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ABSTRACT: The reaction catalyzed by orotidine 50-monophosphate decarboxylase (OMPDC) involves a
stabilized anionic intermediate, although the structural basis for the rate acceleration (kcat/knon, 7.1 � 1016)
and proficiency [(kcat/KM)/knon, 4.8� 1022 M-1] is uncertain. That the OMPDCs fromMethanothermobacter
thermautotrophicus (MtOMPDC) and Saccharomyces cerevisiae (ScOMPDC) catalyze the exchange of H6 of
the UMP product with solvent deuterium allows an estimate of a lower limit on the rate acceleration
associated with stabilization of the intermediate and its flanking transition states (g1010). The origin of the
“missing” contribution,e107 (∼1017 total-g1010), is of interest. Based on structures of liganded complexes,
unfavorable electrostatic interactions between the substrate carboxylate group and a proximal Asp (Asp 70 in
MtOMPDC and Asp 91 in ScOMPDC) have been proposed to contribute to the catalytic efficiency [Wu, N.,
Mo, Y., Gao, J., and Pai, E. F. (2000) Proc. Natl. Acad. Sci. U.S.A. 97, 2017-2022]. We investigated that
hypothesis by structural and functional characterization of the D70N andD70Gmutants ofMtOMPDC and
the D91Nmutant of ScOMPDC. The substitutions for Asp 70 inMtOMPDC significantly decrease the value
of kcat for decarboxylation of FOMP (a more reactive substrate analogue) but have little effect on the value of
kex for exchange of H6 of FUMP with solvent deuterium; the structures of wild-type MtOMPDC and its
mutants are superimposable when complexed with 6-azaUMP. In contrast, the D91N mutant of ScOMPDC
does not catalyze exchange of H6 of FUMP; the structures of wild-type ScOMPDC and its D91Nmutant are
not superimposable when complexed with 6-azaUMP, with differences in both the conformation of the active
site loop and the orientation of the ligand vis �a vis the active site residues. We propose that the differential
effects of substitutions for Asp 70 of MtOMPDC on decarboxylation and exchange provide additional
evidence for a carbanionic intermediate as well as the involvement of Asp 70 in substrate destabilization.

As nature’s most proficient enzyme, orotidine 50-monopho-
sphate decarboxylase (OMPDC)1 has attracted considerable
attention among mechanistic enzymologists (Scheme 1). In

1995,Wolfenden quantitated the extraordinary rate acceleration,
1.4� 1017 (kcat=39 s-1; knon= 2.8� 10-16 s-1), and proficiency,
[(kcat/KM)/knon], 2.0� 1023 M-1 (kcat/KM = 5.6� 107 M-1 s-1),
for the OMPDC from Saccharomyces cerevisiae (ScOM-
PDC) (2).2 Since that time, the challenge has been to understand
the catalytic prowess in terms of active site structure (3). How-
ever, despite the availability of high-resolution structures and
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244-7414; fax, (217) 244-6538; e-mail, j-gerlt@uiuc.edu. S.C.A.: phone,
(718) 430-2746; fax, (718) 430-8565; e-mail, almo@aecom.yu.edu.
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and GM065155 (to J.A.G.). Molecular graphics images were produced
using theUCSFChimera package from theResource for Biocomputing,
Visualization, and Informatics at the University of California, San
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‡The X-ray coordinates and structure factors for the following struc-
tures have been deposited in the Protein Data Bank with the indicated
accession codes: wild-type MtOMPDC in the absence of ligands (PDB
accession code 3G18), wild-typeMtOMPDC complexed with 6-azaUMP
(3G1A), wild-typeMtOMPDC complexed with UMP (3G1D), wild-type
MtOMPDC complexed with H2OMP (3G1F), wild-type MtOMPDC
complexed with H2UMP (3G1H), the D70N mutant of MtOMPDC in
the absence of ligands (3G1Y), the D70N mutant of MtOMPDC
complexed with 6-azaUMP (3G24), the D70N mutant of MtOMPDC
complexed with UMP (3G22), the D70G mutant of MtOMPDC in the
absence of ligands (3G1S), the D70G mutant of MtOMPDC complexed
with UMP (3G1X), the D70G mutant of MtOMPDC complexed with
FOMP (3G1V), wild-type ScOMPDC in the absence of ligands (3GDK),
wild-type ScOMPDC complexed with 6-azaUMP (3GDL), the D91N
mutant of ScOMPDC in the absence of ligands (3GDR), and the D91N
mutant of ScOMPDC complexed with 6-azaUMP (3GDT).

1Abbreviations: FOMP, 5-fluoroorotidine 50-monophosphate;
FUMP, 5-fluorouridine 50-monophosphate; azaUMP, 6-azauridine 50-
monophosphate; BMP, 1-(50-phospho-β-D-ribofuranosyl)barbituric
acid; H2OMP, (6R)-5,6-dihydroorotidine 50-monophosphate;
H2UMP, 5,6-dihydrouridine 50-monophosphate; MtOMPDC,
OMPDC from Methanothermobacter thermautotrophicus; OMP, oroti-
dine 50-monophosphate; OMPDC, orotidine 50-monophosphate decar-
boxylase; PIE, product isotope effect; ScOMPDC, OMPDC from
Saccharomyces cerevisiae; WT, wild type.

2Our values for wild-type ScOMPDC: kcat = 20 s-1, rate acceleration
= 7.1 � 1016; kcat/KM = 1.3 � 107 M-1 s-1, proficiency = 4.6 � 1022

M-1 (1).
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limited kinetic data formutant enzymes (vide infra), little progress
has been made in achieving that goal.

Despite significant sequence divergence, the active site struc-
tures of OMPDCs are highly conserved (4). OMPDCs are
obligate dimers of (β/R)8 barrels, with the active sites located at
the dimer interface. Four divergent subfamilies of OMPDCs can
be identified in the sequence databases that differ in the sequence
and structure of a loop at the end of the seventh β-strand that
closes when substrate binds, “clamping” the substrate within the
solvent-sequestered active site (J. A. Gerlt, P. C. Babbitt, and S.
Brown, unpublished observations).

In 2000, structures were reported for four OMPDCs (5-8),
including ScOMPDC and the OMPDC from Methanothermo-
bacter thermautotrophicus (formerly Methanobacterium thermo-
autotrophicum; MtOMPDC). Subsequently,Wolfenden reported
kinetic studies of mutants of ScOMPDC (9-11), although the
only structures of ScOMPDC have been those of the wild-type
enzyme in the absence and presence of the competitive inhibitor
barbiturate 50-monophosphate (BMP, an analogue of a carba-
nionic transition state/intermediate with negative charge loca-
lized proximal to C6 of the pyrimidine moiety; Scheme 2) (5). Pai
reported structures of wild-type MtOMPDC as well as of several
mutants of active site residues in the absence and presence of
either BMP or 6-azaUMP (also an analogue of a carbanionic
transition state/intermediate; Scheme 2), although the kinetic
constants of the mutants were not reported (6, 12). In virtually all
of the liganded structures that have been reported, C6/N6 of the
pyrimidine base is proximal to a hydrogen-bonded Asp-Lys-Asp
triad. The active site structure of the 6-azaUMP complex of
MtOMPDC (vide infra) is shown inFigure 1 (panel A, front view;
panel B, side view) with Asp 70, Lys 72, and Asp 75 (from the
neighboring polypeptide in the biological dimer) forming the
catalytic triad.3 Lys 72 is thought to deliver a solvent-derived
hydrogen to C6 to form the UMP product. But, the roles of the
Asp residues are both uncertain and controversial (13, 14),
although early speculation focused on destabilization of the
OMP carboxylate group by unfavorable electrostatic interac-
tions (6, 15).

Although several mechanisms have been proposed, we re-
cently established that the mechanism is stepwise, involving the

formation of a stabilized vinyl carbanion intermediate
(Scheme 1): (1) no discrimination between solvent protium and
deuterium is observed in the formation of the UMP product (16),
and (2) H6 of the UMP product undergoes slow exchange with
solvent deuterium (17). The rate of exchange of H6 of the UMP
product with solvent deuterium can be used to estimate its pKa

within the active site. In solution, the pKa of 1,3-dimethyluracil is
estimated as 34 ( 2 (18) and 30 (19); in the active sites of both
ScOMPDC and MtOMPDC, the pKa of UMP is e22 (17). The
difference establishes that the active site stabilizes the vinyl
carbanion by g14 kcal/mol (producing a rate acceleration
g1010). The structural features that provide this stabilization
remain uncertain: the proximity of the protonated Lys that
delivers the solvent-derived hydrogen to C6 to generate UMP
provides electrostatic stabilization, but additional stabilization
by interactions ofO4 of a carbene resonance structure with active
site hydrogen bond donors has been proposed (20, 21) but not
experimentally investigated.

The simultaneous reports of the structures of ScOMPDC (5),
MtOMPDC (6), and the OMPDCs from Bacillus subtilis (7) and
Escherichia coli (8) prompted speculation that the proximity of
the substrate carboxylate group to an active site Asp (Asp 70 in
MtOMPDC; Asp 91 in ScOMPDC; Figure 1) contributes to the
rate acceleration by electrostatic repulsion and/or geometric
distortion of the substrate (6, 13, 14). In support of this proposal,
Raman spectroscopic studies of 6-cyanoUMP complexed with
ScOMPDC have been interpreted in terms of distortion of
the nitrile group out of the plane of the pyrimidine ring (22).
Perhaps such “substrate destabilization”4 provides the “missing”
factor of e107 to fully explain the rate acceleration (1017 total -
g1010 from intermediate stabilization). However, the impor-
tance of substrate destabilization has not been experimentally
evaluated.

Substitutions for an active site residue that participates only in
stabilization of the vinyl carbanion intermediate should have
similar effects on the rate constants for formation of the
carbanion from OMP by decarboxylation and deprotonation
of UMP (exchange) in the reverse direction. However, if the
effects on the rate constants for decarboxylation and exchange
were substantially different, the conclusion would be that the
residue plays different roles in stabilizing the transitions states for
carbanion formation by the different pathways.

We now report kinetic and structural studies that evaluate the
mechanistic roles of Asp 70 in MtOMPDC and its homologue
Asp 91 in ScOMPDC. For MtOMPDC, the D70N and D70G
substitutions significantly and progressively decrease the value of

Scheme 1

Scheme 2

3As shown in Figure 1, Lys 42 is hydrogen-bonded to Asp 70 in the
triad that is proximal to C6/N6 of pyrimidine nucleotide ligands. Lys 42
is also hydrogen-bonded to the 30-OH group of nucleotide ligands; the
position and conformation of Lys 42 are independent of the identity of
residue 70 (vide infra).

4The term “ground state destabilization” is used to describe an
interaction between the active site and substrate that destabilizes the
Michaelis complex and, therefore, increases the value of KM relative to
an environment in which the unfavorable interaction is not present. If
the unfavorable interaction is relieved in the transition state, the amount
of destabilization will be expressed as an equivalent increase in the value
of kcat. Therefore, the value of kcat/KM will be the same in the presence
and absence of the interaction if “ground state destabilization” is
important. The data presented in this paper do not conform to this
definition of “ground state destabilization”, perhaps because the desta-
bilizing interactions are not fully expressed in a “Michaelis complex” but
develop as the reaction coordinate from an initial encounter complex is
traversed. This suggests the importance of conformational changes/
dynamics in catalysis, evidence for which is obtained by comparing the
structures of both MtOMPDC and ScOMPDC in the absence and
presence of transition state/intermediate analogues, as described in this
paper. We use the term “substrate destabilization” instead of “ground
state destabilization” to describe the effects of substitutions for Asp 70
in MtOMPDC on the kinetic constants.
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kcat for decarboxylation of OMP and FOMP (a more reactive
substrate analogue; Scheme 2) but have little effect on the value of
kex for exchange of H6 of the FUMP product with solvent
deuterium; the structures of the active sites of wild-type
MtOMPDC and its D70N and D70G mutants are virtually
superimposable when complexed with 6-azaUMP. These results
establish that the Asp-Lys-Asp triad functions differently in the
decarboxylation and exchange reactions, providing additional
evidence for a carbanion intermediate and suggesting the in-
volvement of Asp 70 in destabilization of the substrate.

In unexpected contrast, theD91Nmutant of ScOMPDC is not
an effective catalyst for either decarboxylation of FOMP or
exchange of H6 of FUMP. Also, the structures of the active sites
of wild-type ScOMPDC and its D91N mutant are not super-
imposable when complexed with 6-azaUMP, with striking differ-
ences in both the conformation of the active site loop and the
orientation of the ligand vis �a vis the active site residues. These
structural differences show that ScOMPDC can form two
different complexes with ligands: (1) a “crowded,” catalytically
productive complex inwhich the substrate carboxylate group and
the Asp-Lys-Asp triad are in forced proximity and (2) a more
“commodious,” loop-open complex that can accommodate
bulky ligands with binding constants comparable to those for
OMP and UMP (23).

MATERIALS AND METHODS

Materials. 1H and 19F NMR spectra were recorded using a
Varian INOVA 500NB NMR spectrometer (500 MHz for 1H
and 470 MHz for 19F). OMP and FOMP were prepared as
described in the preceding paper (1). 6-AzaUMP was purchased
from R.I. Chemical Inc. All other reagents were purchased from
Sigma Aldrich at the highest purity available. All solutions were
prepared with Millipore Ultrapure filtered water.
Synthesis of 5,6-Dihydrouridine 50-Monophosphate

(H2UMP). UMP (500 mg, 1.36 mmol) was dissolved in
10mLofH2O, and 10mLofmethanol was added. After addition
of 5%palladiumon activated carbon (200mg), the reductionwas
performed in a Parr shaker under 35 psi pressure of H2. The
reaction was allowed to continue for 24 h; complete reduction of
the pyrimidine moiety was confirmed by disappearance of the
absorbance at 268 nm. The reaction mixture was filtered to
remove the catalyst, and the solvent was removed by rotary

evaporation to yield a clear, colorless syrup. The material was
dissolved in a small volume of H2O; the concentration was
determined by Ames phosphate analysis (24). Purity was con-
firmed by 1H NMR.

H2UMP: 1HNMR (D2O, 500MHz): δ (ppm) 5.7 (d, H-10), 4.3
(dd, H-20), 4.2 (dd, H-30), 4.0 (m, H-40), 3.7 (t, H-6), 3.6-3.4
(ABX, H-50), and 2.6 (t, H-5).
Synthesis of 5,6-Dihydroorotidine 50-Monophosphate

(H2OMP). OMP (40 mg, 0.1 mmol) was dissolved in 6 mL of
H2O, and 6 mL of methanol was added. After addition of 5%
palladium on activated carbon (21 mg), the reduction was per-
formed in a Parr shaker under 40 psi pressure of H2. After 24 h,
complete reduction was confirmed by disappearance of the absor-
bance at 279nm.The reactionmixturewas filtered and concentrated
to dryness. The residue was dissolved in a small volume of H2O; the
concentration was determined by Ames phosphate analysis.

Inspection of the 1H NMR spectrum revealed production of
only one diastereomer of H2OMP (a chiral center is generated at
C-6 of the dihydropyrimidine ring). Given the preference for
OMP to adopt the syn conformation (25), assignment of the 6-R
configuration to C-6 was determined by a standard one-dimen-
sionalNOESY experiment. A strongNOEwas observed between
H-6 and H-20, and weak NOEs were observed between H-6 and
both H-10 and H-20, consistent with the 6-R configuration. No
NOEs were observed between H-6 and the remaining protons.

H2OMP: 1HNMR (D2O, 500MHz): δ (ppm) 5.8 (d, H-10), 4.2
(dd, H-6), 4.1 (dd, H-20), 4.0 (dd, H-30), 3.9 (m, H-40), 3.8-3.6 (m,
H-50), and 3.0-2.7 (ABX, H-5).
Synthesis of FUMP. The procedure of Fujita et al. was

followed with modifications (26). Phosphorus oxychloride
(330 μL) was added under dry nitrogen to a stirred mixture of
5-fluorouridine (1.9 mmol) and 5 mL of anhydrous trimethyl
phosphate. After 16 h at 4 �C, the reaction was quenched with
100 mL of H2O. Sodium hydroxide (18 mmol) was added, and
the solution was loaded onto a DEAE-Sepharose Fast Flow
column (2.5 � 25 cm; HCO3

-); unreacted 5-fluorouridine was
washed from the column with 500 mL of water. FUMP was
eluted with a 1 L linear gradient from 0 to 0.25 M triethylammo-
nium bicarbonate, pH 8.4. The product-containing fractions were
identified by OD at 269 nm (ε269=9200 M-1 cm-1); 1H NMR
spectra of aliquots of fractions were recorded to assess purity.
Fractions containing pure FUMP were evaporated; the solid was
redissolved in water and taken to dryness several times to remove

FIGURE 1: Active site ofwild-typeMtOMPDCcomplexedwith 6-azaUMP.PanelA: front view,withAsp 75 fromthe secondpolypeptidemarked
with an asterisk. Panel B: side view.
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excess triethylammonium bicarbonate. The product was dissolved
in water and lyophilized to yield the final product (26% yield).
MtOMPDC and ScOMPDC. Wild-type MtOMPDC, the

D70N mutant of MtOMPDC, and wild-type ScOMPDC were
prepared as described in the preceding paper (1). The D70G
mutant of MtOMPDC were constructed using the QuikChange
II method (Stratagene). DNA sequencing at the University of
Illinois Core Sequencing Facility confirmed the expected se-
quences. The D70G mutant was purified from a pyrF- strain
of E. coli as described in the preceding paper for the D70N
mutant (1).
Crystallization and Data Collection. For wild-type

MtOMPDC, five different crystal forms were grown by the
hanging drop method at room temperature (Table 1): (1) in the
absence of a ligand (WT 3 apo), (2) complexed with 6-azaUMP
(WT 3 azaUMP), (3) complexed with UMP (WT 3UMP), (4)
complexed with H2OMP (WT 3H2OMP), and (5) complexed
with H2UMP (WT 3H2UMP). The crystallization conditions
utilized the following conditions:

For MtOMPDC 3 apo, the protein solution contained wild-
type MtOMPDC (38 mg/mL) in 20 mM HEPES, pH 7.5,
150 mM NaCl, and 3 mM DTT; the precipitant contained
30% PEG ME 550, 0.1 M HEPES, pH 7.5, and 0.05 M MgCl2.
Crystals appeared in 2-3 days and exhibited diffraction consis-
tent with the space group P41, with two polypeptides per asym-
metric unit.

For MtOMPDC 3 azaUMP, the protein solution contained
wild-type MtOMPDC (38 mg/mL) in 20 mM HEPES, pH 7.5,
40mMazaUMP, 150mMNaCl, and 3mMDTT; the precipitant
contained 25% PEG 3350, 0.1 M Tris-HCl, pH 8.5, and 0.2 M
MgCl2. Crystals appeared in 4 days and exhibited diffraction
consistent with space groupP21, with two polypeptides per asym-
metric unit.

For MtOMPDC 3UMP, the protein solution contained
wild-type MtOMPDC (38 mg/mL) in 20 mM HEPES, pH 7.5,

40 mM UMP, 150 mM NaCl, and 3 mM DTT; the precipitant
contained 30% PEG 4000, 0.1 M sodium citrate, pH 5.6, and
0.2 M ammonium acetate. Crystals appeared in 4-5 days and
exhibited diffraction consistent with space group P21 with two
polypeptides per asymmetric unit.

For MtOMPDC 3H2OMP, the protein solution contained
wild-type OMPDC (38 mg/mL) in 20 mM HEPES, pH 7.5,
20mMH2OMP, 150 mMNaCl, and 3mMDTT; the precipitant
contained 30% PEG 4000, 0.1 M sodium citrate, pH 5.6, and
0.2 M ammonium acetate. Crystals appeared in 8 days and
exhibited diffraction consistent with the space group C2, with 13
polypeptides per asymmetric unit.

For MtOMPDC 3H2UMP, the protein solution contained
wild-type OMPDC (38 mg/mL) in 20 mM HEPES, pH 7.5,
40mMH2UMP, 150mMNaCl, and 3mMDTT; the precipitant
contained 30%M PEG 4000, 0.1 M sodium citrate, pH 5.6, and
0.2 M ammonium acetate. Crystals appeared in 7-8 days and
exhibited diffraction consistent with the space group C2 with 13
polypeptides per asymmetric unit.

For the D70N mutant of MtOMPDC, three different crystal
forms were grown by the hanging drop method at room
temperature (Table 2): (1) complexed with SO4

2- (D70N 3SO4
2-),

(2) complexedwithUMP (D70N 3UMP), and (3) complexedwith
azaUMP (D70N 3 azaUMP). The crystallization conditions uti-
lized the following conditions:

For D70N 3SO4
2-, the protein solution contained the D70N

mutant of MtOMPDC (46 mg/mL) in 20 mM HEPES, pH 7.5,
100 mMNaCl, and 3 mMDTT; the precipitant contained 2.0M
(NH4)2SO4, 0.1 M HEPES, pH 7.5, and 2% PEG 400. Crystals
appeared in 4 days and exhibited diffraction consistent with the
space group P41, with two polypeptides per asymmetric unit.

For D70N 3UMP, the protein solution contained the D70N
mutant of MtOMPDC (46 mg/mL) in 20 mM HEPES, pH 7.5,
40 mM UMP, 100 mM NaCl, and 3 mM DTT; the precipitant
contained 25% PEG 3350, 0.1 M Tris-HCl, pH 8.5, and 0.2 M

Table 1: Data Collection and Refinement Statistics for Complexes of Wild-Type MtOMPDC

MtOMPDC 3 apo MtOMPDC 3 azaUMP MtOMPDC 3UMP MtOMPDC 3H2OMP MtOMPDC 3H2UMP

Data Collection

space group P41 P21 P21 C2 C2

no. of molecules in asym unit 2 2 2 13 13

cell dimensions

a (Å) 56.85 59.73 59.57 147.61 147.90

b (Å) 56.85 64.14 64.22 101.71 101.80

c (Å) 125.54 61.52 61.82 192.08 192.83

β (deg) 115.36 115.41 91.49 91.59

resolution (Å) 1.6 1.5 1.5 2.5 2.3

no. of unique reflections 52290 66146 65391 94751 126808

Rmerge 0.048 0.062 0.071 0.078 0.067

I/σI 31.4 22.3 15.1 15.9 16.5

completeness (%) 99.9 98.4 97.0 96.4 100

Refinement

resolution (Å) 25.0-1.6 25.0-1.5 25.0-1.5 25.0-2.5 25.0-2.3

Rcryst 0.227 0.187 0.232 0.243 0.242

Rfree 0.239 0.207 0.258 0.294 0.285

no. of atoms

protein 3246 3301 3301 21372 21383

waters 193 336 246 73 246

bound ligand 6aza-UMP UMP H2OMP H2UMP

ligand atoms 42 42 312 273

rms deviations

bond lengths (Å) 0.005 0.006 0.006 0.008 0.009

bond angles (deg) 1.43 1.38 1.45 1.4 1.3

PDB entry 3G18 3G1A 3G1D 3G1F 3G1H
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MgCl2. Crystals appeared in 6 days and exhibited diffraction
consistent with space group P21, with two polypeptides per
asymmetric unit.

For D70N 3 6-azaUMP, the protein solution contained the
D70N mutant of MtOMPDC (46 mg/mL) in 20 mM HEPES,
pH 7.5, 40 mM 6-azaUMP, 100 mMNaCl, and 3 mMDTT; the
precipitant contained 25% PEG 3350, 0.1 M Tris-HCl, pH 8.5,
and 0.2 M MgCl2. Crystals appeared in 6 days and exhibited
diffraction consistent with space group P21, with two molecules
of D70N OMPDC per asymmetric unit.

For the D70G mutant of MtOMPDC, three different crystal
forms were grown by the hanging drop method at room
temperature (Table 2): (1) in the absence of a ligand (D70G 3 apo),
(2) complexedwithUMP (D70G 3UMP), and (3) complexedwith
FUMP (D70G 3FUMP). The crystallization conditions utilized
the following conditions:

For D70G 3 apo, the protein solution contained D70G
OMPDC (35 mg/mL) in 20 mM HEPES (pH 7.5), 150 mM
NaCl, and 3 mM DTT; the precipitant contained 4.0 M sodium
formate, pH 7.0. Crystals appeared in 2 days and exhibited diff-
raction consistent with the space group P41, with two polypep-
tides per asymmetric unit.

For D70G 3UMP, the protein solution contained the D70G
mutant of MtOMPDC (35 mg/mL) in 20 mM HEPES, pH 7.5,
40 mM UMP, 150 mM NaCl, and 3 mM DTT; the precipitant
contained 1.8M triammonium citrate, pH 7.0. Crystals appeared
in 6 days and exhibited diffraction consistent with space group
P41, with two polypeptides per asymmetric unit.

For D70G 3FUMP, the protein solution contained the D70G
mutant of MtOMPDC (35 mg/mL) in 20 mM HEPES, pH 7.5,
40 mM FUMP, 150 mM NaCl, and 3 mM DTT; the precipi-
tant contained 0.3Mmagnesium formate and 0.1MBis-Tris, pH
5.5. Crystals appeared in 9 days and exhibited diffraction
consistent with space group P41, with two polypeptides per
asymmetric unit.

For wild-type ScOMPDC, two different crystal forms were
grown by the hanging drop method at room temperature
(Table 3): (1) in the absence of a ligand (ScOMPDC 3 apo) and
(2) and complexed with 6-azaUMP (ScOMPDC 3 azaUMP).

For ScOMPDC 3 apo, the protein solution contained wild-type
OMPDC (29mg/mL) in 20mMTris, pH 7.9, 100mMNaCl, and
20% glycerol; the precipitant contained 30% PEG 4000, 0.1 M
Tris, pH 8.5, and 0.2 M sodium acetate. Crystals appeared in
4-5 days and exhibited diffraction consistent with the space
group P212121, with four polypeptides per asymmetric unit.

For ScOMPDC 3 azaUMP, the protein solution contai-
ned wild-type OMPDC (29 mg/mL) in 20 mM Tris, pH 7.9,
100 mM NaCl, 20% glycerol, and 40 mM 6-azaUMP; the
precipitant contained 30% PEG 2000, 0.1 M sodium acetate,
pH 4.6, and 0.2 M ammonium sulfate. The crystals appeared in
9 days and exhibited diffraction consistent with the space group
C2, with two polypeptides per asymmetric unit.

For the D91N mutant of ScOMPDC, two different crystal
forms were grown by the hanging drop method at room
temperature (Table 3): (1) in the absence of a ligand (D91N 3 apo)
and (2) and complexed with 6-azaUMP (D91N 3 azaUMP).

For D91N 3 apo, the protein solution contained the D91N
mutant of ScOMPDC (27 mg/mL) in 50 mM Tris, pH 7.0, and
5% glycerol; the precipitant contained 25% PEG 3350, 0.1 M
Bis-Tris, pH 6.5, and 0.2 M MgCl2. Crystals appeared in 4 days
and exhibited a diffraction pattern consistent with space group
P212121, with four polypeptides per asymmetric unit.

ForD91N 3 azaUMP, the protein solution contained theD91N
mutant of ScOMPDC (27 mg/mL) in 50 mM Tris, pH 7.0, 5%
glycerol, and 40 mM 6-azaUMP; the precipitant contained 25%
MPEG 3350, and 0.1M Bis-Tris, pH 5.5. Crystals appeared in 2
weeks and exhibited diffraction consistent with the space group
P212121, with four polypeptides per asymmetric unit.

Prior to data collection, crystals were transferred to cryopro-
tectant solutions composed of their mother liquids containing

Table 2: Data Collection and Refinement Statistics for Complexes of the D70N and D70G Mutants of MtOMPDC

D70N 3 SO4
2- D70N 3UMP D70N 3 azaUMP D70G 3 apo D70G 3UMP D70G 3FUMP

Data Collection

space group P41 P21 P21 P41 P41 P41
no. of molecules in asym unit 2 2 2 2 2 2

cell dimensions

a (Å) 56.57 59.51 59.59 56.76 56.42 56.62

b (Å) 56.57 63.71 63.78 56.76 56.42 56.62

c (Å) 127.35 61.36 61.29 125.75 127.51 127.44

β (deg) 114.94 115.03

resolution (Å) 1.4 1.5 1.5 1.4 1.55 1.3

no. of unique reflections 78075 61657 60695 77807 56206 90642

Rmerge 0.069 0.075 0.083 0.064 0.081 0.076

I/σI 32.8 25.9 18.6 31.6 23.3 30.9

completeness (%) 99.4 92.5 91.0 99.6 97.5 92.3

Refinement

resolution (Å) 25.0-1.4 25.0-1.5 25.0-1.5 25.0-1.4 25.0-1.55 25-1.3

Rcryst 0.229 0.186 0.183 0.224 0.189 0.193

Rfree 0.246 0.201 0.197 0.242 0.202 0.211

no. of atoms

protein 3138 3302 3302 3198 3322 3222

waters 241 291 300 330 198 281

bound ligand SO4
2- UMP 6aza-UMP UMP, Cl- FUMP, Cl-

ligand atoms 10 42 42 42, 2 44, 2

rms deviations

bond lengths (Å) 0.005 0.005 0.005 0.005 0.005 0.005

bond angles (deg) 1.11 1.20 1.19 1.10 1.20 1.31

PDB entry 3G1Y 3G22 3G24 3G1S 3G1X 3G1V
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20% glycerol and flash-cooled in a nitrogen stream. All data sets
were collected at theNSLSX4Abeamline (BrookhavenNational
Laboratory) with an ADSC CCD detector. Diffraction intensi-
ties were integrated and scaled with programs DENZO and
SCALEPACK (27). The data collection statistics are given in
Tables 1 and 2.
Structure Determination and Model Refinement. The

structures of MtOMPDC and its mutants were solved by
molecular replacement with a fully automatedmolecular replace-
ment pipeline BALBES (28), using only diffraction and sequence
data as input; partially refined structures were obtained without
any manual intervention. Subsequent several iterative cycles of
refinement were performed using manual model rebuilding with
TOM (29), refinement with CNS (30), automatic model rebuild-
ing withARP (31), and solvent building with the CCP4 suite (32).

In the unliganded structures of wild-type MtOMPDC and the
D70N and D70G mutants, the active site loop containing
residues 181-189 is disordered. The various liganded structures
of wild-type MtOMPDC and its mutants have well-defined
density for this loop, which contacts the ligand. The liganded
structures have well-ordered density for the ligands in each active
site. No residue (other than Gly) lies in disallowed regions of the
Ramachandran plot in the structures of wild-type MtOMPDC
and its mutants. In each structure, the polypeptides form closed
dimers, with the monomers connected by noncrystallographic
2-fold axes.

For ScOMPDC and the D91N mutant, the structures were
solved by molecular replacement with a fully automated mole-
cular replacement pipeline BALBES (28), using only input
diffraction and sequence data. Partially refined structures were
obtained from BALBES without any manual intervention.
Subsequent iterative cycles of refinement were performed that
included manual model rebuilding with TOM (29), refinement
with CNS (30), automatic model rebuilding with ARP (31), and
solvent building with the CCP4 suite (32).

In the unliganded structures of wild-type ScOMPDC and the
D91N mutant, residues 205-218 in the active site loop are
disordered in two of the four molecules in the asymmetric unit
and are not included in the final models of these polypeptides; in
the polypeptides in which the loop is ordered, this loop is in an
“open” conformation. In the ScOMPDC 3 azaUMP structure,
this loop is well-defined in all molecules in the asymmetric unit
and is in a “closed” conformation that contacts the 6-azaUMP
ligand; the electron density for the ligand is well-defined. In the
D91N 3 azaUMP structure, this loop is well-defined in the “open”
conformation in two of the four polypeptides in the asymmetric
unit and is disordered in the remaining polypeptides; in the
polypeptides in which the loop is ordered, the electron density for
the ligand is well-defined, except that it bound in a nonproductive
conformation that is described in the Results and Discussion
section.

No residue (other than Gly) lies in disallowed regions of the
Ramachandran plot in the structures of wild-type ScOMPDC
and the D91N mutant. In each structure, the polypeptides form
closed dimers, with the monomers connected by noncrystallo-
graphic 2-fold axes.

Final crystallographic refinement statistics are provided in
Tables 1, 2, and 3.
Enzymatic Assays. OMPDC activity was measured at 25 �C

as described in the accompanying paper (1), except that the buffer
concentration was 50 mM and the ionic strength was maintained
at 0.1 M with NaCl. The pH dependence of the kinetic constants
was determined using the following buffers: acetate, pH 5.0;
MES, pH 6.0; MOPS, pH 7.1 and 7.6; HEPES, pH 7.1, 7.6, and
8.2; Tris-HCl, pH 7.6, 8.2, and 8.4; glycylglycine, pH 8.0, 8.2, 8.4,
and 8.7; glycine, pH 9.0, 9.3, 9.6, 10.0, and 10.5; CAPS, pH 11.0.
Exchange ofH6 of FUMP.Experiments tomeasure the rate

of exchange of H6 of FUMP with solvent deuterium were
performed as described by Amyes et al. with modifications (17).
Spectra (150 scans) were acquired at 25 �C using a sweep width of

Table 3: Data Collection and Refinement Statistics for Complexes of Wild-Type and the D91N Mutant of ScOMPDC

ScOMPDC 3 apo ScOMPDC 3 azaUMP D91N 3 apo D91N 3 azaUMP

Data Collection

space group P212121 C2 P212121 P212121
no. of molecules in asym unit 4 2 4 4

cell dimensions

a (Å) 84.13 120.73 84.12 84.35

b (Å) 98.37 80.36 99,14 99.14

c (Å) 127.10 77.57 126.6 126.31

β (deg) 125.12

resolution (Å) 2.0 1.65 1.9 1.6

no. of unique reflections 71799 69598 83436 139699

Rmerge 0.053 0.067 0.074 0.081

I/σI 28.3 18.2 20.4 27.5

completeness (%) 99.9 95.5 99.3 99.9

Refinement

resolution (Å) 25.0-2.0 25.0-1.65 25.0-1.9 25.0-1.6

Rcryst 0.249 0.200 0.253 0.236

Rfree 0.280 0.227 0.278 0.257

no. of atoms

protein 7890 3958 7890 7890

waters 426 382 484 533

rms deviations

bond lengths (Å) 0.006 0.005 0.005 0.005

bond angles (deg) 1.3 1.3 1.2 1.2

bound ligand 6azaUMP 6azaUMP

ligand atoms 42 84

PDB entry 3GDK 3GDL 3GDR 3GDT
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1000 Hz, a 90� pulse angle, an acquisition time of 6 s, and a 2 s
relaxation delay. Instead of measuring exchange by integrating
the intensity of the remaining proton on C6, exchange was
measured by integrating the well-resolved 19F resonances asso-
ciated with [6-1H]FUMP (doublet at -164.1 ppm; J = 6.7 Hz,
coupled to H6) and [6-2H]FOMP (singlet at -164.4 ppm). The
logarithm of the fraction of [6-1H]FUMP remaining at time twas
plotted as a function of time; the negative slope is the observed
exchange rate, kobs. The exchange rate, kex,=kobs[FUMP]total/[E].

The pH dependence of kex was measured using different
buffers at the following values of pD: MOPS, pD 7.1 and 7.6;
glycylglycine, pD 8.1 and 9.3; glycine, pD 10 and 10.5. The
concentration of FUMP was determined from its absorbance at
270 nm (ε270=8914 M-1 cm-1, pH 7.1).
Product Isotope Effect (PIE). The reaction (800 μL) was

performed in 50/50 (v/v)H2O/D2O at 25 �Cwith 2mMFOMP in
50 mM MOPS, pL 7.3, with the ionic strength maintained at
0.1 M with NaCl (16). When the reaction was completed, the
enzyme was removed by centrifugation (Amicon Microcon
YM-10), and the solvent was removed by lyophilization. The
residue was dissolved in 800 μL ofD2O, and the pDwas adjusted
to 7.3. A 19F NMR spectrum was recorded; the PIE was
calculated from the ratio of the integrations for the resonances
associated with [6-2H]- and [6-1H]FUMP (vide supra).
Molecular Graphics Images. The images in Figures 2-5

and 8 were constructed using Chimera (33).

RESULTS AND DISCUSSION

The studies reported in this paper focus on the roles of
homologous Asp residues in the active site hydrogen-bonded
networks inMtOMPDC (Asp 70) and ScOMPDC (Asp 91). The
mechanisms of the reactions catalyzed by these homologous
OMPDCs have been controversial, so we studied both enzymes
to assess whether we would obtain consistent mechanistic
inferences. The residues that form the active site are strictly
conserved despite the low sequence identity shared by these
homologous proteins (∼20% from a sequence-based alignment).
However, this expectation was not realized, reinforcing the
limitations of kinetic and mechanistic studies in the absence of
structural information (vide infra).

In addition to the natural OMP substrate and UMP product,
we used FOMP and FUMP to facilitate our kinetic measure-
ments (Scheme 2). These substrate/product analogues are more
reactive than the natural OMP substrate for decarboxylation and
theUMPproduct for exchange ofH6 because the electronegative
5-fluoro substituent stabilizes the carbanionic intermediate ob-
tained by decarboxylation of the substrate or abstraction of H6
from the product, respectively. Shostak and Jones reported that
the value of kcat for decarboxylation of FOMP by ScOMPDC
exceeds that for OMP by 30-fold, although the values of kcat/KM

are the equivalent for OMP and FOMP (34). Cleland and
co-workers confirmed that FOMP is a better substrate for
ScOMPDC, with the increase in kcat reported as 11-fold (35).
Although not discussed by either Jones or Cleland, the equivalent
values for kcat/KM for decarboxylation of OMP and FOMP
(∼1 � 107 M-1 s-1) by ScOMPDC are consistent with rate-
limiting substrate binding for one or both substrates. Also, that
the values of kcat for OMP and FOMP differ by ∼11-fold is
consistent with rate-limiting product dissociation, not decarboxy-
lation, for one or both substrates.Ameasure of the intrinsic effect
of 5-fluorine substitution on decarboxylationmay be provided by
the 350-fold difference in the values of kcat for decarboxylation of

OMP and FOMP catalyzed by the D70Nmutant ofMtOMPDC
(vide infra); forD70N the values ofkcat for bothOMPandFOMP
are independent of solvent viscosity, so kcat measures the rate of
the decarboxylation reaction.

As described in the accompanying paper, the values of kcat
measured with FOMP for MtOMPDC and with both OMP and
FOMP for ScOMPDC are dependent on solvent viscosity so they
are influenced by product dissociation and, therefore, do not
directly measure the rate of decarboxylation (1). For both
enzymes and substrates the values of kcat/KM also are dependent
on solvent viscosity so these kinetic constants include contribu-
tions from substrate binding. Recognition that the values of the
kinetic constants for both OMP and FOMP can depend on
the physical steps of substrate binding and product dissociation is
important for interpreting the effects of substitutions of active
site residues on mechanism.
Structural Characterization of Wild-Type MtOMPDC.

Pai and co-workers reported structures of unliganded wild-type
MtOMPDC (1DV7) and the complex with 6-azaUMP (1DVJ), a
transition state/intermediate analogue (12). We also determined
structures of unligandedwild-typeMtOMPDC (1.6 Å resolution;
3G18) and its complex with 6-azaUMP (1.5 Å resolution; 3G1A);
representative electron density of the 6-azaUMP ligand is pre-
sented in Figure 2. Although our structures are essentially
identical to those determined by Pai [0.53 Å rmsd for 209 CR

pairs in the unliganded structures (1DV7) and 0.37 Å rmsd for
215 CR pairs in the liganded structures (1DVJ)], we discovered
that the Pai’s unliganded structure was solved assuming an
incorrect space group (P41212), with the correct space (P41) the
same as that we determined. The major difference between our
unliganded structure and that determined by Pai is the geometry
of the contact between Phe 100 in the two polypeptides at the
interface in the functional dimer.

We also determined structures of wild-type MtOMPDC
complexed with the UMP product (1.5 Å resolution; 3G1D),
(6R)-H2OMP (a distorted substrate analogue; 2.5 Å resolution;
3G1F), and H2UMP (a distorted product analogue; 2.3 Å
resolution; 3G1H). (6R)-H2OMP, with a tetrahedral geometry
at C6 (andC5),might be considered an analogue of a destabilized
OMP substrate, although the mechanistic importance of out-
of-plane distortion of the carboxylate group is uncertain because

FIGURE 2: Representative electron density for the active site of wild-
typeMtOMPDC complexed with 6-azaUMP and contoured at 1.5σ.
The details of the interactions between 6-azaUMP and the active site
are described in the text.
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the electron pair of the carbanionic intermediate that resides on
C6 is located in an sp2 orbital in the plane of the pyrimidine ring.

In the unliganded structure, the active site loop (residues
181-189) is disorderd; in all four liganded structures (WT 3
azaUMP, WT 3UMP, WT 3H2OMP, and WT 3H2UMP), the
loop is ordered and closed over the ligand to sequester the ligand
from solvent (Figure 3, panel A, is the unliganded structure;
panels B-E are the structures of the WT 3 azaUMP, WT 3UMP,
WT 3H2OMP, and WT 3H2UMP complexes, respectively). The
structures of the four complexes superimpose well, although the
structures of the backbones of the polypeptides of the liganded
structures show small, but significant, differences when com-
pared with that of the unliganded enzyme. Although coupling of
substrate binding to catalysis has not been investigated with
MtOMPDC as it has with ScOMPDC (9, 36-38), conforma-
tional changes that accompany substrate binding presumably
transmit the substrate’s binding energy to the active site where it
can be used for substrate destabilization and/or transition state/
intermediate stabilization. In each complex, O2 of the pyrimidine
ring of the ligand is hydrogen-bonded to the carboxamide group
ofGln 185, O4 is hydrogen-bonded to the backbone amide of Ser
127, and N3 is hydrogen-bonded to the OH group of Ser 127.
Structural Characterization of Wild-Type MtOMPDC

Liganded with (6R)-H2OMP. Wolfenden reported that a
mixture of diastereomers of H2OMP (of unspecified diastereo-
meric composition) is an effective inhibitor of ScOMPDC (Ki =
2.5 � 10-7 M) (3). Within the limits of our NMR analyses, we
obtained only the (6R)-diastereomer by catalytic hydrogenation
of OMP (configuration assessed by NOEs between H6 of the
reduced pyrimidine ring and the ribose protons; data not shown).

We determined that (6R)-H2OMP is a weak inhibitor of both
ScOMPDC and MtOMPDC (Ki, 80 and 100 μM, respectively;
data not shown). We also were able to determine the structure of
its complex with MtOMPDC but not ScOMPDC. Perhaps the
(6S)-diastereomer is a more potent inhibitor, although we regard
this as unlikely because the 6-carboxylate would be located in a
spatially more congested region of the active site, i.e., juxtaposed
to the hydrogen-bonded triad (vide supra). In the absence of the

experimental procedure for Wolfenden’s preparation of H2OMP
and, also, his procedures for measurement of the kinetic con-
stants, we cannot explain this apparent kinetic discrepancy.
H2UMP was analogously prepared from UMP; the structure
of its complex with MtOMPDC provides an independent assess-
ment of the effect of reduction of the pyrimidine ring on the active
site structure.

Both (6R)-H2OMP and H2UMP are accommodated without
perturbation of active site residues relative to their positions in
complexes with UMP and 6-azaUMP (Figure 3, panels D and E,
respectively). The carboxylate group of (6R)-H2OMP is displaced
from the “plane” of the dihydropyrimidine base, as expected
from sp3 hybridization of C6, and is located in a hydrophobic
pocket on the opposite face of the active site from Lys 72
(Figure 4, panel A). The carboxylate group does not participate
in any hydrogen-bonding/ionic interactions, although disordered
watermolecules could be located in the hydrophobic pocket. This
structure can be compared with that of the inactive D70A/K72A
mutant of MtOMPDC complexed with OMP (1KM6) that has
been used as evidence for substrate destabilization (Figure 4,
panel B). In 1KM6, the carbon of the carboxylate group of the
substrate is (1) displaced 0.3 Å out of the plane of the pyrimidine
ring, also away from Lys 72, and (2) twisted so that one
carboxylate oxygen can be hydrogen-bonded to Lys 42. In the
absence of the anionic carboxylate group of Asp 70 and the side
chain of Lys 72, no potential unfavorable steric/electrostatic
interactions are apparent that would produce the observed out-
of-plane distortion of the OMP carboxylate group.
Structural Characterization of the D70N and D70G

Mutants of MtOMPDC. We determined structures of the
D70N andD70Gmutants. Structures were obtained forD70N in
the absence of ligands and also complexed with UMP and 6-
azaUMP; structures were obtained for D70G in the absence of
ligands and complexed with UMP and FUMP. Pai reported
structures of D70A complexed with UMP (1KLZ) and D70G
complexed with 6-azaUMP (1KLY). As in Pai’s structures of
D70A (12), our structures of D70G contain a chloride ion from
the crystallization buffer within the active site, occupying the

FIGURE 3: Structures ofwild-typeMtOMPDC in the absence and complexedwith ligands. Panel A: in the absence of ligands. Panel B: complexed
with 6-azaUMP. Panel C: complexed with UMP. Panel D: complexed with H2OMP. Panel E: complexed with H2UMP.
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position of the carboxylate group of Asp 70 in wild-type
MtOMPDC.

In four of the five available structures for D70N and D70G,
the nucleotide ligands superimpose closely, with O2 of the
pyrimidine ring hydrogen-bonded to Gln 185 [Figure 5, panel
A, is the wild-type MtOMPDC liganded with 6-azaUMP; panels
B-F are the D70N 3 azaUMP, D70N 3UMP, D70G 3 6-azaUMP
(1KLY), D70G 3FUMP, and D70G 3UMP complexes, respec-
tively]. The exception is our structure of D70N complexed with
6-azaUMP, in which O2 is hydrogen-bonded to the carboxamide
group of Asn 70; i.e., the base is rotated 180� about the glycosidic
bond.With the exception of Lys 72, the positions of the active site
residues also superimpose closely. Because Asp 70 is hydrogen-
bonded to Lys 72 in the active site hydrogen-bonded network,
substitution of the Asp carboxymethyl side chain with a neutral
and/or sterically less demanding side chain allowsLys 72 to adopt

alternate conformations, although in each structure a hydrogen
bond is maintained to Asp 75. However, the side chain of Lys 42
remains fixed in the various liganded structures, presumably
because of its hydrogen-bonding interaction with O30 of the
ribose moiety of the ligand.

The active sites of D70G complexed with FUMP or UMP but
not 6-azaUMP contain a chloride ion located near the position of
the carboxylate group of Asp 70 in the wild-type enzyme (vide
infra). We performed assays of D70G as a function of chloride
ion concentration and observed no activation or inhibition,
suggesting that the chloride ion is not a functional surrogate of
the Asp carboxylate group.

On the basis of these structures, we conclude that significant
conformational changes do not accompany the substitutions,
thereby allowing the impact of the substitutions on the values of
kcat and kcat/KM to be used to deduce mechanism.

FIGURE 4: Panel A: Front view of active site of wild-typeMtOMPDC complexed withH2OMP, with the side chains of the hydrophobic residues
colored ingreen.PanelB:Sideviewof the superpositionof the active siteofwild-typeOMPDCcomplexedwithH2OMP(gray) andof the acive site
of the D70A/K72A mutant complexed with OMP (1KM6).

FIGURE 5: Structures of mutants with substitutions for Asp 70. Panel A: wild-type MtOMPDC complexed with 6-azaUMP. Panel B: D70N
complexed with 6-azaUMP. Panel C: D70N complexed with UMP. Panel D:D70G complexed with 6-azaUMP. Panel E: D70G complexed with
FUMP. Panel F: D70G complexed with UMP. The green spheres represent chloride ions.
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Kinetic Characterization of the D70N and D70GMutants
of MtOMPDC: Decarboxylation of OMP and FOMP.
Decarboxylation of OMP is the rate-determining energy barrier
on the reaction coordinate for wild-type MtOMPDC (the value
of kcat is independent of viscosity; the value of kcat/KMhas a small
inverse dependence on viscosity) (1). However, for FOMP,
both kcat and kcat/KM are inversely proportional to solvent
viscosity, so a physical step (substrate binding and product
dissociation, respectively) dominates the values of kcat and
kcat/KM. These differences are important for interpreting the
kinetic constants.

The pH dependencies of the values of kcat and kcat/KM for
decarboxylation of bothOMPandFOMPcatalyzed bywild-type
MtOMPDC and its D70N and D70G mutants were determined.
The data for OMP are displayed in Figure 6, panels A and B; the
data for FOMP are displayed in panels C and D. The values of
the kinetic constants at pH 9.3 (the pH optimum for D70G with
FOMP) are summarized in Table 4.

WithOMP, the values of kcat and kcat/KMdecrease in the order
wild type > D70N > D70G (the kinetic constants for D70A

were not quantitated because enzyme concentrations comparable
to substrate concentration were required to observe decarbox-
ylation). The decreases in the values of kcat, 200-fold for D70N
and 1800-fold for D70G, provide estimates of the increase in the
activation energy barrier as the charge/size of the side chain is
neutralized/reduced.

The same qualitative behavior is observed for kcat and kcat/KM

when FOMP is used as substrate, although the values of kcat are
pH-dependent for the D70G mutant. The values of kcat/KM

decrease less than the values of kcat, because the values of KM for
the mutants are less than that for wild type. However, with
FOMP, the decreases in the value of kcat relative to that for wild
type, 35-fold for D70N and 490-fold for D70G, do not
provide estimates for the increases in activation energy barrier
for decarboxylation, because kcat for wild-type MtOM-
PDC with FOMP is dominated by production dissociation, not
decarboxylation (1). Assuming that the ratio of the viscosity-
independent values of kcat for decarboxylation of OMP and
FOMP catalyzed by D70N (7.7 s-1/0.022 s-1 = 350) reflects the
“intrinsic” effect of the 5-fluoro substitution in stabilizing the

FIGURE 6: Kinetic constants (kcat, panel A; kcat/KM, panel B) usingOMPas substrate forwild-typeOMPDC (blue) and itsD70N (red) andD70G
(green)mutants.Kinetic constants (kcat, panelC;kcat/KM,panelD)usingFOMPas substrate forwild-typeOMPDC(blue) and itsD70N(red) and
D70G (green) mutants.

Table 4: Kinetic Constants for Decarboxylation of OMP and FOMP at pH 9.3 and Exchange of H6 of FUMP

OMP FOMP FUMP

kcat (s
-1) KM (μM) kcat/KM (M-1 s-1) kcat (s

-1) KM (μM) kcat/KM (M-1 s-1) (kex)max (s
-1)

wild type 4.4( 0.1 2.1( 0.3 (2.1( 0.3)� 106 270( 10 170( 20 (1.6( 0.6)� 106 0.021( 0.002

D70N 0.0215( 0.0007 8.5( 1.3 (2.5( 0.6)� 103 7.7( 0.2 100( 9 (7.7( 2.2)� 104 0.009( 0.002

D70G 0.0025( 0.0008 9.6( 0.8 (2.6( 0.2)� 102 0.55( 0.15 5.1( 2.5 (1.1( 0.4)� 105 0.030 ( 0.003
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carbanion obtained by decarboxylation, we estimate the rate of
decarboxylation of FOMP in the active site by wild-type
MtOMPDC as 4.4 s-1 � 350 ≈ 1500 s-1. With this assumption,
the decreases in the rates of decarboxylation are 190-fold for
D70N and 2700-fold for D70G. The reductions for D70N and
D70G are similar to those measured when OMP is used as
substrate (vide supra).

We conclude that, irrespective of whether OMP or FOMP is
the substrate, large reductions in the rate of decarboxylation are
produced by substitution of Asp 70 with neutral and/or smaller
residues.

That the values of KM for both OMP and FOMP are virtually
the same for D70N and D70G substitutions is inconsistent with
the classical definition of “ground state destabilization”; i.e., the
substitutions for Asp 70 decrease the affinity of the enzyme for
the substrate in the absence of a destabilizing interaction.4 A
possible explanation is that conformational changes accompany
the binding of substrate and subsequent formation of transition
state/intermediate/product complexes (vide infra); these will
contribute to and prevent quantitative interpretation of the value
of KM in the context of changes expected if “ground state
destabilization” of a static Michaelis complex were assumed.
Kinetic Characterization of the D70N and D70GMutants

of MtOMPDC: Exchange of H6 of FUMP. Both wild-type
ScOMPDC andMtOMPDC catalyze the slow exchange ofH6 of
UMP with solvent deuterium (17). For ScOMPDC, the rate
constant for the exchange reaction, kex, increases with pD, giving
values of 8.0 for the pKa of the base (Lys 93) and 1.2 � 10-5 s-1

for the pH-independent maximum rate (kex)max. Measurement of
the slow rate of exchange reaction using UMP requires both high
concentrations of enzyme and long incubation times (e250 h).
We observed that H6 of FUMPundergoes exchange with solvent
deuterium ∼3200-fold faster with FUMP than UMP in the
presence of wild-type MtOMPDC (vide infra) and wild-type
ScOMPDC.5 Therefore, we used FUMP to investigate the
exchange reactions catalyzed by wild type and the D70N and
D70G mutants of MtOMPDC.

Wedetermined kex as a function of pD for thewild type and the
D70N and D70G mutants of MtOMPDC using 5 mM FUMP.
The value of kex increases with pD and becomes pD independent
at high values of pD (Figure 7). The dependence of kex on
[FUMP] was measured at pD 9.3 for all three proteins (where the
values of kcat are maximal) and observed to be independent of
the concentration of FUMP at 5 mM; the values of (kex)max are
collected in Table 4. In contrast to the values of kcat for
decarboxylation of FOMP, the values of (kex)max are not
significantly influenced by substitutions for Asp 70.

The value of kex is a composite of the rates of abstraction ofH6
to generate the vinyl carbanion intermediate and subsequent
delivery of solvent deuterium from Lys 72. Because the solvent
product isotope effect (PIE) is 1.0 for wild-type MtOMPDC
using both OMP and FOMP, hydron transfer from Lys 72 each
of the carbanion intermediates must be faster than rotation of the
Cε-N bond that exchanges the positions of the hydrons (16). In
wild-typeMtOMPDC, hydrogen bonds betweenLys 72 and both
Asp 70 and Asp 75 may restrict this rotation. Substitutions for
Asp 70 that remove orweaken the hydrogen bond toLys 72 could
allow enhanced rotation so that it could be faster than hydron
transfer; as a result, the same value of kex could be obtained if the

stability of the carbanion were decreased by the substitution. If
rotation about theCε-Nbondwere sufficiently fast, the PIEmay
increase if the carbanion is then able to discriminate between
hydrogen and deuterium. Therefore, we determined the solvent
PIEs using FOMP for wild-type MtOMPDC and the D70N and
D70G mutants (data not shown). Like wild-type MtOMPDC,
the PIEs are 1.0, consistent with the interpretation that the values
of kex measured for themutants are best explained by the stability
of the vinyl carbanion intermediate being independent of the
identity of residue 70 (Asp, Asn, or Gly).
Differential Effect of Substitutions for Asp 70 on

Decarboxylation andExchange. In contrast to large decreases
in the rate of decarboxylation that accompany substitutions for
Asp 70, formation of the FUMP carbanion by abstraction of H6
is unaffected. The differing effects of the substitutions on kcat for
decarboxylation and kex for exchange of H6 provide additional
evidence for formation of a carbanion intermediate in a two-step
mechanism.

That the substitutions affect the rate of formation of the
intermediate from FOMP (kcat) but not from FUMP (kex)max is
consistent with Asp 70 enhancing the rate of decarboxylation by
substrate destabilization.
Kinetic and Structural Characterization of the D91N

Mutant of ScOMPDC. We constructed and both kinetically
and structurally characterized the homologous D91N mutant of
ScOMPDC. Because the active site residues are conserved, we
expected that the D91N mutant of ScOMPDC also would
provide similar evidence for the importance of Asp 91 in des-
tabilizing the enzyme-substrate complex.

However, usingFOMPas substrate, wewere unable tomeasure
values for kcat and KM; the value of kcat/KM is 15 M-1 s-1 at
pH 7.1 (data not shown).Using FUMPas substrate, we observed
no exchange of H6 of FUMP using high concentrations of the
D91N mutant and long incubation times. In contrast to the
D70N mutant of MtOMPDC, the D91N mutant of ScOMPDC
is severely impaired in both the decarboxylation and exchange
reactions.

Structures of wild-type ScOMPDC and its D91Nmutant were
determined in the absence and presence of 6-azaUMP. In the
unliganded structures, the 19-residue active site loops adopt the
same open conformation (Figure 8, panel A, top row). In the
structure of wild-type ScOMPDC complexed with 6-azaUMP
(Figure 8, panel A, left structure in bottom row), the loop is
closed, sequestering the ligand from the active site, with the

FIGURE 7: Dependence of kex on pH for wild-type MtOMPDC
(blue), D70N (red), and D70G (green) with FUMP.

5W.-Y. Tsang, T. L. Amyes, B. M. Wood, K. Chan, W. Wu, J. A.
Gerlt, and J. P. Richard, manuscript in preparation.
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phosphate group hydrogen-bonded toGln 215, Tyr 217, andArg
235, and enforcing the juxtaposition of N6 to the active site
hydrogen-bonding network that is reinforced by the Ser 154-Gln
215 “clamp” (38). Our structures for wild-type ScOMPDC are
similar to those reported previously for the unliganded enzyme
and its complex with BMP (5).

In the structure of the D91N mutant complexed with
6-azaUMP (Figure 8, panel A, right structure in bottom row),
the ligand is bound in the active site. However, the loop in the
open conformation and, remarkably, the phosphate and pyrimi-
dine “ends” of the molecule occupy “opposite” positions in the
active site relative to the 6-azaUMP ligand in wild-type
ScOMPDC (Figure 8, panel B, wild type; panel C, D91N
mutant): the phosphate group is hydrogen-bonded to both Lys
59 andLys 93 in the active site hydrogen-bonded network and the
pyrimidine base is proximal toTyr 217 in the open loop and, also,

exposed to solvent. To the extent that this structure reflects the
geometry of binding of FOMP and FUMP to the D91Nmutant,
this structure provides an explanation for the inability for the
D91N mutant to catalyze decarboxylation of FOMP and ex-
change of H6 of FUMP.

This structure also provides a possible explanation for Wol-
fenden’s observation that derivatives of OMP and UMP ob-
tained by addition of sulfite to the 5,6 double bond of the
pyrimidine bases are effective inhibitors of ScOMPDC, with
the values of their Kis lower than that for UMP (Scheme 4) (23).

Inhibition by these bulky, anionic substrate/product analogues
was used as evidence that substrate destabilization by enforced
electrostatic interactions between the substrate carboxylate
group and the Asp-Lys-Asp triad cannot be important in
producing the large rate acceleration in a “commodious” active
site.However, our structure of theD91Nmutantwith 6-azaUMP
strikingly reveals that the active site of ScOMPDC can bind
ligands in nonproductive conformations as a result of opportu-
nistic interactions with the conformationally flexible active site
loop that provide a structural strategy for avoiding otherwise
unfavorable interactions with the Asp-Lys-Asp triad. Perhaps
the (6R)-diastereomer of UMP-SO3 can be accommodated in the
active site of ScOMPDC as (6R)-H2OMP is accommodated in
the active site of MtOMPDC, but it is unlikely that the
diastereomers of OMP-SO3 can be similarly accommodated
because of enforced “crowding” of the anionic substituents vis
�a vis the Asp-Lys-Asp triad.
Role of Asp 70 in Catalysis. The substantial effects of

substitutions for Asp 70 on k2 for decarboxylation (as much as
∼2700-fold for D70Gwith FOMP) relative to the insensitivity of
the value ofkex ismost simply explainedby a two-stepmechanism
involving the formation of a carbanion intermediate. In this
mechanism, the carboxylate side chain of Asp 70 influences the
rate of formation of the intermediate (decarboxylation) but not
its stability (exchange). This differential effect is consistent with
an unfavorable interaction between the carboxylate group of Asp
70 and the orotate carboxylate group that is relieved, in part,
by the neutral carboxamide group but, more substantially, by
a smaller, uncharged group.

A structural description of the substrate destabilization is
uncertain, although the OMP-liganded structure of the D70A/
K72A mutant of MtOMPDC has been used as evidence that
displacement of the carboxylate group out of the plane of the
pyrimidine base may be important for catalysis (35). As noted
previously and illustrated in Figure 4, in this mutant distortion

FIGURE 8: Panel A: Comparison of the structures of wild-type
ScOMPDC in the absence of ligand (gray), wild-type ScOMPDC
complexedwith 6-azaUMP (red), theD91Nmutant of ScOMPDC in
the absence of ligand (magenta), and the D91N mutant of
ScOMPDC complexed with 6-azaUMP (green). Panel B: The active
site of wild-type ScOMPDC complexed with 6-azaUMP. Panel C:
The active site of the D91N mutant complexed with 6-azaUMP.

Scheme 3

Scheme 4
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occurs despite the absence of the side chains of Asp 70 and Lys 72
that might be expected to provide the electrostatic and steric
destabilizing interactions. A hydrogen bond is formed between
the out-of-plane OMP carboxylate group and the conserved Lys
42; perhaps this interaction is sufficient to stabilize the observed
distorted structure for the substrate.

An unfavorable electrostatic interaction between the carbox-
ylate groups of Asp 70 and OMP may destabilize the enzyme-
substrate complex as it proceeds to the transition state for
decarboxylation; this interaction is not possible in the exchange
reaction. However, that (1) the D70N and D70G substitutions
cause small increases in the value of KM for OMP (Table 4) and
(2) theKi forUMP (∼0.4mM) is∼400-fold larger than theKd for
OMP (∼1.0 μM) (39) show that destabilizing interactions that
produce an increase in the value of kcat are not expressed in the
measured binding constants.

The destabilizing interactions that promote decarboxylation
may develop as the transition state for decarboxylation is
approached, perhaps as a result of conformational changes that
are coupled to substrate binding (Jiali Gao, personal commu-
nication). This strategy for catalysis would require sufficient
stabilization of the transition state to overcome the electrostatic
destabilization that results from coordinated motion of the
anionic carboxylate groups of the OMP substrate and the active
site. Both computational and dynamic (NMR) studies of the
reaction coordinate can be expected to provide further insights
into the structural bases for the substrate destabilization that
is suggested by the differential effects of substitution for Asp
70 on decarboxylation of the substrate and exchange of H6 of the
product with solvent hydrogen.
Mechanism and Rate Acceleration for the OMPDC-

Catalyzed Reaction. Substantial evidence exists for the forma-
tion of a carbanion intermediate in the OMPDC-catalyzed
reaction: (1) the solvent deuterium product isotope effect is
1.0 (16), (2) H6 of the UMP product undergoes exchange with
solvent hydrogen (17), and (3) as documented in this paper,
substitutions for Asp 70 in MtOMPDC influence decarboxyla-
tion but not exchange. Thus, the two-step mechanism is secure.

The rate acceleration for the OMPDC-catalyzed reaction is
1017. The rate of exchange of H6 of the UMP product with
solvent hydrogen provides an upper limit on the pKa of the UMP
product in the active site (e22) and, therefore, a lower limit on the
stabilization of the carbanion intermediate (g14 kcal/mol). Thus,
stabilization of the carbanion intermediate and the transition
state(s) involved in its formation account for a substantial part of
the rate acceleration (g1010). In principle, all of the rate accel-
eration could result from stabilization of anionic species in the
active site. But, the kinetic and structural data described in this
paper provide evidence that substrate destabilization also con-
tributes to the rate acceleration, although whether the contribu-
tion is quantitated by the decrease in the value of k2 observedwith
D70G (∼4.7 kcal/mol) is uncertain.

The structural bases for both stabilization of the vinyl carba-
nion intermediate and substrate destabilization also are not yet
certain. In the case of stabilization of the intermediate, the general
acidic Lys 72 in MtOMPDC (Lys 91 in ScOMPDC) has been
invoked as providing substantial, and perhaps all of the, stabi-
lization on the basis of the structures of liganded complexes (35).
However, other factors, including the hydrogen-bonding envir-
onment of O4 of the pyrimidine base that could stabilize an
anionic carbene intermediate, have not been experimentally
investigated (20, 21). In the case of substrate destabilization,

Asp 70 has been implicated as important, but whether geometric
distortion of the OMP substrate is catalytically relevant remains
unknown. These and other issues are under investigation in our
laboratories.
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