.2( 0.6 -0.5( 0.6
∆EQM/Ptn 0 -3.9( 0.4 3.5( 0.6
∆EMM 0 -19.0( 3.4 -6.1( 3.0
∆ETotal 0 -22.5( 3.5 -25.7( 3.2

a MC simulations, consisting of 200× 106 configurations of equilibration
followed by 200× 106 configurations of averaging, were performed with
the reaction coordinates for the Michael (RCC1) and aldol (RCC2) TSs fixed
at the values identified by the PMF calculations. As the true Diels-Alder
TS in the protein environment was not identified by the 2D PMF map,
RCC1 andRCC2 were fixed at the values for the Diels-Alder TS model.
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Tyr169A in Figure 11b and its absence in Figure 11a indicates
that the QM region of the Diels-Alder TS interacts more
strongly with this residue than for the Michael and aldol TSs.
Figure 11a,b also shows that residue Gln183C interacts more
favorably with the QM region of the aldol TS, followed by the
Michael and Diels-Alder TSs. It can be seen that part of the
difference in interactions between the protein and the QM region
of each TS is related to the more distant residues, such as
Arg146A, Asp70C, Gln183C, Lys188C, Asp215C, and Met236C
(some are not shown in Figure 10). This should be expected as
the QM region has a charge of-2. Overall, the more favorable
EQM/Ptn value for the Michael TS is probably related to the fact
that it is more flexible than the aldol and Diels-Alder TSs. In
other words, the Michael TS is more easily deformed in the
MPS active site to optimize intermolecular interactions with the
protein.

Counts of hydrogen bonds from each MC simulation show
that the QM region of the Michael TS accepts, on average, 6.0
hydrogen bonds from the water molecules, while for the Diels-
Alder and aldol TSs, this number is increased to 7.2 and 7.6,
respectively. No hydrogen bonds are donated to the solvent for

all TS models, which reflects the-2 charge. As the Michael
TS is more open than both the Diels-Alder and aldol TSs, it
occupies a larger space in the active site, reducing the space
available for the water molecules. Consequently, the inter-
molecular interactions between the QM region and the solvent
are more favorable for the aldol and Diels-Alder TSs than those
for Michael TS, as shown in Table 3.

Table 3 also shows that the Michael TS has the most favorable
EMM, followed by the aldol and Diels-Alder TS. In other words,
the environment, particularly, the enzyme, is more adapted to
accommodate the TSs of the stepwise path than the Diels-
Alder TS. The final energy differences indicate that the
unoptimized Diels-Alder TS is 22.5 and 25.7 kcal/mol less
stable than the first and second TSs in the stepwise route. These
numbers compare to the computed free-energy differences of
17.7 and 12.1 kcal/mol. The differences cannot just be assigned
to entropic factors in view of the statistical uncertainties for
the energies. However, the results for both the energy and free-
energy differences point to more stable TSs for the stepwise
path than for the concerted one. The results indicate that the
Michael-aldol mechanism is the route used by MPS to catalyze

Figure 9. Convergence profiles for the energy components considered for the TS models.
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the second step of the transformation of 2-pyrone derivatives
into the corresponding benzoate analogues, and that the enzyme
is not a Diels-Alderase.

Conclusions

In this work, mixed quantum and molecular mechanics
(QM/MM), combined with Monte Carlo (MC) simulations and
free-energy perturbation (FEP) calculations, were performed to
investigate the most viable route for the second step of the
transformation catalyzed by macrophomate synthase (MPS) of
the phytopathogenic fungusMacrophoma commelinae.The
QM/MM FEP calculations found that the Diels-Alder TS model
is 17.7 and 12.1 kcal/mol higher in free energy than the Michael

and aldol TSs in the stepwise route, respectively. The intervening
Michael intermediate is computed to be 12.3 and 17.9 kcal/
mol lower in free energy than the Michael and aldol TSs.
Energies for the QM (EQM) and MM (EMM) regions and the
interaction energies between them (EQM/MM) were also averaged
during MC simulations for the TSs. Although the statistical
uncertainties are larger, the final results indicate that the Diels-
Alder TS model is more than 20 kcal/mol higher in energy than
that of the Michael and aldol TSs for the stepwise route.
Therefore, the present computations consistently indicate that
the Michael-aldol mechanism is the route used by MPS to
catalyze the second step of the overall transformation in Scheme
1.

Figure 10. Snapshots illustrating the interactions between the QM region and selected residues for the Michael TS (a), the aldol TS (b), and the Diels-
Alder TS (c). White dots represent the link atoms. The carbon atoms of the QM region are colored green.
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The calculations in the gas phase also indicate that the
Michael intermediate is more stable than the bicyclic intermedi-
ate, and that the retroaldol cleavage of the latter is facile. As
the third step (decarboxylation with concomitant dehydration
of the bicyclic intermediate) is rate-determining for the overall
transformation, the present results indicate that experiments
directed at trapping the Michael intermediate might be fruitful.
The stepwise nature of the reaction mechanism could also
possibly be supported by studies of kinetic isotope effects.
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Figure 11. Per-residueEQM/Ptn differences between the Michael and aldol
TSs (a) and between the Michael and Diels-Alder TSs (b).
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