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Abstract
Orotidine 5'-monophosphate decarboxylase (ODCase) accelerates the decarboxylation of orotidine
5'-monophosphate (OMP) to uridine 5'-monophosphate (UMP) by 17 orders of magnitude. Eight
new crystal structures with ligand analogues combined with computational analyses of the
enzyme’s short-lived intermediates and the intrinsic electronic energies to distort the substrate and
other ligands improve our understanding of the still controversially discussed reaction mechanism.
In their respective complexes, 6-methyl-UMP displays significant distortion of its methyl
substituent bond, 6-amino-UMP shows the competition between the K72 and C6 substituents for a
position close to D70, and the methyl- and ethyl-ester of OMP both induce rotation of the
carboxylate group substituent out of the plane of the pyrimidine ring. MD and QM/MM
computations of the enzyme-substrate (ES) complex also show the bond between the carboxylate
group and the pyrimidine ring to be distorted with the distortion contributing a 10–15% decrease
of the ΔΔG‡ value. These results are consistent with ODCase using both substrate distortion as
well as transition state stabilization, primarily exerted by K72, in its catalysis of the OMP
decarboxylation reaction.

‡Throughout this paper, O6 of BMP refers to the oxygen atom connected to the C6 atom as shown in Fig. 1D. In the PDB deposition,
the same atom is named O1 according to the data bank’s nomenclature.
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Introduction
The most-widely accepted general mechanistic feature of reaction acceleration by enzymes
is transition state (TS) stabilization.1,2 A more rarely put forward and occasionally
controversially discussed concept is substrate distortion.3 One enzyme whose mechanism
has recently been the subject of interest-generating diverging points of view but for which
no general agreement about the overall mechanism has been reached is orotidine-5'-
monophosphate decarboxylase (ODCase).4–6 This enzyme catalyzes the conversion of
orotidine-5’-monophosphate (OMP) into uridine-5’-monophosphate (UMP) (Fig. 1A), the
last step of de novo pyrimidine biosynthesis. ODCase is also one of the most proficient
enzymes known. The t1/2 of the decarboxylation reaction in water at neutral pH is estimated
at about 78 million years.7 In contrast, the enzyme catalyzes dozens of decarboxylation
reactions in a second, accelerating the reaction by 17 orders of magnitude.7 It achieves this
enormous catalytic power without employing cofactors or metal ions.6,8–10

More than 180 crystal structures from 18 sources have been determined thus far. They all
show a dimer of TIM-barrel fold subunits with their active sites deeply buried and located at
the dimer interface (Fig 1B). The amino acids making up the active sites and their three-
dimensional structures are also very similar in all structurally known ODCases (Fig 1C).
The electrostatic network of K42-D70-K72 from one subunit and D75’† from the other
subunit (numbering based on ODCase from Methanothermobacter thermoautotrophicus
(MtODCase)) is the most characteristic feature in the catalytic site; these residues are
completely conserved and face the carboxylate of OMP, which is released during the
reaction. Mutation of any of D70, K72 or D75’ into alanine reduces the enzyme’s activity by
more than 5 orders of magnitude (Supporting Fig. S1).11,12 Mutation of the remaining
member of the network, K42, decreases the kcat value a hundredfold.11,12 Random
mutagenesis of E. coli chromosomal ODCase confirms that these four residues do not
tolerate any substitutions.13 In addition, quite a number of residues surrounding the
substrate-binding site have also been mutated to estimate their contribution to catalysis
(Supporting Fig. S1), including the substrate destabilizing effect of a conserved hydrophobic
patch.14

We have extensively investigated the reaction mechanism of this enzyme by
crystallographic and kinetic means. We proposed that the distortion of the reacting group
plays a considerable role in catalysis.15,16 The crystallographic results that support such an
assignment are an OMP carboxyl group slightly rotated and tilted from the pyrimidine plane
when complexed with the D70A/K72A mutant of MtODCase16 and a substituent
significantly bent from the pyrimidine plane despite the resonance of the pyrimidine ring15

in 6-cyano-UMP complexes, a compound which is very slowly converted into 6-hydroxyl-
UMP (BMP) by MtODCase (t1/2 = 5 hours).17,18 Similarly distorted ligands were found in
the structures of several compounds bound to human-ODCase (HsODCase)19,20 and it has
been suggested that the size of the C6-substituents of the pyrimidine ring is the dominant
factor in determining the extent of the observed deviation from low energy conformations.20

As the stable existence of such distorted structures strongly argues for the involvement of
substrate distortion in ODCase catalysis we engaged in further analysis and investigated the

†‘ indicates that the residue belongs to the second subunit.
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crystal structures of four more complexes, i.e. the structures of 6-methyl-UMP, 6-amino-
UMP, OMP-methyl-ester, and OMP-ethyl-ester (Fig. 1D) in complex with MtODCase. 6-
amino-UMP is a very good inhibitor of MtODCase (Ki = 840 ± 25 nM), while 6-methyl-
UMP is only a moderate one (Ki = 134 ± 5 µM).21 The small amino and methyl substituents
are good probes to elucidate the effect of the size of a C6-substituent on the distortion of its
bond to the pyrimidine ring when bound in the ODCase active site. The two esters are
structurally similar to but a bit larger than OMP; they can be regarded as good mimics of the
carboxylate group without being subject to catalytic transformation. To complement the
rather static nature of crystallographic experiments, we also performed computational
simulations to better characterize the structures of short-lived reaction intermediates. Our
present interpretation of the ODCase reaction mechanism is based on the results of our
structural analyses as well as the computational simulations, and takes into account the
existing relevant literature.

Materials and Methods
6-methyl-UMP and 6-amino-UMP were synthesized as previously described.21 OMP-
methyl-ester and OMP-ethyl-ester were synthesized from uridine. The introduction of
methoxy or ethoxycarbonyl moieties at the C-6 position was achieved via a lithium
diisopropylamide-mediated reaction with the appropriate alkyl chloroformate. Deprotection
of the protecting groups with trifluoroacetic acid22 followed by reaction with phosphorus
oxychloride afforded the mono-phosphorylated OMP-methyl- or ethyl-ester (Supporting
Scheme S1).23,24 Finally, OMP-ester monophosphates were neutralized with 0.5 M NH4OH
solution at 0 °C and lyophilized to obtain the ammonium salts of the corresponding
nucleotides. Details of the syntheses are described in the Materials and Methods section of
the Supporting Information.

Wild-type orotidine 5’-monophosphate decarboxylase from Methanothermobacter
thermoautotrophicus (MtODCase) and its mutants were expressed and purified as described
using Ni-NTA and gel-filtration chromatography.16,25 All proteins were dialyzed against
crystallization buffer composed of 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl and 5 mM
DTT. At room temperature, MtODCase (10 mg/mL) in crystallization buffer and incubated
with the respective OMP derivative ligand (5–10 mM final concentration) was mixed with
equal amounts of various precipitant solutions for crystallization using the hanging-drop
vapor diffusion method. Initially, clusters of crystals grew when 1.1–1.36 M sodium citrate
and 5% (v/v) dioxane at pH 6–9 were used as precipitant. Several cycles of microseeding
were necessary to obtain single, diffraction-quality crystals. Crystals were dipped in a cryo-
protectant buffer consisting of 1.2 M sodium citrate, 15% glycerol and 0.1 M MES-Na at pH
6.5 before being flash-frozen in a nitrogen stream at 95 – 100 K.

Diffraction datasets were collected at one of the following beamlines: 14ID-B, 14BM-C and
14BM-D at the Advanced Photon Source, Argonne, USA; 5A at the Photon Factory, Japan;
or 41XU at SPring-8, Japan. Data were integrated, scaled, and truncated using HKL200026

and TRUNCATE.27 The dataset collected from a crystal of the K72A:6-amino-UMP
complex was phased with the help of the molecular replacement program MOLREP using
the wild-type:6-aza-UMP structure (PDB ID: 1DVJ) as the search model. All other data sets
were phased directly from the refined model of the K72A:6-amino-UMP complex. Model-
building and refinement were done using the program packages COOT28 and REFMAC.29

The parameter files for 6-amino-UMP, 6-methyl-UMP, OMP-methyl-ester and OMP-ethyl-
ester were constructed modifying the file for uridine-5’-monophosphate (UMP). The bond
between the C6 substituents and the pyrimidine rings in all four ligands were only restrained
via bonding distance parameters; no planarity and angle restraint parameters regarding the
bond were applied during refinement. The planarity restraints of the pyrimidine ring in 6-
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methyl-UMP and 6-amino-UMP (excluding the C6 substituents) are 10 times weaker than
the default value in order to allow evaluation of their distorted structures. All refined
structures were validated using MolProbity30 and deposited to Protein Data Bank. Statistics
of all data collections and refinements are summarized in Supporting Table S1.

To simulate the decarboxylation reaction inside the active site of ODCase, we performed
systematic ab initio QM (quantum mechanics)/MM (molecular mechanics) calculations
combined with MD (molecular dynamics)-FEP (free energy perturbation) simulations and
all-electron QM analyses for the entire enzyme complex. Technical issues of this modeling
process are described elsewhere;31–33 the overall computational procedure is summarized as
follows.

Initial coordinates of proteins were adopted from the X-ray geometry of wild-type
MtODCase (1X1Z).17 The substrate (OMP) was modeled and placed at the original X-ray
position of the substrate analog. Since ODCase works well around neutral pH,34,35 we
assigned the standard protonation state to all polar residues. This assignment is consistent
with the protonation state analysis of individual residues performed by the program
PROPKA36,37 (Supporting Table S2). The resultant initial structure of the ES (Enzyme-
substrate) complex contains the enzyme, the substrate OMP, crystal water molecules, and
counterions to neutralize the total charge of the initial model. Next, we performed an MD
simulation to reliably model the ES complex in the aqueous phase. After collecting
trajectories for more than 2 ns periods, we randomly selected 10 representative protein
structures for additional QM/MM structural refinements of the ES complex. In each QM/
MM calculation, the QM region consists of the side chains of K42, D70, K72, D75’ and the
pyrimidine ring of the substrate OMP. Considering the system size of the ODCase complex,
we employed the restricted Hartree-Fock (RHF) method with the 6–31G(+)** basis set in all
QM/MM reaction path optimizations. Then, by selecting one representative QM/MM
optimized ES complex, we followed the direct decarboxylation path, a dissociation of
carbon dioxide forming a vinyl anion intermediate.38–41 In this calculation, the reaction
coordinate was defined as the bond distance between the C6 and C7 atoms. The strength of
interaction energies between OMP and surrounding amino acid residues was estimated by
all-electron QM computations for the entire protein complex using the Fragment Molecular
Orbital method.42 For energetic analyses of the intrinsic nature of ligand distortion, we also
performed ab initio QM calculations for the OMP analogs. To evaluate the energy cost of
deforming the C6-C7 bond of the reactive substrate, we employed a computationally rather
expensive method (MP2/aug-cc-pVDZ level) for two analog molecules (1-methyl-orotate
methyl ester and 1-methyl-orotate). Further computational details are summarized in the
Supporting Materials and Method section.

Results and Discussion
General Description

All of the eight complexes discussed in this paper (see Supporting Table S1) were
crystallized under essentially the same crystallization conditions and resulted in equivalent
crystal contacts. The crystallographic asymmetric unit contains only one subunit of the
physiological dimer. The overall RMSD of Cα models superimposed on a reference
structure, K72A-MtODCase complexed with BMP (PDB ID: 2ZZ7),15 range from 0.08 Å to
0.11 Å (all 215 Cα atoms, Supporting Table S1), i.e. the overall folds are practically
identical.

For several residues/ligands in the active site, the electron density maps clearly indicate
multiple conformations, which are accounted for in the refinement protocols. As sometimes
neighboring residues or ligands both assume a number of orientations but only specific
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combinations of them can coexist we appended their respective names with labels A–C. For
example, conformer A of a residue and conformer A of a close ligand exist in one
asymmetric unit of the crystal, whereas conformer A of the amino acid and conformer B of
the ligand can only be found in different asymmetric units of the crystal, e.g. because of
physical overlap. Residues without an alternate conformation assignment, i.e. a single
conformer, are present in all asymmetric units and potentially are in contact with all
alternate conformations of neighboring side chains or ligand molecules. For instance, a
single conformer residue might interact with all the multiple conformers of a ligand or vice
versa. Unless otherwise specified, capitals in parenthesis following a residue or an atom
name represent their conformation codes. For example, Nζ(A) and D75(B) indicate
conformation A of the Nζ atom and conformation B of the D75 residue, respectively.

6-methyl-UMP and 6-amino-UMP
As seen in Figure 2A, the substituent of 6-methyl-UMP is significantly bent from the
pyrimidine plane as we had observed earlier for the longer cyano moiety of 6-cyano-UMP in
complex with WTMtODCase.15 The methyl C7 atom is ~16 degrees displaced from the C5-
C6-N1 plane of the pyrimidine ring. In addition, the pyrimidine ring itself is also distorted.
The dihedral angles of C4-C5-C6-N1 and C5-C6-N1-C2 refined to 8 and 18 degrees,
respectively, whereas they are typically less than 5 degrees for a flat pyrimidine ring. The
C7 atom is very close to Oδ2 of D70 (3.2 Å). K42, D70, K72 and D75’ engage in a strong
electrostatic interaction, restricting the positions of their side chains. The distorted ligand
structure is fully consistent with the corresponding weak Ki value (Ki = ~30 × KM), with the
distortion consuming the binding energy.

The structure of this complex shows that the ODCase active site obviously has the power to
distort C6-substituents regardless of their size, even methyl groups, which - next to
hydrogen - are one of the smallest substituents possible. The four-residues engaged in the
electrostatic network assume positions almost identical to those seen in the complex of WT-
MtODCase with BMP.17,43,44 The strong electron delocalization in effect for the O4-C4-C5-
C6-O6‡ atoms in the flat BMP structure17,43,44 may play a considerable role in BMP’s
resistance to bond-distortion by the catalytic center.

For 6-amino-UMP bound to WT-MtODCase, double conformers A and B are observed
(Figs. 2B and 2C). Omit electron density maps phased from models without one of the two
conformers clearly indicate their presence (Figs. 2B and 2C). The occupancies were
assigned as 60% and 40% for conformers A and B, respectively, based on the relative
electron density heights. No significant residual density is found at the 3.0 σ level (gray
mesh in Figs. 2B and 2C), indicating that the two conformations explain the experimental
electron density reasonably well. The pyrimidine ring of conformer A (pink in Fig. 2B)
rotates counterclockwise ~20 degrees around the C2-N3 bond from the orientation of
conformer B (gray in Fig. 2B). The amino group N7(A) of the ligand lies ~9 degrees outside
the C5-C6-N1 plane of the pyrimidine ring (Fig. 2B). The pyrimidine plane is much less
distorted than that of the 6-methyl-UMP complex. N7(A) is located 2.9 Å from Oδ2(A) of
D70 and 3.2 Å from Nζ(A) of K72. In conformer A, the electrostatic network superimposes
well onto the corresponding residues in the complexes of WT-MtODCase with both 6-
methyl-UMP and BMP (Supporting Fig. S2A).

As stated above, the pyrimidine ring of conformer B (pink in Fig. 2C) is rotated clockwise
~20 degrees from its position in conformer A (gray in Fig. 2C). It refines as a flat ring with

‡Throughout this paper, O6 of BMP refers to the oxygen atom connected to the C6 atom as shown in Fig. 1D. In the PDB deposition,
the same atom is named O1 according to the data bank’s nomenclature.
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only minimal deviations. This also includes N7, although no angle and planarity restraints
were applied on N7 during the refinement (Fig. 2C). The long side chain of K72(B) (yellow
in Fig. 2C) has moved from the position that it adopts in conformer A (transparent gray in
Fig. 2C), and has lost the electrostatic interaction with D70, leading to the disruption of the
K42-D70-K72-D75’ network. Nζ(B) of K72 conserves its binding to D75’ but is now
located at the position previously occupied by HOH410(A). From these results, it seems that
N7 of 6-amino-UMP and Nζ of K72 compete for the position closer to D70. Because of the
two conformations of the ligand-binding site and several bond formations/disruptions
around the ligand, it is difficult to deduce a direct relationship between structure and Ki
value for this compound.

Such a competition between the amino groups of K72 and the ligand is supported further by
the crystal structure of the K72A mutant complexed with 6-amino-UMP. It shows that with
the side chain of K72 removed, the position of the pyrimidine ring, with N7 of 6-amino-
UMP in plane, corresponds to that of conformer B of the WT-MtODCase complex (Fig.
2D). Two water molecules, HOH463 and HOH477, replace the amino group of K72 as the
electrostatic link between D70 and D75’ (Fig. 2D).

The potential role of K72 in bending the bond between C6 of the pyrimidine ring and
various substituents, here methyl and amino groups, is also reflected in the way 6-amino-
UMP binds to D75N-MtODCase. This mutation weakens the originally strong interaction
between K72 and D75’ to the point that K72 is free to move away from D75N’ and its
location in WT-MtODCase conformation A (Fig. 2B), a position it also assumes in the
ligand-free enzyme. In the crystal structure of D75N-MtODCase complexed with 6-amino-
UMP (Figs. 2E and 2F), residues K72 and D75N refine as double conformers, together with
V73 and A74. Both K72(A) and K72(B) move significantly when compared to conformation
A of the same complex in WT-MtODCase (Fig. 3A). N7 of 6-amino-UMP is located in
between the A and B conformations of the wild-type complex (Fig. 3A). In this case, both
amino groups, the 6-substituent of the nucleotide and the primary amine of K72, are not
successful in claiming the original K72 position. K72(B) moves with D75N’(B), whereas
D75N’(A) remains at the position it assumes in the wild-type complex. The pyrimidine ring
is flat. Note that in conformer B of this complex, a chloride anion, Cl303(B), is found close
to the position of D75N’ in conformation A (Figs. 2E and 2F). A corresponding chloride ion
appears in other D75N-MtODCase structures.16

The effects of the competition between K72 and the ligand can be seen when comparing
wild-type and K72A mutant structures complexed with various ligands. As seen in Figure
3B, the pyrimidine rings of the ligands complexed to K72A-MtODCase move towards
where K72 is located in wild-type MtODCase. Unless positive charge on the ligand replaces
its amino headgroup, K72 in the wild-type enzyme is strongly held in the four-residue
electrostatic network and pushes down onto the C6-substituent (red arrow in Fig. 3B). If the
resonance energy of the pyrimidine ring is not sufficiently strong to counteract, this
interaction can lead to the distortion of the bond from C6 to the substituent.

OMP methyl and ethyl esters
OMP esters were chosen to test ligands quite similar to the substrate OMP but not reactive
due to ester formation. Figure 4A shows the omit electron density map around the active site
superimposed on the atomic model of WT-MtODCase with OMP-methyl-ester. Although
the electron density is not consistent with a single orientation of the substituent, it is clear
that the carboxyl group is located very close to D70 (2.7–3.0 Å) and the carboxyl plane of
the ester (the C6, C7, O71 and O72 plane) is rotated from the pyrimidine plane (Fig. 4A).
Two major conformations have been fitted. Depending on the rotation of the ester group,
they deviate by 35~60 degrees from the plane of the carboxylate in WT-MtODCase. A
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partial overlap of the electron density corresponding to K72 with the density representing
the ester group leads to further difficulty in their interpretation. Similar results were obtained
when WT-MtODCase formed a complex with OMP-ethyl-ester (Fig. 4B), which also
includes significant rotation (~55 degrees) of the ester group and its overlap with parts of the
side chain of K72.

Since some conformations of K72 contribute to the same electron density as does the ester
part of the ligand, the crystal structures of the K72A mutant with the two esters were also
determined (Figs. 4C and 4D). Despite the absence of an interfering side chain, the ester
groups in both methyl- and ethyl-esters are still rotated 40~70 degrees. These two structures
indicate that these rotations are not caused by K72 alone. As had been seen for HOH463 and
HOH477 in K72A MtODCase complexed with 6-amino-UMP (Fig. 2D), the remaining
members of the electrostatic network stay connected via a link from K42 to D75’ through
water residues HOH411(B) and HOH477 in the OMP-methyl-ester and OMP-ethyl-ester
complexes, respectively. Superpositions of these ester complexes of K72A-MtODCase with
those of Wt-MtODCase display the same shifts of the pyrimidine location that had been seen
in other complexes (Fig. 3B and Supporting Fig. S2B).

Although it is very difficult to refine precise coordinates for the overlapping parts and
multiple conformations in the four structures of ester ligands, the rotation of the ester groups
is clearly observed. To obtain an estimate of the energies involved in such a rotation, we
calculated the potential energies for a rotating ester group with the methyl group in the syn
and anti conformation. Figure 5A shows the potential energy profile of the ester group
rotation in 1-methyl-orotate methyl ester. The panel indicates that the ester group is more
stable in an out-of-plane rotational conformation than in a nonrotated structure. In addition,
the anti-conformation of the methyl group is more stable than its syn-conformation. In the
crystal structure of the complex, however, energetically unfavorable interactions between
D70 and the anti-conformations of the methyl (or ethyl) groups of the esters forces them into
the syn-conformation. The corresponding energy profile for 1-methyl-orotate, a model
compound for OMP (Fig. 5B) shows that the carboxylate group of OMP, too, is more stable
in its out-of-rotation conformation. The Cambridge Structural Database of small molecule
structures also includes a large number of carboxylate groups that are attached onto aromatic
rings and rotated out of the ring plane. Together, all these findings suggest that an out-of-
plane rotation of the carboxylate group is not a rare event. It is therefore most probable that
OMP esters mimic the OMP molecule approaching the active site of ODCase, with the
carboxylate group of OMP also rotated away from the in-plane orientation.

Simulating the structure of the enzyme-substrate, transition-state, and intermediate
complexes

Our computational findings also suggest that ODCase has the power to distort the C6
substituent of ligands bound to its active site. Although the distortion is not very obvious in
the present ester complexes due to overlapping electron densities, the bonds linking the C6
atoms and the respective substituents of 6-methyl-UMP, 6-cyano-UMP and 6-acetyl-UMP
are clearly distorted in their ODCase complexes (Fig 2A and refs.15,20). In addition, our
WT-UMP complex structure, recently determined at atomic resolution (1.03 Å), indicates
that the pyrimidine ring of UMP itself is slightly distorted, too.45 These structures imply that
ODCase can utilize substrate distortion to achieve the enormous acceleration of the reaction
it catalyzes. Although various groups have undertaken computational simulations of
ODCase catalysis, detailed analyses of the distortion effects have not been performed thus
far. Both transition state stabilization and ground state destabilization have been suggested
as the major contributing factors to ODCase catalysis.46,47 Warshel et al. proposed that
ODCase utilizes transition state stabilization based on their binding energy analyses of the
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ligand and the enzyme.5,47 In contrast, calculations by Gao et al. indicated that the protein
part of the enzyme-substrate complex is distorted compared to the transition state structure,
and thus they proposed a ground state destabilization mechanism.46 More recently, Hu et al.
presented a mechanistic proposal that has ODCase exerting its catalytic function through
direct decarboxylation to form an anionic intermediate supported by K72 stabilization of the
vinyl anion intermediate of the almost decarboxylated transition state structure.48 They also
noted that the water molecule located ~2.7 Å from the O6 atom of the BMP molecule in the
ODCase-BMP complex17,43,44 must be excluded from the calculation, since no
corresponding water molecules are found in all other complexes. However, all reported
simulations did not consider potentially distorted substrate structures and did not analyze the
interaction between the ligand and each of the protein’s residues. We have now performed
ab initio QM/MM calculations to evaluate the contribution of substrate distortion to
catalysis and to determine the interaction energy between each residue and each of the ES –
enzyme-substrate-complex/TS – transition state/INT – intermediate stages of the substrate.

The calculations were performed based on a direct decarboxylation pathway, which forms a
vinyl anion intermediate and is experimentally supported,38,40,41 and at the QM/MM
MP2/6–31(+)G**//RHF/6–31(+)G**/ AMBER level. The water molecule located close to
the O6 atom of BMP was not included in the calculations. All ten QM/MM optimized
structures of the ES complex clearly demonstrate that the C6–C7 bond is bent from the
pyrimidine plane. A typical structure of the ES complex (OMP with WT-MtODCase) is
shown in Figure 6A. The C6–C7 bond is distorted by 7.5–14 degrees from the C5-C6-N1
plane, and the planarity of the pyrimidine ring is apparently disrupted. The K42-D70-K72-
D75’ network is intact (distances between interacting side chain atoms <3.2 Å) in nine of ten
simulated structures, which shows the four residues are networked in almost all states
generated by the dynamic motion of the enzyme. These computational ES complex
structures indicate that the bent C6 substituent from the pyrimidine plane is a "stable"
structure in the ODCase environment, which is consistent with various experimental
structures, including the structures presented in this report (Fig. 2 and refs.15,19,20)

The direct decarboxylation pathway38–41 was followed using QM/MM geometry
optimizations, and located TS and INT onto the reaction energy profile (Fig. 6D). This
energy profile fits well with the experimentally determined kinetic values of MtODCase.
ΔΔG‡ (difference of the transition state free energies between enzyme-catalyzed and non-
enzymatic reactions) of MtODCase calculated from the [(kcat/KM)/knon] value is ca. 29–30
kcal/mol,7,14,18,34,43,49,50 whereas that of yeast ODCase is ~31 kcal/mol.7,51 The ΔΔG‡

value puts the energy required to go from the ES complex of MtODCase to its TS at 17–18
kcal/mol,14,18,34,43,49,50 which is in excellent agreement with the present computational
value of ~17 kcal/mol (Fig. 6D). In this typical QM/MM result, the C6–C7 bond distances
of TS and INT are 2.27 Å and 2.87 Å, respectively. These two structures are shown in
Figures 6B and 6C. The C6–C7 bonds are apparently bent from the C5-C6-N1 planes and
the pyrimidine rings are distorted in both TS and INT structures as seen before in the ES
complex.

The next issue is how substrate distortion can contribute to ODCase catalysis (Fig. 6E). We
estimated the energy penalty to distort the OMP ligand inside the active site by
computational experiments (gradually releasing the conformational as well as electrostatic
strain originating from the protein environment). The intrinsic electronic energies (=QM
energy of the orotate part of OMP) were calculated for the distorted and the relaxed
conformations inside the enzyme and in an aqueous environment, respectively, and
comparison of the calculated energies revealed the energetic penalty for the distortion. The
C6-C7 bond-lengths of the relaxed conformations corresponding to TS, INT and “far away”
(mimicking the completely dissociated form) were restrained to 2.27 Å, 2.87 Å and 3.57 Å,
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respectively, in order to compare equivalent states in the reaction coordinates. The intrinsic
energy difference between the distorted and nondistorted structures corresponding to ES is
6.6 kcal/mol, whereas the corresponding number for TS is 2.9 kcal/mol (Fig 6E). These
estimates indicate that the ligand structure in ES is more distorted than that in TS, and the
corresponding intrinsic energy difference is 3.7 kcal/mol. This energy difference is
considered to be the contribution of substrate distortion in ODCase catalysis. Since the
ΔΔG‡ value of MtODCase is 29–30 kcal/mol, both when deduced from experimental data
and when computed in our present simulation, the contribution of the substrate distortion in
ODCase catalysis is estimated to be 10~15%. Incidentally, these numbers agree well with
those found by Ruben et al. in their experimental study of ketosteroid isomerase, which
found strong evidence for binding energy-lowering interactions between substrate analogs
and residues in the enzyme’s active site.52

Then, we determined partial atomic charges derived from the molecular electrostatic
potential (ESP) of each atom of OMP in order to estimate the charge distribution during the
reaction both when catalyzed by the enzyme and in solution The simulated ESP charge is
consistent with the mutational analyses performed thus far14,49. The O4 and O2 atoms are
kept negative throughout the reaction (Supporting Fig. S3), and the negative charges are
stronger in the enzyme complex than in solvent (Fig. 6F). This fact suggests that the enzyme
preferentially accommodates negative charges at the O4 and O2 positions. Also, the charge
difference of O2 is approximately one-third of that of O4 throughout the reaction (Fig. 6F).
This result is consistent with the finding that the disruption of the interaction between the
main chain amide of S127 and O4 more severely affects the kinetic parameters than the
disruption of the interaction between Q185 and O2.14,49 It also places some carbene
character on C6 due to significant delocalization of the negative charge from C6 to O4.

Finally, we estimated the molecular interaction energies between each residue and the ligand
(Fig. 6G) by performing all-electron QM calculations based on QM/MM optimized
geometries. In the calculations, D70, D75’ and OMP carboxylates are deprotonated whereas
K42 and K72 are protonated. This assumption is consistent with the pKa values of individual
residues calculated by the program PROPKA36,37 (Supporting Table S2). An experimental
pKa analysis using the catalytically still active D70C and D75C mutants also supports this
assumption by identifying the charge state of the cysteine side chains as thiolate ions.13 The
computational results clearly show that K42 stabilizes the ES complex more than the TS and
INT structures, D70 destabilizes the ES complex in comparison to the other two states and
K72 stabilizes the INT structure relative to the ES and TS complexes. Smaller but still
significant peaks are seen for several other residues but are regarded as artifacts due to the
following reasons. The peaks for I96 may be due to the specific computational method,
which imposes a constraint on C-C bond distance along the reaction coordinate as it follows
the decarboxylation pathway. Just before bond-breakage, the carboxylate groups in TS and
INT were located at a position where they would form considerably unfavorable steric
interactions with I96. H128, R163, R203 and D104’ are not included in the QM region and
may well be shielded more strongly if they were. The interaction between D75’ and the
ligand is expected to be much weaker than that between K72 and D75’, since K72 is
sandwiched between D75’ and the substrate’s carboxylate. The role for D75’ is thought to
be to fix K72 at the appropriate position for the reaction, as seen in the structure of D75N-
MtODCase with 6-amino-UMP (Figs. 2E and 2F). Only K42, D70 and K72 are located at
positions in which they can directly interact with the carboxylate group, and thus display
large energetic effects (Fig. 6G).

Fujihashi et al. Page 9

J Am Chem Soc. Author manuscript; available in PMC 2014 November 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Integrating the results into a complete reaction scheme
Our present crystallographic results and computational simulations together with a careful
analysis of the existing literature guide the following detailed discussion of the catalytic
reaction mechanism of ODCase. All residues are numbered according to the MtODCase
sequence. In solution, the pyrimidine ring of OMP is predicted to mainly (>90%) adopt the
syn-conformation, whereas UMP strongly prefers the anti-conformation.53 We therefore
assume that OMP approaches ODCase in the syn-conformation. There, the carboxylate
group of OMP faces the characteristic K42-D70-K72-D75’ electrostatic network, which is
conserved in all known ODCases.6,8–10,19,21,54 A medium resolution (2.65 Å)
crystallographic analysis of Plasmodium falciparum ODCase (PfODCase) captured the
binding of OMP, showing that the two carboxyl moieties of OMP and D70 are located very
close to each other.55 Hydrogen bonds between the side chain of S127 and N3 of OMP as
well as between Q185 and O2 stabilize the syn-conformation. Changing S127 to an alanine
resulted in a 50:50 mixture of syn- and anti-conformation of 6-Aza-UMP,14,16 further
supporting this assignment.

We also envision the carboxylate group of OMP rotated away from the plane of the
pyrimidine ring, especially as our ab initio QM calculation confirmed the rotated
conformation as the most stable one (Fig. 5B). Similar results had been obtained by DFT
(density functional theory) calculations with B3LYP/6–31+G* and B3LYP/6–311+G*
sets.48 In addition in all four of the OMP-ester complexes investigated, the carboxylate ester
group is rotated away from the plane of the pyrimidine ring, further supporting the
assumption that the carboxylate group of OMP binds to ODCase in the stable rotated
conformation. The two juxtaposed carboxylate groups of OMP and D70 are approximately
perpendicular to each other as shown in Figure 4. Given the very short distance (~3.6 Å)
between Cγ of D70 and the carbon center of the ester carboxylate (C7), a relatively strong
electrostatic repulsion, consistent with PROPKA assignments (Supporting Table S2),
between the two carboxylates has to be expected. However, K42, one of the two proximal
lysines, bridges the two carboxylates moderating the repulsive force. In order to achieve this
effect, K42 moves from its position in the non-liganded enzyme; this shift and its interaction
with the OMP carboxylate were captured both in our simulation (Fig. 6A) and in the crystal
structure of the PfODCase-OMP complex.55 Consequently, mutation of this lysine resulted
in a 1,000-fold increase of Km and a 100-fold decrease of kcat.12

As the two carboxylates of OMP and D70 approach each other, the bond environment of
OMP C7 should become highly distorted. There has been a longstanding controversy about
the potential contribution of such a substrate distortion to ODCase catalysis. The major
argument against such an effect was seen in the relatively weak binding of the product
UMP, which - having lost its carboxylate group - was expected to bind more tightly than the
substrate OMP.5,47,56 However, by combining an atomic-resolution crystal structure of the
UMP complex with surface plasmon resonance measurements, we recently established that
the weak binding of UMP is caused by steric interference with K72; the binding constant of
UMP to the K72A mutant was determined as 4 × 10−9 M, second only to the best known
ODCase inhibitor BMP (barbituric acid monophosphate). These findings clearly invalidate
the original argument.45 The disruption of the resonance between the rotated carboxylate
group and the pyrimidine ring might ease the distortion. The C7 atom moves out of the
pyrimidine ring plane, the planarity of which is also disrupted. The molecular structures of
the present WT-MtODCase with 6-methyl-UMP as well as those of previously published
complexes with 6-cyano-UMP15 clearly display the significant distortion at the C6
substituent of the pyrimidine ring, as do the crystal structures of the D312N mutant of
human ODCase with OMP, and the native human ODCase with 6-aceto-UMP or various
other OMP analogues.19,20 We now show that this extends to the smallest substituents, the
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methyl and amino groups. In addition, all of these structures display an apparent disruption
of the pyrimidine ring planarity unless strong planarity restraint parameters are applied
during the refinement. Although no such distortions are obvious in the present ester
complexes, this may simply be due to the lower quality of the electron density maps
(multiple conformations and overlap), which require just such tight restraints. Our 10 ab
initio computational analyses resulted in 7.5–14 degrees deviations of the OMP carboxylate
from the pyrimidine plane in the enzyme-substrate complex; in addition, the pyrimidine
plane distortion was also reproduced (Fig. 6A). The energy necessary for such a break in the
planarity of an aromatic ring could well be provided by the numerous hydrogen bonds
between enzyme residues and the ligands, especially those to the phosphate group of OMP
(Supporting Fig. S1).43,49,57–59 Various structures indicate that ligand binding leads to the
closure of a loop (residues 182–190), which is disordered in the ligand-free
enzyme.6,10,19,54,55,60–62 When locked down, this loop forms five interactions, directly or
through water molecules, with the phosphate part of the ligand. 1-(β-D-
erythrofuranosyl)orotic acid (EO), an OMP derivative missing O5 of the ribose ring and the
phosphate group (Supporting Fig. S4), is decarboxylated by ODCase but the corresponding
kcat/Km value is approximately 5 × 108 times smaller than that of OMP.63 The EO reaction
could be accelerated 8 × 104–fold by adding HPO3

2− to the solution. Orotidine (Supporting
Fig. S4) is decarboxylated by yeast ODCase with a ~1011–fold lower kcat/Km value than
OMP.64 Mutations of the phosphate binding arginine (R203) result in 103–104–fold lower
kcat/Km values.65 These drastic effects on catalytic efficiency confirm the importance of the
phosphate part of OMP for the catalytic reaction. It is quite reasonable to assume that a part
of the binding energy, especially the contribution from the phosphate group, is used to
distort the pyrimidine ring.

The distorted carboxylate group then dissociates from the pyrimidine ring and a vinyl anion
intermediate at C6 is formed.38–41 The ODCase reaction performed in H2O/D2O (1:1 ratio)
buffer results in the same H/D ratio at the C6 hydrogen of UMP.39,40 This isotope analysis
rules out any catalytic mechanism with a protonation step as the rate-determining step and
supports the direct decarboxylation mechanism through the vinyl anion intermediate. The
faster decarboxylation of 5-fluoro-OMP compared to OMP is consistent with the existence
of such an anion intermediate.34,41,66 The pKa values of the UMP C6 proton are estimated as
29–34 (ref.67–69) and 29 (ref.70) in water and in DMSO, respectively, whereas the pKa in
yeast ODCase is estimated as ≤ 22 (ref.38). The remarkable shift in pKa seen when substrate
is transferred from solvent to the enzyme’s active site also points to a strong stabilization of
the C6 anion intermediate. The C6-C7 bond distortion decreases the energy barrier for the
decarboxylation by ~3.7 kcal/mol (Fig. 6E), which is 10~15% of the total ΔΔG‡ value.
Mutation of the proximal D70 significantly decreases the kcat value, but hardly affects the
stabilization of the reaction intermediate.34 Our interaction residue energy profile shows that
K72 is involved in the stabilization of the developing negative charge in the intermediate
(Fig. 6F). It is therefore not surprising that its mutation results in the loss of enzymatic
activity (≤10−5 × WT).12,65 Sharing of the negative charge at C6 with the O4 atom of the
ligand through delocalization, imparting partial carbene character, may also contribute to the
stabilization of the intermediate.14 The O4 atom interacts with the main chain amide of
S127. Our simulation showed that ODCase preferentially accommodates negative charge at
the O4 atom (Fig. 6F). Mutation of S127 to proline, which disrupts the interaction with the
O4 atom, results in a significant decrease of the kcat/KM values (~4 × 10−7 of WT)14. The
strong inhibition of ODCase by BMP (Ki = ~9 × 10−12 M)71,72 might also relate to the
negative charge at the O4 atom. This all points to a much larger contribution to transition
state stabilization, and thereby the tight binding of the transition state analog BMP, by the
charge accumulating at O4 than by the charge at O6.
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Protonation by the ammonium group of K72 is considered the last step of the catalytic
reaction, leading to the formation of the final product UMP. The low affinity of UMP to
ODCase (Ki = ~10−4)50,65,73,74 will support product release, readying ODCase for the next
cycle of catalysis, which encompasses aspects of both substrate distortion and transition
state stabilization.

ODCase is not the only enzyme for which distortion in the conformation of its substrate
molecule has been proposed in computational studies or measured in kinetic and structural
experiments. Theoretical studies75–77 using the crystal structures of TS-analogue
complexes78,79 as initial models predict that chorismate mutase holds its substrate
chorismate in an energetically unfavored chair-like conformation. Computations on
glutamate mutase suggest that the C4'-C5'-Co bond-angle of adocobalamin (vitamin B12) is
distorted, facilitating the dissociation of the bond between C5' and Co producing the
catalytically important radical at C5'.80 Measurement of the Binding Isotope Effect in
orotate phosphoribosyltransferase also indicated that OMP binds to the enzyme distorted
around the bond between its ribose and aromatic base components.81 Other recently
published examples of enzymes for which substrate distortion is invoked in the catalytic
mechanism include aspartate aminotransferase,82 α-1,3-galactosyltransferase,83 family II
pyrophosphatase,84 and the already mentioned ketosteroid isomerase.52 Substrate distortion
was already part of the first enzyme mechanism formulated based on the knowledge of the
actual structure of the active site, the ‘Phillips’ mechanism of hen egg white lysozyme85 and
it is still considered relevant in the recent, most elegant revision of the general mechanism of
retaining β-glycosidases.86,87

Conclusion
Our work elucidated the contribution of the substrate distortion to ODCase catalysis in
structural and computational detail. Crystal structures showed that ODCase can distort the
bond between the aromatic ring of a ligand and its C6 substituent, regardless of the latter’s
charge or size. Ab initio calculations revealed that the distortion contributes 3.7 kcal/mol to
the catalysis, which corresponds to 10–15% of ΔΔG‡ of the enzyme-catalyzed reaction. Our
proposed mechanism is consistent with the numerous experimental results obtained thus far.
Various factors have been identified to contribute to the enormous acceleration of the
decarboxylation rate by ODCase. They include substrate distortion, which is described here,
stabilization of negative charge at C6 by K7239,40,68 and at O4 by S12714, a hydrophobic
environment to destabilize the carboxylate part of OMP and to accommodate the product
carbon dioxide14, hydrophobic core formation to close the mobile loop43, the large binding
energy of the phosphate part63–65, and probably others not yet considered.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) The reaction catalyzed by ODCase. (B) The physiological dimer of MtODCase. The
green arrows indicate the binding positions of the ligands, which are drawn as green spheres.
(C) The electrostatic and hydrogen bond network in the active site of ODCase. WT-
MtODCase complexed with BMP (PDB: 1x1z) is presented as an example. (D) The
substrate analogues described in this paper. Atom names are in blue. 1: 6-methyl-UMP, 2: 6-
amino-UMP, 3: BMP, 4: OMP-methyl-ester, 5: OMP-ethyl-ester
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Figure 2.
6-methyl-UMP and 6-amino-UMP complexes. The upper panels show omit electron density
maps superimposed on the refined model. Lower panels describe the binding-modes of the
various ligands in detail. Red and blue numbers give distances in Ångstroms. (A) WT-
MtODCase with 6-methyl-UMP. The omit electron density map was phased without the
atoms of the pyrimidine ring, D70, K72, and D75’ included and contoured at 3.5 σ. (B)
Conformation A of WT-MtODCase with 6-amino-UMP. The omit electron density map was
phased without the atoms of D70 and HOH410 as well as those of the conformation A of
K72, D75’ and the pyrimidine ring included and was contoured at 5.5 σ (green) and 3.0 σ
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(gray). Yellow and gray sticks are conformers A (or the part without alternate conformation)
and B, respectively. (C) Conformation B of WT-MtODCase with 6-amino-UMP. The omit
electron density map was phased without the atoms of the residues of conformer B (and the
part without alternate conformations) included, corresponding to panel B. The green and
gray meshes are contoured at 5.5 σ and 3.0 σ, respectively. Yellow and gray sticks are
conformers B and A, respectively. (D) K72A-MtODCase with 6-amino-UMP. The omit
electron density map (3.0 σ) was phased without the atoms of the pyrimidine ring, D70,
D75’, HOH463 and HOH477 included. (E) Conformation A of D75N-MtODCase with 6-
amino-UMP. The omit electron density map corresponds to D70 and the pyrimidine ring as
well as conformations A of K72 and D75N’. The green and gray meshes represent 8.0 σ and
3.0 σ, respectively. Yellow and gray sticks are conformers A (or the residues without
alternate conformation) and B, respectively. (F) Conformation B of D75N-MtODCase with
6-amino-UMP. The omit electron density map was calculated without residues in conformer
B (and the part without alternate conformations) included. The green and gray meshes are
contoured at 8.0 σ and 3.0 σ, respectively. Yellow and gray sticks are conformers B and A,
respectively. This panel is drawn in the same way as panel E, except that conformer B is
emphasized (in color) instead of conformer A. The chloride anion, Cl303 (purple), is only
observed in conformer B.
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Figure 3.
Superimpositions of the active sites of various enzyme-ligand complexes. (A) 6-amino-UMP
in complex with WT-MtODCase and D75N-MtODCase. (B) Comparison of various ligands
as bound to the active site in complexes of WTMtODCase and K72A-MtODCase. The BMP,
UMP, 6-cyano-UMP, 6-methyl-UMP, and 6-amino-UMP complexes with WT-MtODCase
and K72A-MtODCase are superimposed. The models colored in orange and green are the
ligands with K72A-MtODCase and WT-MtODCase, respectively. In the lower panel, which
shows an enlargement of the superimposed pyrimidine rings, the red arrow indicates the
effect on ligand binding positions caused by K72. Note that the conformation B of 6-amino-
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UMP in complex with WTMtODCase is included in orange, since K72(B) in this complex is
flipped from the typical K72 position in other complexes and can not influence the ligand
positions.
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Figure 4.
Methyl and ethyl ester complexes of ODCase. The upper panels show omit electron density
maps superposed on the refined models. The omit electron density maps (2.0 σ) were phased
without the atoms of the ligand and K72 included in the calculations. The lower panels
display the binding modes of the ligands in detail. Red and blue numbers give distances in
Ångstroms. (A) WT-MtODCase with OMP-methyl-ester. (B) WT-MtODCase with OMP-
ethyl-ester. (C) K72A-MtODCase with OMP-methyl-ester. (D) K72A-MtODCase with
OMP-ethyl-ester.
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Figure 5.
Potential energy profiles of the rotation around the C6-C7 bond of OMP analogs. (A) Profile
of 1-methyl-orotate methyl ester, a model compound for OMP methyl ester. Blue and red
lines indicate the profiles for anti and syn conformations of the methyl group, respectively,
whose chemical formulae are also shown. (B) Profile of the carboxylate group rotation in 1-
methyl-orotate.
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Figure 6.
Simulations of the ODCase reaction. Representative structures of enzyme-substrate complex
(ES, A), transition state (TS, B), and intermediate state (INT, C) are drawn. The three states
are defined in panel D. The asterisks represent the released carboxylate. (D) Direct
decarboxylation profile forming vinyl anion intermediate along the reaction coordinate
determined by ab initio QM/MM calculations (QM/MM MP2/6–31(+)G**//RHF/6–
31(+)G**//AMBER (parm.96)). The x- and y- axes indicate the C6-COO bond distance (Å)
and the relative energy of the reaction (kcal/mol), respectively. TS and INT are defined in
the peak and the metastable part along the decarboxylation path, respectively. (E) Potential
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energy profiles of the electronic energy (QM energy) of the distorted (green, inside enzyme)
and non-distorted (blue, in aqueous solution) orotate portion of the OMP substrate. The
distorted energy penalty is implicitly incorporated into the potential energy curves, and these
intrinsic energy profiles are mapped onto the reduced one-dimensional reaction coordinate
as shown in panel D. The x- and y-axes indicate the reaction coordinate of the C6-COO
distance and the relative energy of the decarboxylation reaction, respectively. Energy
differences between the two profiles (numbered in black) represent the additional energy
cost to deform the ligand structure relative to the reference, which is the relaxed structure in
the aqueous solution. (F) Electrostatic potential (ESP) charge difference between enzyme-
bound ligand and the ligand in solution. The x- axis indicates the reaction coordinate of the
C6-COO distance. The y-axis indicates the ESP charges in enzyme subtracted by those in
solution. The charges of all atoms in the pyrimidine ring are represented in the supporting
Fig. S3. (G) Interaction energy differences between two selected states along the
decarboxylation coordinate determined by FMO2-RHF/6–31G* calculations. Upper, middle
and lower panels indicate energy difference between TS and ES, between INT and ES, and
between TS and INT, respectively. The x-axis corresponds to the amino acid residue serial
number, and the y-axis designates the interaction energy differences between the two
selected states.
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