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Abstract

Kinetic analysis of decarboxylation catalyzed by S154A, Q215A and S154A/Q215A mutant yeast
orotidine 5’-monophosphate decarboxylases with orotidine 5’-monophosphate (OMP) and with a
truncated nucleoside substrate (EO) activated by phosphite dianion shows: (1) The side-chain of
Ser-154 stabilizes the transition state through interactions with the pyrimidine rings of OMP or EO.
(2) The side-chain of GIn-215 interacts with the phosphodianion group of OMP or with phosphite
dianion. (3) The interloop hydrogen bond between the side-chains of Ser-154 and GIn-215 orients
the amide side-chain of GIn-215 to interact with the phosphodianion group of OMP or with phosphite
dianion.

Orotidine 5’-monophosphate decarboxylase (OMPDC)l is a remarkable enzyme because it
employs no metal ions or other cofactors, but yet effects an enormous ca. 30 kcal/mol
stabilization of the transition state for the decarboxylation of orotidine 5’-monophosphate
(OMP) to give uridine 5’-monophosphate (UMP) (1) through an unstable vinyl carbanion
intermediate (Scheme 1) (2). X-ray crystal structures of OMPDC from a variety of sources
complexed with UMP and other ligands reveal intricate networks of interactions between the
protein and the bound ligand (3-6), which should provide insight into the interactions that
stabilize the transition state for decarboxylation of OMP. However, the extensive X-ray
crystallographic data has not led to a consensus opinion about the structure of the transition
state, or about the interactions responsible for its ca. 30 kcal/mol stabilization at the active site
of OMPDC (1,7,8).

The substrate OMP can be partitioned into the “pieces” 1-(B-D-erythrofuranosyl)orotic acid
(EO) and phosphite dianion, HPO32~, which bind to OMPDC at distinct sites with low affinity
(Kg=0.1 M) (9). The binding site for EO is competent to catalyze the slow decarboxylation
of its orotate base moiety to give 1-(B-D-erythrofuranosyl)uridine (EU) with (Keat/Kim)go =
0.021 M1 571 (9). The separate binding of phosphite dianion strongly activates bound EO
towards decarboxylation, with (Keat/Km)eoHpi/ (Keat/Km)eo = 80,000 (Scheme 2) (9). We
conclude that stabilization of the transition state for OMPDC-catalyzed decarboxylation of EO
is enhanced by binding of phosphite dianion at a second site. Tethering the two substrate pieces
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to give the whole substrate OMP places the orotate base and the oxydianion activator at a single
molecule and results in a large entropic advantage over binding and reaction of the individual
pieces (10). Similarly, both triosephosphate isomerase and glycerol 3-phosphate
dehydrogenase exhibit strong activation by bound phosphite dianion of catalysis of proton
transfer (11) and hydride transfer (12), respectively.

These results show that there is a switch that turns on the binding interactions between OMPDC
and the nonreacting substrate phosphodianion or bound phosphite dianion upon moving from
the ground-state Michaelis complex (poorly expressed interactions) to the transition state for
decarboxylation of OMP. However, the operation of this switch is not understood, and there

is aneed for a protocol that distinguishes the catalytic rate acceleration arising from interactions
between amino acid side-chains and the reacting pyrimidine ring moiety from that arising from
interactions of the protein with the bound phosphate/phosphite dianion.

Figure 1 shows the X-ray crystal structure in the region of the active site of wildtype yeast
OMPDC complexed with the intermediate analog 6-hydroxyuridine 5’-monophosphate (BMP)
(3). GIn-215 lies in the mobile “active site loop” at the end of the seventh B-strand, while
Ser-154 lies in a second mobile loop at the end of the fifth B-strand. The nitrogen of the amide
side-chain of GIn-215 is equidistant (3.2 A) from an oxygen of the phosphate group of BMP
and O-2 of its pyrimidine ring. The side-chain hydroxyl of Ser-154 appears both to accept a
hydrogen bond from the pyrimidine NH, and to act as a hydrogen bond donor to the oxygen
of the amide side-chain of GIn-215. The latter hydrogen bond clamps the separate enzyme
loops over the pyrimidine ring and the phosphodianion group of the bound ligand. We argued
that this network of interactions, which involves amino acid side-chains in separate distant
loops, and which spans the pyrimidine and phosphate ends of the bound ligand, is highly likely
to play a significant role in catalysis of the decarboxylation of OMP.

We report here the effects of the single S154A and Q215A (13) mutations, and of the S154A/
Q215A double mutation, on the kinetic parameters for decarboxylation of OMP and of EO,
and for the phosphite-activated decarboxylation of EO (Table 1). Initial velocities, vy (M
s~1, for decarboxylation of OMP were determined spectrophotometrically, while those for the
reactions of EO were determined by HPLC. Values of k¢, and K, for decarboxylation of OMP,
second-order rate constants (keat/Km)eo for decarboxylation of EO in the absence of
HPO32~, and third-order rate constants (Keat Km)eo-Hpi/Kg for activation of the decarboxylation
of EO by phosphite dianion were determined as described in the Supporting Information. The
data provide no evidence for saturation of the mutant enzymes by either substrate piece, so that
Kg> 0.1 M for the EO and HPO32™ pieces (9).

The second-order rate constants Kqq/K,, for turnover of OMP by OMPDC provide a measure
of the barrier for conversion of the enzyme and OMP to the transition state for decarboxylation
of OMP (Table 1). The third-order rate constants (Kcat/Km)eo-Hpi/Kq for the catalyzed reactions
of the substrate pieces provide a measure of the barrier for conversion of the enzyme and the
two substrate pieces EO and HPO32™ to the transition state for decarboxylation of EO (Table
1). The data in Table 1 were used to calculate the effect of each single mutation and of the
double mutation on the stability of the transition state for decarboxylation of OMP
(AAG*op) and for decarboxylation of the substrate pieces EO and HPO32~ (AAG*¢g and
AAG*£0.4pi). The large effect of the S154A mutation on kea/Km for OMP (AAG¥omp = 5.7
kcal/mol) highlights the critical importance of the CH,OH side-chain of Ser-154 in catalysis
of decarboxylation at a distant site. For each mutation, AAG*opp and AAG*zo.ppi are similar,
which shows that the absence of a covalent connection to the phosphodianion group has only
asmall effect on the interaction of the resulting substrate pieces with the side-chains of Ser-154
and GIn-215 at OMPDC.
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The 1.8 kcal/mol effect of the Q215A mutation on kea/Kpy, for OMP results mainly from a
change in Ky, for the binding of OMP (2.0 kcal/mol effect), which shows that the interactions
between the amide side-chain of GIn-215 and OMP are fully expressed at the Michaelis
complex.2 The Q215A mutation has little effect on (Kca/Kim)eo for decarboxylation of EO
(AAG*¢( = 0.4 kcal/mol), which suggests that the interaction of the amide side-chain with O-2
of the pyrimidine ring is weak. However, the value of AAG*go.npi = 2.3 kcal/mol is similar
to AAG¥oup = 1.8 kcal/mol for OMP. Therefore, the two-part substrate [EO + HPO327]
pinpoints the otherwise unclear role of the amide side-chain of GIn-215 as stabilization of the
Michaelis complex by its interaction with the phosphodianion group of OMP at the binary
complex EsOMP and, by analogy, with bound phosphite dianion at the ternary complex
EsEQ°HPO32".

Scheme 3 shows a cycle (14,15) for the mutations at OMPDC that was constructed using the
data in Table 1. Around 20% of the ca. 30 kcal/mol total transition state stabilization for
OMPDOC is due to interactions of the bound transition state with the side-chains of Ser-154 and
GIn-215 (AAG*gpp = 6.0 kcal/mol for the S154A/Q215A double mutant). However, the effect
of the individual mutations depends upon the order in which they are made. For example, the
6 kcal/mol total interaction can be partitioned into a ca. 2 kcal/mol ground-state interaction
between the amide side-chain of GIn-215 and the phosphodianion group of OMP (Q215A
mutation of the wildtype enzyme), and a ca. 4 kcal/mol interaction between the CH,OH side-
chain of Ser-154 and the pyrimidine ring of OMP (S154A mutation of the Q215A mutant
enzyme). The opposite order of these mutations leads to expression of nearly the entire 6 kcal/
mol effect of the S154A/Q215A double mutation in AAG*gpp for the S154A single mutation,
with only a small 0.3 kcal/mol effect of the second Q215A mutation.

These data provide strong evidence for cooperativity in the interactions of the side-chains of
Ser-154 and GIn-215 with the bound transition state for decarboxylation, as a result of the
requirement for a hydrogen bond between the CH,OH group of Ser-154 and the amide side-
chain of GIn-215 (Figure 1) that properly orients the amide to interact with the phosphodianion
group of OMP. The S154A mutation of the wildtype enzyme therefore leads to loss of the
transition state stabilization contributed by the side-chains of both Ser-154 and GIn-215. There
is an additional hydrogen bond between the backbone amide of Ser-154 and O-4 of the
pyrimidine ring which “anchors” the CH,OH group of Ser-154 (Figure 1). Therefore, the
transition state stabilization arising from the hydrogen bond between this side-chain and the
pyrimidine NH is maintained at the Q215A mutant enzyme.

The 6.0 kcal/mol effect of the double S154A/Q215A mutation on the stability of the transition
state for decarboxylation of OMP may also be partitioned into a 2.5 kcal/mol effect on the
stability of the Michaelis complex (K, effect) and a 3.5 kcal/mol effect that is expressed
specifically at the transition state for decarboxylation of bound OMP (K. effect).

The small effect of 0.5 kcal/mol on the stability of the Michaelis complex upon making the
S154 mutation at the Q215A mutant enzyme provides strong evidence that the effect of the
double mutation on Ky, results mainly from loss of the stabilizing interactions between the
amide side-chain of GIn-215 and the substrate phosphodianion group. The 500-fold decrease
in k¢o due to the S154 mutation at the Q215A mutant enzyme likely represents strengthening
of the hydrogen bond between the CH,OH side-chain of Ser-154 and the substrate pyrimidine
NH specifically at the carbanion-like transition state for formation of the C-6 vinyl carbanion
intermediate (2). This might be the result of reorganization of the substrate at the binding pocket
that accompanies the loss of CO, from the substrate.

2The 30-fold effect of the Q215A mutation on Ky, for OMP reported here is larger than the ca. 4-fold effect from earlier work conducted
at lower ionic strength [ref. 13].
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In summary, application of our two-part substrate analysis to single and double mutant enzymes
provides a detailed description of the stabilizing interactions between two amino acid side-
chains at the active site of OMPDC and of their interactions with the transition state for enzyme-
catalyzed decarboxylation of OMP. We expect that this protocol will be useful in defining the
role in catalysis of the many other interactions between OMPDC its bound ligands.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
X-ray crystal structure (LDQX) of yeast OMPDC complexed with the intermediate analog
BMP (3).
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