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We report that the binding of exogenous phosphite dianion to
orotidine 5′-monophosphate decarboxylase results in an 80 000-
fold increase inkcat/Km for enzyme-catalyzed decarboxylation of a
truncated substrate lacking a 5′-phosphodianion moiety, which
corresponds to a transition state stabilization of 6.6 kcal/mol.

Orotidine 5′-monophosphate decarboxylase (OMPDC) is a re-
markable enzyme because it employs no metal ions or other cofac-
tors but yet effects an enormous 1017-fold acceleration of the chem-
ically very difficult decarboxylation of orotidine 5′-monophosphate
(OMP) to give uridine 5′-monophosphate (UMP).1,2 Recent X-ray
structures of OMPDC,3-7 along with isotope effect studies,8,9 sup-
port the decarboxylation ofOMP to give a putative vinylic carb-
anion intermediate which undergoes protonation by the enzyme to
giveUMP (Scheme1).ThecrystallographicstructureofyeastOMPDC
complexed with the transition state analogue 6-hydroxyuridine 5′-
phosphate shows that ligand binding results in substantial motions
of loops to “close” the active site and the formation of numerous
protein-ligand contacts, including five hydrogen bonds to the
phosphodianion group.4 The importance of the latter interactions
in catalysis has been demonstrated by site-directed mutagenesis10

and by the greatly reduced activity of OMPDC toward decarbox-
ylation of orotidine, which lacks the 5′-phosphodianion group.11

The phosphodianion group atOMP may act simply as an
“anchor” that allows for efficient substrate recognition. Alterna-
tively, this small binding determinant, which lies remote from the
reacting center of the substrate, may serve to effect an enzyme
conformational change leading to formation of an active site that
is optimized for transition state stabilization. To distinguish these
possibilities, we aimed to establish whether thecoValent connection
between the reacting portion of the substrate and the nonreacting
remote phosphodianion group is necessary for efficient catalysis
by OMPDC. Thus, we designed a truncated substrate at which the
CH2OPO3

2- group of OMP is replaced by a single hydrogen to
give 1-(â-D-erythrofuranosyl)orotic acid (EO) and have determined
whether exogenous phosphite dianion can serve as the excised
phosphodianion “piece” (Scheme 2).12

The very slow decarboxylation ofEO in the presence of a large
quantity of OMPDC was followed in a discontinuous assay in which
the initial velocity of formation of the product 1-(â-D-erythro-
furanosyl)uridine (EU) was monitored by HPLC. The reactions of
5.6 or 10.5 mMEO (,Km, vide infra) in the presence of 0.11 or
0.16 mM yeast OMPDC,13 respectively, in 50 mM MOPS buffer
(pH 7.1) at 25°C andI ) 0.14 (NaCl) gave the same second-order
rate constant (kcat/Km)E ) 2.1× 10-2 M-1 s-1 for decarboxylation
of EO catalyzed by OMPDC.14

First-order rate constantskobsd(s-1) for thecompletereaction of
0.1 mM EO (,Km) to give EU in the presence of 13.8µM yeast
OMPDC13 and various concentrations of phosphite buffer (80%
dianion, pH 7.0) at 25°C andI ) 0.14 (NaCl) were determined
spectrophotometrically by monitoring the decrease in absorbance
at 283 nm. These reactions were followed for up to 180 min and
obeyed excellent first-order kinetics with stable endpoints.15 Figure
1 shows the dependence of the observed second-order rate constant
(kcat/Km)obsd ) kobsd/[OMPDC] for the OMPDC-catalyzed decar-
boxylation ofEO on the concentration of phosphite dianion. The
data were fit to eq 1, derived for Scheme 3,16 to giveKd ) 140(
13 mM17 for binding of phosphite dianion to OMPDC. The slope
of the linear correlation at [HPO32-] e 10 mM gives the third-
order rate constant (kcat/Km)E‚HPi/Kd ) 11 700( 600 M-2 s-1. This
was combined withKd ) 140 mM to give (kcat/Km)E‚HPi ) 1600(
200 M-1 s-1 for decarboxylation ofEO catalyzed by OMPDC
saturated with phosphite dianion(Scheme 3, E) OMPDC).

The ratio of second-order rate constants for the decarboxylation
of EO catalyzed by OMPDC saturated with phosphite dianion and
by free OMPDC, (kcat/Km)E‚HPi/(kcat/Km)E ) 1600/(2.1× 10-2) )
7.6 × 104, shows that phosphite dianion binds more tightly to the

Scheme 1

Scheme 2

Figure 1. Dependence of (kcat/Km)obsd for the decarboxylation of 0.1 mM
EO, monitored spectrophotometrically at 283 nm, by C155S mutant yeast
OMPDC on the concentration of added phosphite dianion at pH 7.0, 25
°C, andI ) 0.14 (NaCl).

Scheme 3
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transition state for the OMPDC-catalyzed decarboxylation ofEO
than to free OMPDC in the ground state by 6.6 kcal/mol. This is
illustrated in the free energy diagram in Figure 2, which also shows
that the total intrinsic binding energy of phosphite dianion in the
transition state is 7.8 kcal/mol. The intrinsic binding energy of the
phosphodianion group ofOMP, calculated from the ratio of second-
order rate constantskcat/Km for the OMPDC-catalyzed reactions of
OMP (9.4× 106 M-1 s-1)18 andEO (2.1× 10-2 M-1 s-1), is 11.8
kcal/mol. Thus, a very large fraction of the intrinsic binding energy
of the phosphodianion group ofOMP can be “reconstituted” by
binding the small ligand phosphite dianion to OMPDC. The
remaining 4 kcal/mol largely represents the entropic price of binding
two entities rather than one.19

A value ofKm ) 100( 40 mM (range of uncertainty) for binding
of EO to OMPDC complexed with phosphite dianion was
determined from progress curve analysis of the reaction of 19.0
mM EO in the presence of 15µM OMPDC, 250 mM MOPS buffer
(pH 7.1), and 40 mM phosphite dianion at 25°C and I ) 0.29
(NaCl), monitored spectrophotometrically at 308 nm.20,21This can
be combined with (kcat/Km)E‚HPi ) 1600 M-1 s-1 to givekcat ) 160
( 70 s-1 for turnover of the truncated substrateEO in the active
site of OMPDC that also contains phosphite dianion, which is
significantly larger thankcat ) 15 s-1 for turnover of the natural
phosphorylated substrateOMP.18

We conclude that, despite the weaker binding to OMPDC of
the individualEO and HPO3

2- parts (KmKd ) 0.014 M2) than of
OMP (Km ) 1.6 × 10-6 M),18 once bound, OMPDC provides a
slightly greater stabilization of the transition state for reaction of
the parts than of the whole substrate. This may be because tethering
of the parts restricts access to protein and/or ligand conformations
that result in maximal transition state stabilization. Another
intriguing possibility is that severing the covalent link to the
phosphodianion group reduces or alters its interactions with the
loop that closes the active site and changes the dynamics of loop
opening. This might result in a change in the rate-limiting step from
product release for the reaction ofOMP to a chemical step for the
reaction ofEO.

The potent activation of OMPDC by phosphite dianion implies
that a major role of the phosphodianion group ofOMP is to provide
binding interactions that are used to drive an enzyme conformational
change resulting in formation of an active site environment that is
optimized for transition state stabilization. OMPDC is the titular
member of the recently identified OMP decarboxylase “suprafam-
ily”, whose members share a (â,R)8-barrel fold and highly conserved
active sites but catalyze the reactions of substrates bearing a remote

phosphodianion group using a variety of mechanisms.22,23 We
suggest that utilization of the intrinsic binding energy of the
substrate phosphodianion group to drive a protein conformational
change that generates an active site optimized for transition state
stabilization is a common mechanistic strategy employed by this
family of enzymes, whose members catalyze reactions that appear
otherwise to be unrelated.
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Figure 2. Free energy diagram for the reactions ofEO (S) catalyzed by
OMPDC (E) in the presence and absence of phosphite dianion (HPi).
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