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Summary
Crystal structures of substrate/product complexes of Methanobacterium thermoautotrophicum
orotidine-5′-monophosphate decarboxylase, obtained at various steps in its catalysis of the unusual
transformation of 6-CN-UMP into barbituric acid ribosyl monophosphate (BMP), show that the
cyano substituent of the substrate, when bound to the active site, is first bent significantly from the
plane of the pyrimidine ring and then replaced by an oxygen atom. Although the K72A and D70A/
K72A mutants are either catalytically strongly impaired or even completely inactive they still
display bending of the C6 substituent. Interestingly, high-resolution structures of the D70A and
D75N mutants revealed a covalent bond between C6 of UMP and the Lys72 side chain after the –
CN moiety’s release. The same covalent bond was observed when the native enzyme was
incubated with 6-N3-UMP and 6-I-UMP; in contrast, the K72A mutant transformed 6-I-UMP to
BMP. These results demonstrate that, given a suitable environment, native ODCase as well as
several of its mutants are not restricted to the physiologically relevant decarboxylation; they are
able to catalyze even nucleophilic substitution reactions but consistently maintain distortion on the
C6 substituent as an important feature of catalysis.

*Corresponding authors: pai@hera.med.utoronto.ca and mfuji@kuchem.kyoto-u.ac.jp.
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Introduction
Orotidine-5′-monophosphate decarboxylase (ODCase) catalyzes the transformation of
orotidine-5′-monophosphate (OMP) to uridine-5′-monophosphate (UMP) (Fig. 1a), the last
step of de novo pyrimidine biosynthesis. ODCase is also known as one of the most
proficient enzymes, accelerating the decarboxylation reaction by 17 orders of magnitude
when compared to the spontaneous reaction in water at neutral pH.1 ODCase achieves this
enormous catalytic power without employing cofactors, metal ions or delocalization effects.

Thus far, X-ray crystal structures of ODCases from eleven organisms have been determined;
they all assume a TIM-barrel fold and their active sites are structurally quite similar (Fig.
1c). The reaction center is located at the C-terminal side of the β-sheet barrel and at the
interface of the catalytically active dimer.2 Crystal structures of active site mutants and of
complexes of ODCases from several species with various inhibitors established the very
restricted and rigid nature of their active sites. Bound ligands are buried deeply at the dimer
interface. Usually, about 15 hydrogen bonds are formed between mononucleotide ligands
and enzyme matrix; one counts about 20 bonds if those to tightly bound water molecules are
included. Consistently, two thirds of these bonds involve the ribose monophosphate part of
the ligands. Residues Val182 to Gly190 are disordered in the apo-form of the enzyme but
assume a stable loop conformation when interacting with the 5′-phosphate of nucleotide
ligands. 3

One of the most characteristic features of the active site is an extended network of hydrogen
bonds and electrostatic interactions anchored by alternating lysine and aspartate residues.
While Lys42, Asp70 and Lys72 are from one subunit, the fourth residue Asp75B* originates
from the second subunit. Any substituent at C6 of the uracil ring directly faces this network,
placed especially close to Asp70 and Lys72 (Fig. 1d), residues for which mutagenesis and
kinetics studies of several orthologous enzymes consistently postulate a leading role in
catalysis.4–8

As part of our efforts to investigate in further detail the reaction mechanism underlying this
astonishing catalytic power and to supplement our mutation studies,9,10 we undertook the
crystallographic analysis of the complexes of the three substrate analogues 6-CN-UMP, 6-
N3-UMP and 6-I-UMP with M. thermoautotrophicum ODCase at resolutions between 1.85
Å and 1.53 Å. Interest in these compounds was also heightened by the recent finding that 6-
CN-UMP is a slow substrate of MtODCase, being converted into BMP with a half-life of 5 h
for the reaction in solution11,12 and by the fact that 6-N3-UMP and 6-I-UMP are irreversible
inhibitors of Plasmodium falciparum ODCase.13

Initially, 6-CN-UMP inhibits MtODCase competitively with a Ki of 2.9 × 10−5 M; the
product BMP is the most potent competitive ODCase inhibitor known (Ki = 8.8 × 10−12 for
yeast ODCase).14 Again from the initial rates, one can estimate a competitive Ki of 1.9 ×
10−7 M for 6-N3-UMP but then this compound modifies the enzyme covalently with a KI
and kinact of 6.3 × 10−7 M and 61.2 h−1, respectively.13,15 To explain the mixture of non-

*If not stated otherwise, residue numbers refer to the enzyme from Methanobacterium thermoautotrophicum. The superscript B, as in
Asp75B, indicates that the residue is contributed by the second subunit.
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covalent and covalent interactions combined with catalytic transformations experienced
when MtODCase is incubated with substrate analogues poses an interesting challenge.

To provide a structural framework for the mechanistic studies, we analyzed the crystal
structures of these compounds in complex with native MtODCase as well as several of its
active site mutants. The slowness of the unexpected and mechanistically highly interesting
conversion of 6-CN-UMP to BMP allowed us to investigate different time points along the
reaction coordinate. Several structures of the complexes of 6-CN-UMP with electrostatic
network mutants were also determined to further probe the contributions of individual
residues to catalysis.

Results and Discussion
Crystallography

Crystals of the complexes of native MtODCase with 6-CN-UMP and 6-N3-UMP, as well as
those of the enzyme’s D70A, K72A and D75N mutants with 6-CN-UMP all grew in space
group P21 with approximate cell dimensions of a = 58 Å, b = 74 Å, c = 59 Å and β = 119°
(for details, see Table 1). Crystals of the double mutant D70A/K72A complexed with 6-CN-
UMP also adopted space group P21 but with a = 59.6 Å, b = 64.4 Å, c = 61.5 Å; β = 115.5°.
Crystals of the K72A mutant complexed with 6-I-UMP belonged to space group C2221 (a =
57.9 Å, b = 103.3 Å, c = 73.5 Å).

Structural and Biochemical Analyses
The overall molecular structures of all the complexes of native and mutant MtODCases with
the inhibitors 6-CN-UMP, 6-N3-UMP and 6-I-UMP are almost identical, independent of the
space group of their individual crystals (Fig. 1c).3,9–11,15 The asymmetric unit of the K72A:
6-I-UMP crystal contains one ligand-bound subunit of the physiological MtODCase
homodimer, whereas all other asymmetric units hold the dimer, with each subunit binding an
inhibitor molecule. The RMSD distances between all Cα atoms, with the BMP complex of
native MtODCase serving as reference, are 0.08 Å, 0.10 Å, 0.16 Å, 0.16 Å, 0.33 Å, 0.13 Å
and 0.10 Å, for the complexes native:6-CN-UMP, K72A:6-CN-UMP, D70A:6-CN-UMP,
D75N:6-CN-UMP, D70A/K72A:6-CN-UMP, native:6-N3-UMP and K72A:6-I-UMP,
respectively. Individual subunits superimpose well with even lower RMSD values of
between 0.03 Å and 0.17 Å for 213 to 215 Cα atoms, establishing overall structural integrity
and conservation for the various MtODCase mutants investigated, independent of their
ligation state.

Although the overall structure did not change, there were remarkable differences in the way
the active sites of the various forms of the enzyme interacted with the inhibitors. Figure 2a
shows 6-CN-UMP in the active site of the K72A mutant. The “omit” electron density map,
calculated by excluding from phase calculation the atoms belonging to the pyrimidine ring
and the surrounding residues, thereby avoiding model bias, clearly reflects the angle by
which the cyano group is bent out of the plane of the pyrimidine ring. As seen
computationally, the energy to deform the angle between the cyano moiety and the plane of
the pyrimidine ring was significantly lower than that necessary to bend the angle C6-C7-N8
(Fig. 3); therefore, the latter was restrained to 180° during the refinement. Such an
assignment is also supported by the fact that all cyano groups in the Cambridge Structural
Database16 assume a linear geometry. With this parameter set, the best fit to the electron
density was obtained when the cyano group was bent by approximately 50° out of the plane
of the pyrimidine base and away from residue Lys72. A similar deformation has been
reported for the carboxylate substituent of the substrate OMP when bound to the D70A/
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K72A mutant of MtODCase9 and to the D312N mutant of human ODCase; in the latter case,
nucleotide binding also induced conformational changes in parts of the active site.17

Two water molecules are bound near the cyano group. As the distance between the two
molecules is only 1.8 Å (Figs. 2a and g), too close for simultaneous residency, they are
assigned as a pair of water molecules HOH463(A) and HOH463(B) with alternate binding.
Their respective occupancies are estimated at 0.6 (A) and 0.4 (B) based on the heights of the
corresponding electron density peaks and appropriate B-factors of 13–16 Å2. HOH463(A)
occupies a position very similar to that of Nζ of Lys72 in native MtODCase (in transparent
gray in Fig. 2g); it is hydrogen-bonded to Asp70 and Asp75B. HOH463(B) is coordinated by
the main chain carbonyl of Ala74B and by Asp75B. In native MtODCase, the alkyl side
chain of Lys72 occupies the corresponding space, precluding water from binding at this
location. Similarly located waters (HOH3015 and HOH3016) were found in the K72A:UMP
complex (PDB ID: 1KM4). As the distance between these two waters is 2.6 Å they can be
modeled as independent binders with full occupancy.

For the 6-CN-UMP complex of native MtODCase, flash-frozen two days after mixing, a
more complex electron density is observed. Although density fitting a bent cyano moiety is
seen (Fig. 2b, red arrow) it is weaker than the corresponding feature in the K72A complex
and significant additional density, contiguous to the plane of the pyrimidine ring, is visible
(Fig. 2b, green arrow). As MtODCase will convert 6-CN-UMP to BMP,11 a picomolar
inhibitor of the enzyme,14 density representing the intermediate state was refined against a
protein model with a 1:1 mixture of the two ligands in its active site. The B-factors for both
O1 of BMP (hydroxyl at C6) and C7 of 6-CN-UMP refine to ~10 Å2, in the range of those
of the aromatic ring atoms, indicating that the estimated occupancies of “substrate” and
“product” are consistent with the results obtained in solution.11 In the best fit, the cyano
group is bent by approximately 30° (angle between the segment of C6 and N8 and the
pyrimidine plane), in the same direction (red arrow, Fig. 2b) but by slightly less than what
had been observed in the K72A mutant structure (Figs. 2b vs. 2a).

A water molecule, HOH461, is found next to the O1 atom of BMP (Fig. 2e). A
corresponding water molecule was identified in the complex of native enzyme with BMP
(PDB codes: 1X1Z and 1LOR).10,11 No such water is detected in the complexes of native
MtODCase with UMP and 6-azaUMP (PDB codes: 1LOQ and 1DVJ).10 The B-factor of this
BMP-specific water molecule refines to 23 Å2 when its occupancy is estimated at 0.50,
whereas the B-values of the corresponding waters in native MtODCase complexed with
BMP are 16 Å2 and 19 Å2 (PDB codes: 1X1Z and 1LOR) when set to full occupancy.

Hydrolysis of 6-CN-UMP to BMP continued in the crystal even after 2 days of incubation.
Figure 2c represents the same view of a map calculated from data collected after a two-
month incubation (PDB ID: 1X1Z).11 The long wait ensured that the reaction had gone to
completion. The cyano group has been replaced by a hydroxyl group, BMP is now easily
identified in representative electron density. The map and molecular structure of the product
complex are identical to those of native MtODCase co-crystallized with BMP, reported
previously.10

The three crystal structures described above, the K72A mutant with 6-CN-UMP and the
native enzyme incubated with 6-CN-UMP for two days and for two months, respectively,
can be considered as a series of “time-resolved” snapshots (Figs. 2a–c). The K72A mutant,
although catalytically impaired, is still capable of distorting the ligand upon binding, thereby
trapping the warped conformation of 6-CN-UMP (Fig. 2a), mimicking the Michaelis
complex or “0 time” snapshot of this slow reaction. A different scenario is observed with
catalytically active, native ODCase. Figure 2b presents the arguably most interesting result,

Fujihashi et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



a snapshot of the partial transformation of 6-CN-UMP into BMP. Electron densities
corresponding to the substrate and the product are superimposed. After two days,
approximately half of the cyano group has been replaced by a hydroxyl group in the crystal
(Fig. 2b). As slower reaction rates are not unusual in a crystalline environment, this result is
consistent with the relatively long half-life (t1/2) of the reaction of ca. five hours in
solution.11 Bending the C6-C7 bond out of the plane of the aromatic ring by 30° or more
will help facilitate the attack of a water molecule at C6 instead of the generally more
reactive C7 position. In the end, the action of native ODCase on 6-CN-UMP will produce
BMP, the most potent inhibitor of ODCase (Fig. 2c).

The electron density map calculated with structure factors Fo (2 d) - Fo (2 months)
illustrates nicely the change that occurs when the substrate 6-CN-UMP is slowly
transformed into the product BMP (Fig. 2f). The decrease of the density level representing
the cyano group and the concomitant increase at the position of the oxygen atom reflect the
progress of the catalytic reaction.

The distortion observed in 6-CN-UMP could be caused either by electrostatic or steric
repulsion between the ligand’s cyano group and the surrounding side chains of the active
site as well as tightly bound water molecules, with the carboxyl group of Asp70, the amino
group of Lys72 and the water molecule HOH463(A) as the prime candidates for such
interactions. Among these three groups, Asp70 probably makes the strongest contribution to
the bending of the linear substituent in both the K72A:6-CN-UMP and native enzyme:6-CN-
UMP complexes. In the K72A mutant, the distance between the cyano group and Asp70 Oε2
is 2.9 Å (Fig. 2g). HOH463(A) is close to the ligand’s C6 and C7 atoms, with distances of
3.3 Å to 3.4 Å. In native ODCase, the corresponding numbers are 3.2 Å and 3.4 Å (Fig. 2h).

The double mutant D70A/K72A has completely lost its capability to transform OMP to
UMP, as shown by the crystallization and structural analysis of the substrate complex.9 As
the removal of the two side chains generates significant space that should easily
accommodate the cyano substituent, one could expect the 6-CN-UMP complex to harbour
the cyano moiety that extends from the aromatic ring in an unstrained coplanar
configuration. However, the corresponding electron density clearly shows that the cyano
segment is still bent out of the plane of the pyrimidine ring (Fig. 2d; red arrow). Three
characteristic waters, HOH465, HOH467 and HOH469, can also be seen around the cyano
group in the omit electron density map shown in Fig. 2d. Held by an extensive network of
hydrogen bonds, they are located in density visible up to contour levels of 5.5 σ, 8.0 σ and
3.7 σ, respectively, indicating relatively tight binding. HOH465 resides halfway between the
positions assumed by Nζ of Lys72 and the carboxylate of Asp70 in the native enzyme (Fig.
2i). It is anchored by hydrogen bonds to Oδ2 of Asp75B (2.8 Å) and Nζ of Lys42 (3.1 Å).
Forming close contacts of 3.5 Å, 3.1 Å and 3.2 Å to C6, C7 and N8, respectively, this water
could now contribute to the bending of the C6-CN bond. The other two waters, HOH467
and HOH469, with distances to the cyano substituent ranging from 3.5 to 4.0 Å, might add,
although more weakly, to the distortion (Fig. 2i).

All 208 Cα atoms of one subunit of the D70A/K72A:6-CN-UMP complex superimpose well
(RMSD = 0.34 Å) with their counterparts in the previously analyzed D70A/K72A:OMP
complex (PDB ID: 1KM6).9 This similarity extends to the respective substituents. The
carboxylate of OMP is bent in the same direction as the cyano group in 6-CN-UMP; its
rotational component obviously absent in the latter (Fig. 2j). Of the three waters bound near
the reaction center in the OMP complex, HOH3015 and HOH3017 are located almost in the
same positions as HOH467 and HOH469 in the 6-CN-UMP complex, respectively.
HOH3016 (OMP complex) bridges Oδ2 of Asp75B and Nζ of Lys42 as does HOH465 in the
6-CN-UMP complex; the actual positions of these two waters, however, are about 1.5 Å
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apart. HOH3016 is 3.5 – 4.0 Å away from the carboxylate group of OMP (Fig. 2j), whereas
HOH465 approaches C7 of the cyano group to 3.1 Å (Fig. 2i).

The catalytic activity of the D91A mutant of yeast ODCase is reduced by at least 5 orders of
magnitude.8 Co-crystallization of the equivalent D70A mutant of the archaeal enzyme with
6-CN-UMP, undertaken in an effort to better isolate the role of Lys72 in catalysis, produced
another surprising result; a covalent bond between the ligand and the enzyme (Fig. 4a). The
Fo−Fc omit map of electron density unequivocally shows a strong connection between Nζ of
Lys72 and C6 of the pyrimidine ring. The cyano moiety of the original ligand has been
completely replaced. Mass spectrometry confirmed the covalent modification (Figs. 4b–c).
With the loss of the negative charge of Asp70, the side chain of Lys42 is anchored less
strongly, assuming alternate conformations.

The same covalent modification of the enzyme, again confirmed by mass spectrometry, was
seen when the D75N mutant was exposed to 6-CN-UMP (Figs. 4d–f) but this time the side
chain of Asn75 also adopted an alternate conformation (D75NB(B)), in addition to the one
found in native enzyme (D75NB(A)). As judged by electron density peak height,
approximately 85% of the residues are in this latter conformation, with 15 % residing in the
new one (Fig. 4d). Confirming this assignment, the B-factors of all atoms in both
orientations refine to a relatively narrow range of appropriate values (10–15 Å2).

6-CN-UMP is slowly converted to BMP by native ODCase.11 The D70A and D75N mutants
of the enzyme, however, form a covalent bond to the side chain of Lys72, a neighboring
active site residue. In the following, we attempt an explanation for the difference in
behaviour between native and mutant proteins. The electrostatic network of Lys42-Asp70-
Lys72-Asp75B (Fig. 1d) is conserved in all known ODCases 5,18; it is reasonable to assume
that the arrangement keeps the Nζ atom of Lys72 protonated. Both mutations, D70A as well
as D75NB, lead to a decrease of the pKa value of Lys72, increasing the probability that its Nζ
carries a lone pair of electrons. As indicated by the alternate conformations of Lys42 in the
D70A mutant and of Asn75B, breaking this electrostatic network significantly increases the
mobility of the side chains that form it. The same result had been seen in the D70A:UMP
complex structure, in which Lys72 also assumes two conformations.9 Both aspects, mobility
and deprotonation, make it easier for Lys72 to undergo a nucleophilic attack on C6 of the
pyrimidine ring, replacing the already strained cyano group (Fig. 6b). In contrast, in the
native enzyme with its intact network of charges, Lys72 is always protonated rendering it an
electrophile and leaving water as a substitute (Fig. 6c). As the active site in the native
enzyme is rather crowded, water molecules will only rarely be able to approach the C6 atom
closely enough to participate in the reaction, i.e. turnover will be very slow.11

The covalent bond between the ligand and Lys72 is also found when native MtODCase is
incubated with 6-I-UMP,15 a reaction also observed in human ODCase17 and in the P.
falciparum enzyme.13,15 For the latter protein, 6-N3-UMP was shown to result in the
identical covalent modification.13 We now confirm that MtODCase, too, is capable of
covalent bond formation between the pyrimidine ring and Lys72 when incubated with 6-N3-
UMP (Figs. 4g–i).

The approximate pKa values for HI, HN3 and HCN are −10, 4.6 and 9.2, respectively,
making I− a good and CN− a poor leaving group in this group of ligands. As discussed
above, with Lys72 engaged in the tight Lys-Asp-Lys-Asp network of the ODCase active site
with two carboxylates next to its side chain amino group, its pKa will shift to a higher value
simultaneously reducing its ability to act as a nucleophile. This arrangement also results in
severely reduced mobility for the Lys72 side chain. In the case of 6-I-UMP and 6-N3-UMP,
despite these barriers, Lys72 undergoes a nucleophilic attack on the C6 atom (Fig. 6d). In
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the 6-CN-UMP complex, however, the side chain of Lys72—due to the poor leaving group
status of the cyano moiety as well as the already mentioned restricted ability of the Lys72
side chain to function as a nucleophile—it is no longer able to release the cyano substituent
(Fig. 6c).

The conversion of 6-I-UMP into BMP by the K72A mutant of MtODCase has been
characterized both by crystallography and mass spectrometry (Fig. 5). Again due to the
mutation to alanine, the lysine amino group is unavailable for a nucleophilic attack onto the
C6 position of the pyrimidine; the accompanying increase in space allows for an easier
access of water molecules which then are able to act as nucleophiles, generating the inhibitor
BMP (Figs. 5 and 6e) as had been observed for the 6-CN-UMP complex of native
MtODCase.

For the three substrate analogs described in this report, one could reasonably conclude that
the type of catalytic reaction that is eventually taking place in the active site of ODCase
depends on the potential availability of Lys72 as a nucleophile and on the degree of access
water has to the reaction center. Dependent on the actual pKa of its side chain amino group
and/or its mobility, this can involve a direct attack of Lys72 onto the C6 center, resulting in
a covalent link between the ligand and the enzyme, or the activation of a water molecule to
generate BMP.

The steadily increasing number of publications reporting covalent interactions of ODCases
with various substrate analogs have led to a renewed interest in mechanistic proposals that
include covalent intermediates. One has to consider, however, that all known covalent links
are to ring atom C6 and generate “dead end” complexes. Wittmann et al.17 suggested that
the 6-CN-UMP to BMP transformation could also involve a covalent interaction between an
active site lysine residue and atom C6. They postulated that the slow reaction rate could
allow for “neighboring group participation of the lysine Nζ atom” with formation of a
reactive imine/iminium ion followed by hydrolysis. The even slower reaction of 6-N3-UMP
with ODCase13, which nevertheless results in the lysine-nucleotide bond, would seem to
contradict such an interpretation. The results, however, are fully consistent with an increased
nucleophilic potential of the central lysine residue in the active site of ODCase enzymes.
While the electron pair shared between atom C6 and substituents like cyano or azido groups
will stay with the leaving group, the opposite is true when CO2 is released from OMP. In
this case, a nucleophilic attack on atom C6 does not work. However, an elegant mechanism
can be proposed that includes a Michael addition of an active site lysine residue at atom C5
instead.17,19 Although model compounds undergo rapidly reversible Michael addition at
atom C519 there is no experimental evidence so far that the equivalent reaction takes place at
the active site of ODCases. Further refinement of nucleotide analogs, generating molecules
that will stop the catalytic reaction at intermediate points of the mechanistic pathway,
combined with low activity mutants might shed more light on ODCase’s still enigmatic
behavior.

Crystal structures have confirmed that the active sites of ODCase enzymes from eleven
sources are all very similar,20 closely restricting the space they provide for the binding of
ligands.21 A medium resolution crystallographic analysis of P. falciparum ODCase places
OMP very close to the side chain of the central aspartate of the Lys-Asp-Lys-Asp network18

and even the best-binding inhibitor, BMP, fits very tightly into the reaction center6,7,10; e.g.
in MtODCase, Oδ2 of Asp70 and O1 of BMP are only 3.1 Å apart (Fig. 1d).11 BMP has
been suggested as a good mimic of the transition state of the decarboxylation reaction.18 It
seems to represent the closest favorable approach between enzyme and ligand, fitting
perfectly into the active site. Any substrate or substrate analog with a C6 substituent larger
than an oxygen atom should experience distortion, the larger the C6-substituent the stronger
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the forces. Figure 2 shows how such stress affects 6-CN-UMP, which displays a clear
bending of its C6-CN bond angle. Such distortions have also been described for the
physiological substrate in its complex with the D312N mutant of human ODCase17 and, to a
lesser degree, the D70A/K72A double mutant of MtODCase.9

ODCase, as a catalytic protein that accelerates the electrophilic substitution of the
carboxylate group of OMP by a proton, has evolved into one of the most proficient enzymes
known.22 It seems that one crucial aspect of its performance is the distortion of the bond that
links the substituent to C6 of the pyrimidine ring (Fig. 6). When confronted with substrate
analogues, however, this highly specialized catalyst can also increase the reaction rates of
chemical transformations that involve nucleophilic substitutions, albeit by several orders of
magnitude less than it achieves in the physiologically relevant reaction. Although the
chemical mechanisms are quite different, the distortion of the bond to be cleaved, which will
weaken the conjugation and increase the reactivity of the C6 center of the pyrimidine, is
common to both the natural decarboxylation and the novel nucleophilic pathways. The
nature of the product then is determined by the properties of the respective substrate. By
donating a proton to the transient carbanion, the central lysine residue in the charge-network
found in all ODCase active sites, Lys72 in MtODCase, is clearly crucial for the efficient
catalysis of the OMP to UMP conversion. It also plays the decisive role in determining the
direction taken in the transformation of other UMP C6-derivatives by an enzyme that
displays a remarkable promiscuity not only in accepting a variety of substrate molecules but
also in the chemical mechanisms employed in their transformation.

Materials and Methods
6-CN-UMP, 6-N3-UMP and 6-I-UMP were synthesized as published.11,12,15 Native
orotidine 5′-monophosphate decarboxylase from Methanobacterium thermoautotrophicum
(MtODCase) and its mutants were expressed and purified as described using Ni-NTA and
gel-filtration chromatography.9,23 All proteins were dialyzed against crystallization buffer
composed of 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl and 5mM DTT. At RT,
MtODCase (10 mg/mL) in crystallization buffer and incubated with 6-CN-UMP, 6-N3-UMP
or 6-I-UMP (10 mM final concentrations) 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 6–8.5 were used as precipitant. Several cycles of microseeding were necessary to obtain
single, diffraction-quality crystals. Crystals were dipped in a cryo-protectant buffer
composed 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.

To trap an intermediate time point of the reaction of 6-CN-UMP with native MtODCase, a
special crystallization effort was required because the ligand was completely converted into
BMP within a few days. Hanging drops were generated immediately after mixing the
enzyme and ligand solutions. After ~10 hours, they were micro-seeded, followed by
incubation for ~24 hours at 4 oC and another ~14 hours at room temperature. Thus in total,
6-CN-UMP was exposed to enzyme activity for one day at RT and another day at 4 oC
before the ongoing reaction was stopped by flash-freezing the crystals.

Diffraction data sets were collected either at beamlines 14BM-C and 14ID-B at the
Advanced Photon Source, Argonne, USA or on a Cu Kα laboratory X-ray source (Rigaku
FR-C rotating anode, Xenocs multi-layer focusing optics, MAR345 image plate detector).
Data were integrated, scaled, and truncated using DENZO, SCALEPACK or HKL2000,24

and TRUNCATE.25 The datasets collected from crystals of the D70A/K72A:6-CN-UMP
and K72A:6-I-UMP complexes were phased with the help of the molecular replacement

Fujihashi et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



program MOLREP using native MtODCase as the search model. All other data sets could be
phased directly from the molecular model of the BMP complex of MtODCase (PDB-ID
1X1Z). Model-building and refinement were done with the help of the program packages
O,26 COOT,27 CNS28 and REFMAC29. The parameter file for uridine-5′-monophosphate
was the one stored at the Hic-UP server (http://xray.bmc.uu.se/hicup). No restraints were
applied to the characteristic bonds between Lys72 and UMP in the three covalent complexes
(D70A:6-CN-UMP, D75N:6-CN-UMP, wild-type:6-N3-UMP). The parameters for BMP
were generated with the help of the program SKETCHER using default settings
(http://www.ccp4.ac.uk/dist/ccp4i/help/modules/sketcher.html). The 6-CN-UMP parameter
file was created based on that of UMP with the bond distances of C6-C7 (1.47 Å) and C7-
N8 (1.16 Å), and the bond angle of C6-C7-N8 (180°) restrained with standard energy terms.
Other parameters, e.g. the angles N1-C6-C7 and C5-C6-C7, dihedral angles and planes
around the -CN moiety, were not restrained during the refinement of the 6-CN-UMP
structure. All refined structures were validated using MolProbity30 at the RCSB protein data
bank validation server (http://deposit.pdb.org/validate/). Statistics of data collection and
refinement are summarized in Table 1.

The energies for various geometries of 6-CN-UMP with C6-C7 bent with respect to the
plane of the pyrimidine moiety were computed using Gaussian 98, using the basis set
6-31+G* at the DFT/B3-LYP theory level in the gas phase. The potential energy scans
(PES) were conducted at 15° angle steps (Fig. 3).

Mass spectral analyses (TOF ESI+) were performed at the Mass Spectrometry Facility,
Advanced Protein Technology Center at the Hospital for Sick Children, Toronto, or at the
Mass Spectrometry-AIMS Laboratory, Department of Chemistry, University of Toronto,
Canada. The D70A mutant of MtODCase (12.3 mg/mL) mixed with 6-CN-UMP (12.3 mM,
final concentration) and the K72A mutant (51 mg/mL) mixed with 6-I-UMP (40 mM) were
both incubated for up to one week. At various time points, samples were drawn and
subjected to mass spectral analysis. The D75NB mutant (11.7 mg/mL) was incubated with
15 mM 6-CN-UMP for 1 day, whereas native MtODCase (61 mg/mL) mixed with 6-N3-
UMP (61 mM) was submitted after 16 hours incubation; all samples were analyzed within
24 h of submission.
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ODCase orotidine 5′-monophosphate decarboxylase

OMP orotidine 5′-monophosphate

UMP uridine 5′-monophosphate
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6-CN-UMP 6-cyano uridine 5′-monophosphate

BMP barbituric acid ribosyl 5′-monophosphate

6-N3-UMP 6-azido uridine 5′-monophosphate

6-I-UMP 6-iodo uridine 5′-monophosphate

RMSD root mean square deviation

RT room temperature
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Fig. 1. Structure and catalysis of MtODCase
(a) Reaction catalyzed by ODCase. (b) Chemical structures of the inhibitors discussed in this
report. (c) Ribbon diagram of the BMP complex of M. thermoautotrophicum ODCase (PDB
ID: 1X1Z). Secondary structure elements are indicated in blue and green for one subunit and
in red and yellow for the other. The ligands are shown as stick models indicating the
location of the active sites. (d) Hydrogen-bonding and electrostatic network surrounding the
inhibitor BMP in the active site. The numbers indicate the distances between the various
atoms in Ångstrom. Figs. 1(c)–(d) were prepared with PyMol (http://pymol.sourceforge.net).
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Fig. 2. Close-ups of the active sites of native and mutant MtODCase complexes with 6-CN-UMP
(a)–(d) Fo−Fc omit electron density maps superimposed on the atomic model. The
pyrimidine ring and residues Lys72, Asp70, Lys42 and Asp75B (or the corresponding
mutant residues) are omitted for the map calculation. (a) K72A mutant. Map contoured at
2.5 σ. (b) Native MtODCase incubated with 6-CN-UMP for 1 day at RT and 1 day at 4 °C.
(c) Native MtODCase incubated with 6-CN-UMP for 2 months at RT. D) D70A/K72A
double mutant. Maps (b)–(d) are contoured at 3.0 σ. (e) View approximately perpendicular
to (b). The Fo−Fc omit electron density map was calculated with the pyrimidine ring and the
surrounding water molecules excluded from the phasing model. (f) Fo(2days)-Fo(2months)
difference electron density map superimposed on the model of the native MtODCase 6-CN-
UMP complex. The ligand molecule was excluded from the model used in calculating the
phases for this map. Green (positive difference density) and red (negative difference density)
meshes are contoured at +6.5 σ and −6.5 σ, respectively. (g)–(h) Stereo views of the side
chain arrangements in the reaction center of MtODCase. Numbers colored in both blue and
red indicate the distances between atoms in Ångstrom. (g) The K72A:6-CN-UMP complex.
Lys72 of native MtODCase is superimposed for comparison and shown in transparent gray.
(h) Native MtODCase:6-CN-UMP incubated for 1 day at RT and 1 day at 4 °C. The
hydroxyl group of the product BMP is shown in transparent gray and red. (i) D70A/K72A:6-
CN-UMP. Asp70 and Lys72 of native ODCase is superimposed for comparison and shown
in transparent gray. (j) D70A/K72A:OMP (PDB ID: 1KM6). The D70A/K72A:6-CN-UMP
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complex was superimposed and 6-CN-UMP is shown in transparent grey for comparison.
Water molecules bound in the D70A/K72A:6-CN-UMP complex are shown in transparent
green. These panels were prepared with PyMol (http://pymol.sourceforge.net).
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Fig. 3. Energy plot of -CN bending out of the plane of the uridine ring
The energies for various geometries of 6-CN-UMP with C6–C7 bent with respect to the
plane of the pyrimidine moiety were computed using Gaussian 98, using the basis set
6-31+G*, at the DFT/B3-LYP theory level in gas phase. The potential energy scans (PES)
were conducted at 15° angle steps. Solid circles trace the energy for bending the angle
(centre of the aromatic ring) – C6 – C7 and open circles trace the energy for the angle C6 –
C7 – N8.
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Fig. 4. Complexes with covalent links between ligand and Lys72 of MtODCase
(a) Fo−Fc omit electron density map around the ligand superimposed on the atomic model
of the D70A:6-CN-UMP complex. Corresponding mass spectra of MtODCase (b) without
any ligand (control) and (c) after incubation with 6-CN-UMP. (d) D75NB:6-CN-UMP
complex. Corresponding mass spectra of MtODCase (e) without any ligand (control) and (f)
after incubation with 6-CN-UMP. (g) Native MtODCase:6-N3-UMP complex. (h) without
any ligand (control) and (i) after incubation. All maps are contoured at 2.5 σ. Figs. 4(a), (d),
and (g) were prepared with PyMol (http://pymol.sourceforge.net).
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Fig. 5. BMP as product of exposure of 6-I-UMP to the K72A mutant of MtODCase
(a) Fo−Fc electron density omit map (contoured at 3.5 σ) around the ligand superimposed on
the atomic model of the K72A:6-I-UMP complex. Corresponding mass spectra of
MtODCase (b) without any ligand (control) and (c) after incubation with 6-I-UMP. Fig. 5(a)
was prepared with PyMol (http://pymol.sourceforge.net).
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Fig. 6. Cartoon of the proposed reaction schemes
Distortions of the carboxyl, cyano, iodo and azido groups play an important role in the
reaction catalyzed by ODCase. “P-Rib” abbreviates ribose-5′-monophosphate. (a) The
reaction from OMP to UMP catalyzed by native ODCase. (b) Covalent bond formation
between the mutant ODCase and 6-CN-UMP. (c) The conversion of 6-CN-UMP to BMP
catalyzed by native ODCase. (d) Covalent bond formation between the native ODCase and
6-I-UMP or 6-N3-UMP. (e) The conversion of 6-I-UMP to BMP by K72A MtODCase.
Distortion of the bond linking the pyrimidine ring to the C6-substituent is conserved in all
these reactions, the physiologically relevant decarboxylation as well as the nucleophilic
mechanisms.
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