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Abstract

The role of a global, substrate-driven, enzyme conformational change in enabling the
extraordinarily large rate acceleration for orotidine 5’-monophosphate decarboxylase (OMPDC)-
catalyzed decarboxylation of orotidine 5’-monophosphate (OMP) is examined in experiments
that focus on the interactions between OMPDC and the ribosyl hydroxyl groups of OMP. The
D37 and T100’ side chains of OMPDC interact, respectively, with the C-3” and C-2’ hydroxyl
groups of enzyme-bound OMP. D37G and T100’A substitutions result in 1.4 kcal/mol increases
in the activation barrier AG* for catalysis of decarboxylation of the phosphodianion truncated
substrate 1-(B-D-erythrofuranosyl)orotic acid (EO), but in larger 2.1-2.9 kcal/mole increases

in AG* for decarboxylation of OMP, and for phosphite dianion-activated decarboxylation of
EO. This shows that these substitutions reduce transition state stabilization by the Q215, Y217
and R235 side chain at the dianion binding site. The D37G and T100’A substitutions result

in <1.0 kcal/mol increases in AG¥ for activation of OMPDC-catalyzed decarboxylation of the
phosphoribofuranosyl truncated substrate FO by phosphite dianion. Experiments to probe the
effect of D37 and T100’ substitutions on the kinetic parameters for p-glycerol 3-phosphate and
p-erythritol 4-phosphate activators of OMPDC-catalyzed decarboxylation of FO show that AG*
for sugar-phosphate activated reactions is increased by ca 2.5 kcal/mol for each —OH interaction
eliminated by D37G or T100’A substitutions. We conclude that the interactions between the D37
and T100’ side chains and ribosyl, or ribosyl-like hydroxyl groups are utilized to activate OMPDC
for catalysis of decarboxylation of OMP, EO, and FO.

Graphical Abstract

“Corresponding Author - Department of Chemistry, University at Buffalo, The State University of New York at Buffalo, Buffalo,
New York, 14260-3000, USA. jrichard@buffalo.edu.

SUPPORTING INFORMATION.

Figures S1 and S2 show representative HPLC chromatograms, obtained at several reaction times, in experiments to monitor the
products of decarboxylation of EO catalyzed by D37G (Figure S1) and T100’A (Figure S2) variants of OMPDC. Figure S3 shows
the increase in [EU]/[E][EO]p with time for T100’A and D37G variant-catalyzed decarboxylation of EO. Figures S4 and S5 show
representative HPLC chromatograms, obtained at several reaction times, in experiments to monitor the products of decarboxylation of
FO catalyzed by the T100’A variant of OMPDC (Figure S4) and T100’A variant-catalyzed decarboxylation of FO activated by DE4P
(Figure S5). The Supporting Information is available free of charge on the ACS Publications website.
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INTRODUCTION

Enzyme catalysis results from stabilization of the enzyme-bound transition state by

the protein catalyst.1=3 Interactions between orotidine 5’-monphosphate decarboxylase
(OMPDC) and the transition state for enzyme-catalyzed decarboxylation of OMP to form
UMP through a UMP-carbanion reaction intermediate (Scheme 1)* ° provide a large 31
kcal/mol transition state stabilization,® but only a modest 8 kcal/mol stabilization of the
Michaelis complex to OMP.” This high specificity in transition state binding is one hallmark
of proficient enzymatic catalysis, and is required to avoid tight, effectively irreversible,
binding of the substrate/product.2

The small fraction of the total ligand binding energy expressed at the Michaelis complex for
OMP reflects partly or entirely the large ligand binding energy utilized to drive a complex
enzyme conformational change of the flexible open form of OMPDC to a stiff, catalytically
active, protein that provides strong stabilization of the decarboxylation transition state.®
Many of the details of this conformational change were revealed in a comparison of the
X-ray crystal structure for unliganded yeast OMPDC, with structures for complexes to

the intermediate analogs 6-hydroxyuridine 5’-monophosphate (BMP, Figure 1)° and 6-aza
uridine 5’-monophosphate (azaUMP).10 Figure 1 illustrates the following for the protein-
BMP complex: (1) The closure of a phosphodianion gripper loop (P202-V220) and a
pyrimidine umbrella loop (A151-T165) over the respective phosphodianion and pyrimidine
substrate fragments. (2) Stabilization of the closed enzyme by a hydrogen bond between

the S154 and Q215 side chains. (3) Movement of the D37 and T100’ protein side chains
into position to form hydrogen bonds to the substrate ribosyl hydroxyl groups. (4) The
intra-subunit motion of an a-helix (G98’-S106") towards the substrate ribosyl ring bound at
the main subunit.

This manuscript will focus on the hypothesis that protein motions, which produce contacts
between the D37 and T100’ side chains and the OMP hydroxy! groups, activate OMPDC
for catalysis of decarboxylation at the orotate ring.8 The transition state for OMPDC-
catalyzed decarboxylation of the phosphoribofuranosyl truncated fragment 5-fluoroorotate
(FO) is stabilized by 5.2, 7.2 and 9.0 kcal/mol, respectively, by 1.0 M phosphite dianion,
p-glycerol 3-phosphate dianion (DG3P) and p-erythritol 4-phosphate dianion (DE4P) (Chart
1).11 These results show: (i) Phosphite dianion provides strong activation of OMPDC
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for catalysis of decarboxylation of both the phosphodianion truncated substrate (1-p-D-
erythrofuranosyl)orotate (EO) and the phosphoribofuranosyl truncated substrate FO. (ii)
Interactions with activator hydroxyls at positions sterically equivalent to the C-2” and C-3’
hydroxyls of OMP stabilize the transition state for OMPDC-catalyzed decarboxylation of
FO by ca 2 kcal/mol/hydroxyl.11

The D37 and T100’ side chains lie ca5 A from the C-3’ and C-2’ ribosyl-OH, respectively,
at the hypothetical complex of the intermediate analog BMP bound to the open form of
OMPDC (Figure 1). The side chains move >2 A upon substrate binding, and form contacts
to ribosyl -OH groups that stabilize the active closed enzyme relative to the inactive open
form. We report here the results of experiments designed to establish whether protein
motion that positions the D37 and T100’ side chains of OMPDC to interact with the

ribosyl hydroxyls of OMP play a role in enzyme activation similar to that documented for
motion of phosphodianion gripper side chains towards bound dianion.12: 13 We previously
reported the effect of D37G/A and T100’G/A substitutions on the kinetic parameters for
OMPDC-catalyzed decarboxylation of OMP and FOMP, and on the stability of the active
enzyme dimer relative to the inactive monomer.1# We report here the results of experiments
to determine the contribution of these side-chain interactions to stabilization of the transition
states for the unactivated and small sugar dianion-activated decarboxylation reactions of
truncated substrates EO and FO.

EXPERIMENTAL

Materials.

The trisodium salt of orotidine 5’-monophosphate (OMP) was prepared by modification of a
published enzymatic methods,® from orotate and phosphoribosylpyrophosphate.16: 17 1-(p-
D-erythrofuranosyl)orotate (EO) and 1-(B-D-erythrofuranosyl)uridine (EU) were prepared
by published procedures.1® Uridine (99%), 5-fluoroorotic acid (FO, 98%), 5-fluorouracil
(FU, =2 99%), 3-(N-morpholino)propanesulfonic acid (MOPS, = 99.5%), p-erythritol 4-
phosphate (DE4P, lithium salt, = 95%), the lithium salt of L-glycerol 3-phosphate (LG3P,

> 95%) and the sodium salt of b,L-glycerol 3-phosphate (DLG3P, = 95%) were purchased
from Sigma-Aldrich. Formic acid (88% solution), sodium hydroxide (1.0 N), hydrochloric
acid (1.0 N), sodium chloride and Amicon® centrifugal filters with 10-kDa molecular weight
cutoff were purchased from Fisher. Ammonium acetate (HPLC grade) was purchased from
Fluka. Sodium phosphite pentahydrate (Na,HPO3¢5H,0) was purchased from Riedel-de
Haén. Water was purified using a Milli-Q Academic purification system. All other chemicals
were reagent grade or better and were used without further purification. The procedures for
the preparation, overexpression and purification of T100’A and D37G variants of orotidine
5’-monophosphate decarboxylase from Saccharomyces cerevisiae were described in an
earlier publication.1

Preparation of Solutions.

Solution pH was determined at 25 °C using an Orion Model 720A pH meter equipped with
a Radiometer pHC4006-9 combination electrode that was standardized at pH 4.00, 7.00 and
10.00 at 25 °C. Stock solutions of sodium phosphite (p&; = 6.4,1° 100 mM, 80% dianion),
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DE4P (100 mM, 90% dianion)1, LG3P (100 mM, 90% dianion)!! and DLG3P (100 mM,
90% dianion)!! were prepared at pH 7.0 by dissolving the salt in water and adjusting the pH
to 7.0. MOPS buffers at pH 7.0 were prepared by addition of measured amounts of 1.0 N
NaOH and solid NaCl to give the desired acid/base ratio and ionic strength. A stock solution
of ammonium acetate was prepared by dissolving the salt in water and adjusting the pH to
4.2,

Stock solutions of OMP (20 mM) and the HPLC standards uridine, FU and EU were
prepared by dissolving the solids in water, and adjusting the solution to the desired pH.

The stock solution of EO (20-30 mM) was prepared by dissolving the free acid in water,
and adjusting to pH ~ 6-7 using 1.0 N NaOH. The stock solution of FO (ca50 mM) was
prepared by dissolving the free acid in water, passing this solution through a 0.45 uM sterile
filter syringe and adjusting the pH to ~7.0 using 1.0 N NaOH. The stock solutions of OMP,
EO and FO were stored at — 20 °C prior to use. The concentrations of stock solutions of
substrates or decarboxylation reaction products in 0.10 M HCI were determined from the
absorbance at Amax and using the following extinction coefficients: OMP, Apax = 267 nm
and e = 9430 M1 cm™1:20 EO, Ajpax = 267 nmand e = 9570 M2 cm™1;13 FO, A jpax = 285
nm and e = 7070 M~ cm~1:21 uridine, Amax = 262 nm and e = 10100 M~ cm~1 and FU,
Amax = 265 nm and e = 7100 M1 ¢m=1.2

Stock solutions of T100’A and D37G OMPDC were dialyzed against the MOPS buffer used
in the particular experiment. The concentration of variant OMPDC in these stock solutions
was determined from the absorbance at 280 nm using an extinction coefficient of 29 900
M~1 cm™1, that was calculated using the ProtParam tool available on the ExPASy server.22:23
The decarboxylation of OMP was monitored, in standard enzyme assays, by following the
decrease in absorbance at 279 nm.24

Kinetic Studies.

These studies were at 25 °C and pH 7.0, in solutions that contain 10 mM or 25 mM MOPS
buffer. The more rapid reactions were monitored using either a temperature-controlled Cary
3500 Multicell Peltier UV-Vis spectrophotometer or a Cary 3E spectrophotometer equipped
with a temperature-controlled Peltier block multicell changer. The nonlinear least squares fit
of plots of kinetic data to the appropriate kinetic equations were obtained using Prism 8 for
MacOS from GraphPad Software.

Decarboxylation of EO catalyzed by T100" and D37 variants of OMPDC.—The
unactivated decarboxylation of EO, and the reactions activated by 0.5 or 1 mM phosphite
dianion were monitored in 200-pL solutions that contained 25 mM MOPS at pH 7.0 (/=
0.14, NaCl), 5-6 mM EO and 0.0045-0.34 mM of the D37G or T100’A variant enzyme.

At measured reaction times 20 L aliquots were withdrawn and the enzyme was quenched
by mixing with 180 pL of 2.6 mM formic acid water, which contained 40 pM of the

internal standard 5-fluorouracil (FU). The enzyme was removed by ultrafiltration through an
Amicon Ultra device (10K molecular weight cutoff) that had been washed 2 to 3 times with
400 pL of water.
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The reactions were followed for up to ten hours, during which time = 2% of EO was
consumed. Periodic assays showed the enzyme maintained full (>95%) activity during this
time. The relative concentrations of reactant EO and product EU present in the resulting
filtrate were determined by HPLC analyses, as described in earlier work.18: 24 Initial reaction
velocities (15, M s71) were determined as the slopes of linear plots of [EU]; against time
over the first ca 2% reaction. The observed second-order rate constants (Acat/ Km)obs (M1
s~1) were determined using eq 1.

(kcat! Km)obs = UO/[E] [EO]O (1)

The phosphite-dianion activated OMPDC-catalyzed decarboxylation of EO was monitored
in 1.0 mL solutions that contain 25 mM MOPS at pH 7.0 (/= 0.14, NaCl), either 0.144

mM EO (D37G) or 0.185 mM EO (T100’A), and the following range of concentrations

of enzyme and phosphite dianion: T100°’A OMPDC, 17-28 uM enzyme and 2-14 mM
HPO32™; D37G OMPDC, 15 pM enzyme and 2-10 mM HPO32~. The reactions were
initiated by addition of variant OMPDC. The initial reaction velocity v, was determined

by monitoring the decrease in absorbance at 279 nm (Ae = 3370 M~1 cm™1) for reactions
at [EO] = 0.144 mM or 0.185 mM, over the first 5% reaction. Observed second-order

rate constants (Acat/ Km)obs (M1 s71) for variant-catalyzed decarboxylation were determined
using eq 1.

OMPDC-Catalyzed Decarboxylation of FO.—The decarboxylation of FO catalyzed

by T100’A and D37G variants of OMPDC was followed by monitoring formation of the
product FU in HPLC analyses. Reaction solutions were prepared in a volume of 0.50 mL to
contain: 10 mM MOPS at pH 7.0, 5 mM or 10 mM FO, and 0.6-0.9 mM T100’A variant

or 0.75-1.0 mM D37G variant OMPDC at /= 0.15 (NaCl). The reactions at 25 °C were
monitored for up to 20 days during which time < 0.07% of FO was converted to product FU.
The enzyme-activity for catalysis of decarboxylation of OMP was monitored during these
reactions, and no significant decrease (< 10%) was observed, except for the unactivated
reactions of D37G OMPDC, where after seven days there is a >95% decrease in activity.

Reactions in the presence of dianion activators were in 0.50 mL solutions that contained
10 mM MOPS at pH 7.0 and /= 0.15 (NaCl), 5 mM FO and the specified concentrations
of dianion activator and variant OMPDC. (1) DE4P (2.5-20 mM) and 0.15 mM T100’A
OMPDC or 0.2 mM D37G variant OMPDC. The reactions were followed for 6 days by
HPLC analyses during which time up to 0.80% of FO was converted to FU. (2) DLG3P
(5-40 mM) and 0.17 mM T100’A variant OMPDC. The reactions were followed for 6
days, during which time up to 0.5% of FO was converted to product FU. (3) Phosphite
dianion (2.5-40 mM) and 0.55-0.75 mM T100’A or 0.6-0.8 mM D37G variant OMPDC.
The reactions were followed for 6 days, during which time up to 0.2% of FO was converted
to product FU. (4) LG3P dianion (5-40 mM) and 0.3 mM T100’A variant OMPDC. The
reactions were followed for 5 days, during which time up to 0.2% of FO was converted to
product FU. The enzyme-activity was monitored during these reactions, and no significant
decrease in activity (< 10%) was observed.
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HPLC product analysis.—At measured times, 50 uL aliquots were withdrawn from

the 0.50 mL solution, and the reaction quenched by mixing with 100 pL or 150 pL of

2.5 mM formic acid in water that contained 10-20 uM of the internal standard uridine.

The protein catalyst was removed by ultrafiltration using an Amicon filter unit (10-kDa
molecular weight cutoff) that had been prewashed 3—-4 times with 400 pL of water. The
resulting filtrate was analyzed by HPLC using a Waters Atlantis AC1g 3 um (3.9 x 150 mM)
with isocratic elution by 10 mM NH4OAc at pH 4.2 for ca. 12 min, with a flow rate of

1.0 mL/min and peak detection at 265 nm.11 The peak areas determined for the FU product
were normalized using the observed peak area for the uridine internal standard, and the
peak area for uridine determined by direct HPLC analysis of the formic acid/uridine quench
solution prior to filtration. This was necessary to correct for a small variable dilution of

the sample during its passage through the prewashed filtration device. The concentration of
the product FU in the reaction mixture at a given reaction time, [FUJ;, was obtained from
the normalized product peak area (Anor), by interpolation of a standard curve of peak area
against [FU] that was constructed for a standard solution of FU. Initial reaction velocities
for variant OMPDC-catalyzed decarboxylation of FO (15, M s™1) were determined as the
slopes of linear plots of [FU]; against time over the first < 2% reaction. Observed second-
order rate constants (Acat! Km)obs (M1 s71) for the enzymatic reaction were determined using
eq 1.

The unactivated variant OMPDC-catalyzed decarboxylation of the phosphodianion truncated
substrate EO, and the reactions activated by 0.5 and 1 mM phosphite dianion were followed
at 25 °C using a discontinuous HPLC assay to monitor formation of product EU.18: 24

The phosphite dianion activated reactions at > 1 mM phosphite were monitored by UV
spectroscopy. Figure S1 and S2 from the Supporting Information (SI) show representative
HPLC chromatograms obtained while monitoring the unactivated decarboxylation of EO to
form EU for reactions catalyzed, respectively, by the T100’A and D37G variants. Figure S3
shows the increase in [EU]/[E][EO], with time for these variant-catalyzed decarboxylation
reactions. The slopes of these linear correlations are equal to the values of (Aea/ Km)e
reported in Table 1. Figure 2 shows the dependence of apparent second-order rate constants
(Keat! Kim)obs for decarboxylation of EO catalyzed by the T100’A and D37G variants of
OMPDC on the concentration of [HPO327] (Scheme 2), where the values of (Azat Kim)obs
were determined from the initial velocity (1) using eq 1. The slope of the linear correlation
of data for reactions catalyzed by the T100°A variant is equal to the third order rate constant
(keat! Kim)E-Hpil Kg = 85 M2 571 (Scheme 2, Ky > [HPO327]). The nonlinear least-squares
fit of data for D37G variant-catalyzed decarboxylation of EO to eq 2 (Scheme 2, (Aqat/
Km)e-Hpi > (keat! Km)e) gave values of (keat/Km)e-npi = 1.5 M™1s71, K5 =5.1 mM and
(Kcat! Kim)E-Hpil Kg = 290 M2 571 (Table 1).

The formation of FU from FO in decarboxylation reactions catalyzed by D37G and
T100’A variants of OMPDC was monitored by HPLC, following the protocol developed

to monitor the wild type OMPDC-catalyzed reaction.1! Representative chromatograms from
HPLC analyses of the products of the unactivated decarboxylation of FO catalyzed by
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the T100’A variant of OMPDC are shown in Figure S4 of the SI. This enzyme-catalyzed
decarboxylation reaction of FO (ca.0.9 mM) was followed for up to 0.07% reaction over a
period of 20 days, during which time the enzyme maintained > 90% of the initial activity.
It was not possible to obtain kinetic parameters for unactivated D37G variant-catalyzed
decarboxylation of FO because this variant (ca. 0.9 mM) precipitates from solution and
loses ca. 95% of its catalytic activity towards decarboxylation of OMP over a period of
seven days.

(kcat/ Km)EcAct[ACt]
(kcat/Km)obs = kd ¥ [Act] (2

Figure 3A shows the increase in [FU]/[E] against time for T100’A variant OMPDC-
catalyzed reactions of [FO], =5 mM [@, O] and [FO], = 10 mM [M, O], where the

open and closed symbols show data from separate experiments carried out with different
preparations of the enzyme. The error bars for the open symbols show the range of values
of [FU)/[E] obtained for replicate determinations. The slopes of these linear correlations
are v,/[E] = Agps- Figure 3B shows the increase in kppg With increasing [FO] determined
from the slopes of the linear correlations from Figure 3A. The error bars for Figure 3B
show the uncertainty in the values of & obs estimated as the standard deviation for the linear
least-squares slopes determined for Figure 3A. The slope of the linear correlation from
Figure 3B is equal to the value of (Aai/ Km)e (Scheme 2) for the T100° A variant-catalyzed
decarboxylation of FO reported in Table 2.

Representative chromatograms from HPLC analyses of the products of p-erythritol 4-
phosphate dianion (DE4P)-activated decarboxylation of FO catalyzed by the T100’A variant
of OMPDC are shown in Figure S5 of the SI. Figures 4A-4D show the increase in [FU]/[E]
[FO], with time for T100’ A variant-catalyzed decarboxylation of FO in the presence of
increasing concentrations of dianion activators: D-erythritol 4-phosphate dianion (DE4P),
Figure 4A; a racemic mixture of b- and L-glycerol 3-phosphate (DLG3P), Figure 4B;
L-glycerol 3-phosphate (LG3P), Figure 4C; and, phosphite dianion, (Figure 4D). The slopes
of linear correlations from Figure 4 are equal to the second-order rate constants (Acat/ Km)obs
for the variant-catalyzed reactions at the specified concentration of activator.

The D37 variant maintained >90% of enzyme activity during five day reactions of FO in
the presence of DE4P, DLG3P, LG3P and phosphite dianion activators. Figures 4E and 4F
show the increase in [FU]/[E][FO], with time for D37G variant-catalyzed reactions in the
presence of increasing [DE4P] (Figure 4E) and [HPO327] (Figure 4F) activators. The slopes
of these linear correlations are equal to the second-order rate constants (Aga/ Km)ops for the
D37G variant-catalyzed reactions at the specified concentration of activator.

Figure 5 shows the increase in (gat/ Kim)obs, With increasing [HPO327] (Figure 5A) or
[DE4P] (Figure 5B) activators for decarboxylation of FO catalyzed by D37G and T100°A
variants of OMPDC. Figure 6 shows the increase in (Acat/ Km)obs for decarboxylation of FO
catalyzed by the T100’A variant in the presence of increasing concentrations of racemic
DLG3P (Figure 6A) or LG3P (Figure 6B). The solid lines in Figures 5 and 6 show the
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least-squares fit of data to eq 2, where (ks Kin)eeHpi >> (Kcat/ Km)e- The slopes of the linear
correlations (Ky » [Act]) are equal to the values of (Acat/ Km)e.Act! Ky reported in Table 2.
In cases where curvature is observed, the values of (Aqat/ Km)e.act and Ky obtained from

the fit of the data are also reported. There is good agreement between the values of Ky =
5.1 mM and 4.7 mM, respectively, determined for phosphite dianion activation of D37G
variant-catalyzed decarboxylation of EO and FO.

We were not able to obtain enantiomerically pure DG3P. This has the same configuration
as the C-3 ribosyl carbon of OMP, where the C-3 hydroxyl group is positioned at OMPDC
to interact with the D37 side chain (Figure 1). The value of (Akeat/ Kin)eeact! Kg = (1.7 £

0.2) x 1073 M~2 571 for activation of T100’A variant-catalyzed decarboxylation of FO

by racemic DLG3P is significantly larger than (Acat/ Km)e-act/ Kg = (5.3 £0.2) x 1074

M=2 571 determined for activation by LG3P (Table 2). This shows that the DG3P is more
reactive as an activator than LG3P, presumably because of the interaction with the D37 side
chain. The value of (kgat! Kim)e.act! K = (2.9 £ 0.3) x 1073 M~2 s~ for DG3P-activated
decarboxylation of FO catalyzed by the T100’A variant (Table 2) was calculated from the
kinetic parameters for activation by the racemic DLG3P mixture and by LG3P alone, using
eq 3, where (kact)xgap are third-order rate constants (Azat/ Kim)e-act! Kg for activation by
individual enantiomers of G3P or the racemic mixture.

(kacT)pasp = 2(kact)pLaap — (kacT)Laap ®)

No products of the D37G variant-catalyzed decarboxylation of FO were observed over a
period of 5 days, for reactions in the presence of 0.040 M DLG3P or 0.040 M LG3P.

Our experimental methods could have detected a D37 variant-catalyzed decarboxylation
reaction with an apparent second-order rate constant of (Agat/ Km)obs = 1.8 X 1076 M1 571,
Combining this with 0.040 M, the largest activator concentration used in these experiments,
gives an upper limit of (kear! Kim)e.act/ Kg < 5 % 1075 M~2 571 for activation of this variant by
DLG3P or LG3P reported in Table 2.

Previous studies on OMPDC have shown that the productive binding of phosphite dianion
activator to wild type OMPDC or variant enzymes is weak, (Kyg ~ 0.1 M)18:24-26 hecause
the strong dianion binding energy is only expressed at the transition state for OMPDC-
catalyzed decarboxylation.3 This is also the case for dianion activation of T100’A variant-
catalyzed reactions of EO (Figure 2) and FO (Figures 5 and 6). By comparison, the
saturation of the D37G variant by phosphite and DE4P dianions (Figures 2 and 5) is
consistent with two binding modes for these activators: (i) Productive binding, similar to
that for wild type and T100’A OMPDC, where the activator binding energy is specifically
expressed at the decarboxylation transition state. (ii) A nonproductive binding conformation
that controls the shape of kinetic plots for the D37G variant. Nonproductive binding, with a
higher affinity than for productive binding, will result in decreases in the values of both Kj
and (Acat! Km)e-act (Scheme 2), but will not affect the value of (Acat/ Kin)eeact! Ky determined
for reactions in the presence of low concentrations of the activator, where the variant enzyme
exists mainly in the unliganded form.
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DISCUSSION

OMPDC provides a 31 kcal/mol stabilization of the decarboxylation transition state that

is divided approximately equally between interactions with the three substrate fragments
(Figure 7).11 The total transition state stabilization is much larger than the 8 kcal/mol
stabilization of the Michaelis complex, and one goal of our studies on this enzyme has

been to partition the total binding interactions into interactions expressed at the reaction
ground state, and interactions that are only expressed as stabilization of the decarboxylation
transition state.

The Q215, Y217 and R235 side chains interact with the phosphodianion of OMP. The
side chains are distant from the site of decarboxylation at the orotate ring, yet provide a
total 12 kcal/mol stabilization of the transition for OMPDC-catalyzed decarboxylation of
OMP,18 an 8 kcal/mol stabilization of the transition state for phosphite dianion activated
decarboxylation of EO,12: 18 put no detectable stabilization of the transition state for
decarboxylation of EO alone.12:13 These results provide support for a model where ca

4 of the total 12 kcal/mol of dianion interactions are expressed at the ground-state
complex, and ca 8 kcal/mol of the dianion interactions are utilized to drive an energetically
unfavorable enzyme conformational change, from a floppy inactive open enzyme, to the
rigid catalytically active protein cage.8 27: 28

OMPDC-catalyzed decarboxylation of FO is strongly activated by the binding of small
sugar phosphate analogs of the phosphoribofuranosyl truncated substrate piece.ll The
mechanism for sugar phosphate activation appears similar to that for phosphite dianion
activation of OMPDC for catalysis of decarboxylation of EO, because the binding
interactions of dianion gripper (Q217, Y217 and R235) and hydroxy! gripper (D37 and
T100’) amino acid side chains are utilized to stabilize a closed conformation of OMPDC
(Figure 1).

OMPDC-Catalyzed Decarboxylation of EO Catalyzed by D37 and T100’ Variants.

The D37G and T100’A substitutions at yeast OMPDC cause 2.1 and 2.3 kcal/mol increases,
respectively, in AG* for A/ Kiy, for decarboxylation of OMP (Table 3), while the D37A and
T100°G substitutions result in larger 4 and 5 kcal/mol increases.14 It was concluded that the
effects of D37G and T100’A substitutions on AG* are localized to stabilizing interactions
with the substrate phosphoribofuranosyl moiety, and that the larger effects of D37A and
T100’G substitutions are due to additional increases in the barrier to a slow, partly

rate determining, enzyme conformational change.1 We have focused on the D37G and
T100’A substitutions, because their effects are due mainly to the elimination of interactions
between OMPDC and the C-3’ (D37G) or C-2’ (T100’A) hydroxyl groups of the substrate
OMP. The effects of the T100’A and D37G substitutions on AG* for OMPDC-catalyzed
decarboxylation of the whole substrate OMP and on the substrate pieces EO + phosphite
dianion pieces are compared in Table 3. The 2.9 and 2.2 kcal/mol effects, respectively,

of the T100°A and D37G substitutions on AG¥ of activation for decarboxylation of the
substrate pieces are similar to their 2.3 and 2.1 kcal/mol effects on AG* for decarboxylation
of OMP.12,29
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Table 3 shows that the 2.3 and 2.1 kcal/mol effects, respectively, of T100’A and D37G
substitutions on AG* for decarboxylation of OMP may be partitioned into a 1.4 kcal/mol
increase in AG* decarboxylation of EO, due to loss of an interaction with a substrate
ribofuranosyl hydroxyl, and 0.9 and 0.7 kcal/mol decreases in transition state stabilization
by protein interactions with the substrate dianion. This corresponds to a 5-10% reduction
in transition state stabilization from interactions with the phosphodianion of OMP [intrinsic
dianion binding energy].2 The intrinsic dianion binding energy, calculated from the ratio

of values of A,/ Kiy, for wild type and variant OMPDC-catalyzed decarboxylation of OMP
and EO (Table 1), decreases from 11.7 kcal/mol for wild type OMPDC2 18 t0 10.8 and
11.0 kcal/mol respectively, for T100°A and D37G variants. Removal of the ribosyl ring
from EO results in a related 2.5 kcal/mol decrease in AG¥,¢; (eq 4 and Scheme 4) for
stabilization of the decarboxylation transition state by phosphite dianion, from 7.7 kcal/mol
for decarboxylation of EO,8 to 5.2 kcal/mol for decarboxylation of FO (Chart 1).11

These results show that ribosyl hydroxyl groups are required for the observation of optimal
stabilizing interactions between OMPDC and enzyme-bound dianions. They are consistent
with an interaction between the phosphodianion and ribosyl binding sites. There is a chain
of two water molecules that connect the substrate phosphodianion and the T100’ side chain
(Figure 8). We suggest that this chain is essential to optimize protein-dianion interactions,
and that perturbation of the chain by the T100’A and D37G substitutions has the effect of
weakening stabilizing protein-dianion interactions.

Kd(kcat/Km)o

— = 79 4
(kcat/Km)Act @

AGh, =RTInKL, = - RTln(

OMPDC-Catalyzed Decarboxylation of FO by D37G and T100’A Variants.

Chart 2 compares the effect of D37G and T100A substitutions on AG*,; for dianion
activated OMPDC-catalyzed decarboxylation of FO, calculated from data in Table 2.
The substitution of the T100’ side chain has little effect on the activation barrier to
decarboxylation of FO (Table 2), because this side chain does not interact with the
decarboxylation transition state.

The D37 side chain interacts with the C-3 ribofuranosyl hydroxyl of OMP, which binds

to OMPDC in the same orientation of the C-3 hydroxyl of DG3P. The larger effect of

the D37G (> 3.2 kcal/mol) compared to T100°A (1.3 kcal/mol) substitution on AG*,; for
DG3P-activated decarboxylation of FO (Chart 2) shows that these substitutions eliminate
the side chain-activator interactions with D37 but not T100°. There are no direct interactions
of the T100’ side chain with either phosphite dianion or DG3P activators, so that the 0.9
and 1.3 kcal/mol effect, respectively, of the T100’A substitution on AG¥,; (Chart 2) are
consistent with a role for the T100” side chain in optimizing transition state stabilization by
interaction with dianion activators, as discussed above.

The D37G and T100’A substitutions result in 2.5 and 2.8 kcal/mol increases, respectively,
in AG*, for DE4P-activated decarboxylation of FO (Chart 2), consistent with similar
stabilizing side chain interactions with the C-3 and C-2 activator hydroxyls, respectively.
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These effects of D37G and T100’A substitutions on AG¥,; are similar to their effects

on AG* for decarboxylation of the whole substrate OMP and the substrate piece EO +
phosphite dianion (Table 3). We conclude that these side chains exhibit similar stabilizing
interactions with the transition states for OMPDC-catalyzed decarboxylation of OMP (Table
3), for phosphite dianion activated decarboxylation of EO (Table 3), and for DE4P activated
decarboxylation of FO (Chart 2). The results support the conclusion that the side chains
function to hold OMPDC in the closed conformation that provides effective catalysis of
decarboxylation of the orotate rings at OMP, EO and FO.

The Enzyme-Activating Conformational Change.

Scheme 5 was proposed to rationalize activation of OMPDC-catalyzed decarboxylation of
the truncated substrate EO by phosphite dianion.” This Scheme is essentially the same as
for Koshland’s induced fit model.3% 31 Unliganded E is inactive, because the catalytic
side chains are poorly positioned to interact with the enzyme-bound transition state; and,
the active enzyme E is present in exceedingly low concentrations (K¢ < 1). Phosphite
dianion activates OMPDC for catalysis of decarboxylation by causing an increase in the
concentration of active enzyme Ec. The observed binding affinity of phosphite dianion
(Ky = 0.1 M) is much weaker than the affinity of the dianion for the active enzyme

Ec,18 because most of the dianion binding energy is used to drive the activating enzyme
conformational change from Eq to E¢ [(Ky)obs = Kg'/ Kc, Scheme 5)

Figure 1 shows that the side chains of OMPDC that interact with the substrate
phosphodianion and the ribosyl ring are positioned to drive the expansive activating
conformational change from Eg to active Ec. We have examined nine variants of OMPDC,
prepared by single or pairwise substitutions of six side chains that interact with either the
substrate phosphodianion (Q215, Y217 and R235),12: 13,32, 33 the 9215 side chain and
substrate pyrimidine ring (S154),24 or a ribosyl -OH (D37 and T100°) (Table 3). Figure

9 shows a linear logarithmic correlation, with slope 1.05 + 0.07, of rate constants (Acat/
Km)owmp for direct decarboxylation of OMP and (Azat/ Km)e.act/ Kg for phosphite dianion
activation of the reaction of EO (Scheme 2) for reactions catalyzed by wild type OMPDC
and these variants. This linear correlation shows that the transition states for the enzyme-
catalyzed reactions of whole substrate OMP and the phosphite dianion activated reaction
of EO are stabilized by essentially the same interactions with the substituted protein side
chains. They are rationalized by Scheme 5, where the binding interactions of each of these
six side chain are utilized to hold OMPDC in the active closed conformation E¢, which
shows the same catalytic activity for decarboxylation of the whole substrate OMP and the
HP; + EO substrate pieces.12 2729, 34,35

Imperatives for Enzyme-Activating Conformational Changes.

The results of our studies on OMPDC,18 TIM,36 and GPDH?? and several glycolytic
enzymes,37: 38 have shown that the binding energy of their substrate phosphodianions is
utilized to mold these catalysts into catalytically active forms (Scheme 5). The present
work shows that the global enzyme-activating conformational change for OMPDC involves
interactions of the protein with both the substrate phosphodianion and ribosyl hydroxyl
groups, where the interactions between these fragments provide a 22 kcal/mol stabilization
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of the transition state. One difficult challenge met during the evolution of OMPDC was the
coordination of motions of the several mobile protein structural elements that interact with
phosphodianion and ribosyl hydroxyl groups of OMP at the closed enzyme. This includes
the a-helix (G98’-S106"), which lies at a second protein subunit. The identification of
amino acid sequences capable of undergoing such activating protein conformational changes
represents a difficult challenge for those occupied with the design of proteins that show
enzyme-like activity.

We note at least three imperatives that propelled the evolution of enzyme catalysts that
conform to Scheme 5.

1. The primary advantage to catalysis at cages, where the protein surrounds the
substrate, is that these active sites provide for optimal stabilizing protein-ligand
interactions.3% However, trapping the substrate in a protein cage precludes
formation of the Michaelis complex by the direct binding and release of the
ligand. Therefore, the substrate first binds to an exposed enzyme active site, and
the large ligand binding energy is then used to mold the flexible protein structure
into the more rigid protein cage.*% A large fraction of this ligand binding energy
is specifically expressed at the decarboxylation transition state, and results in the
observed high specificity in transition state binding.

2. The relatively nonpolar environment of protein cages, compared to aqueous
solution, strongly promotes catalysis of many reactions, such as enzyme-
catalyzed reactions that proceed through radical intermediates which do not
form at an appreciable rate in water.#1: 42 |t also holds for OMPDC, where
hydrophobic F89, 1183 and 1232 side chains line the carboxylate anion binding
pocket. These side chains provide a local hydrophobic environment, that interacts
favorably with nascent CO, at the late decarboxylation transition state.* 43. 44

3. One requirement for efficient catalysis by enzymes, which show very strong
stabilizing interactions with their protein bound transition states, is that the
ligand binding energy not be fully expressed at the reaction ground state. This
avoids tight and effectively irreversible ligand binding.2 3 The use of substrate
binding energy to drive protein conformational changes, in turn, avoids the full
expression at the Michaelis complex of the large binding energies required for
effective transition state stabilization. This substrate-induced induction of strain
into protein catalysts represents a readily generalizable mechanism for obtaining
specificity in transition state binding.2

The binding energy of the adenosy! groups of substrates ATP and AMP is utilized to drive
a large change in the conformation of adenylate kinase from Eq to E¢ (Scheme 5).4°

The interactions between the adenosyl group of AMP and adenylate kinase stabilize the
transition state for enzyme-catalyzed phosphoryl transfer from ATP by >14.7 kcal/mole,
while interactions with the substrate piece (1-p-D-erythrofuranosyl)adenine stabilize the
transition state for phosphoryl transfer from ATP to phosphite dianion by =8.7 kcal/mole.*6
There are many other enzyme conformational changes that occur upon substrate binding,
which may facilitate catalysis by stabilizing the structure for a catalytically active closed
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form of the catalyst, relative to the open form that binds substrate. These include: (/) The
conformational changes driven by protein interactions with the coenzyme A fragment of
thioester substrates, such as for the reaction catalyzed by coenzyme A transferase.*’ (/i)
The conformational change driven by interactions with the adenosyl groups of adenine
nucleotide substrates for other enzyme-catalyzed phosphoryl transfer reactions. (//7) The
conformational change driven by interactions with the ADP-ribosyl fragment of the NAD
cofactor for the hydride transfer reaction catalyzed by alcohol dehydrogenase.*8

In conclusion, these results add to the body evidence that enzyme-activation by binding
interactions of proteins with remote substrate pieces is the result of utilization of the intrinsic
substrate binding energy to drive protein conformational changes that stabilize active closed
forms of enzyme catalysts. In other words, the difference between the intrinsic and observed
substrate binding energies is the binding energy utilized to drive the conformational change
that generates the catalytically active enzyme.2 3 The failure to develop computational
models for this important role for protein conformational changes in enzyme catalysis is
due, in part, to the difficulty in calculating ligand binding energies, when ligand binding is
coupled to a large protein conformational change. The development of these protocols is
necessary to model substrate binding, in cases such as OMPDC where a large fraction of the
intrinsic binding energy is used to drive an extensive protein conformational change.
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ABBREVIATIONS.
OMPDC orotidine 5’-monophosphate decarboxylase
OMP orotidine 5’-monophosphate
UMP uridine 5’-monophosphate
EO 1-(B-D-erythrofuranosyl)orotic acid
EU 1-(a-D-erythrofuranosyl)uracil
FO 5-fluoroorotic acid
FU 5-fluorouracil
MOPS 3-(N-morpholino)propanesulfonic acid
DE4P p-erythritol 4-phosphate
DLG3P D,L-glycerol 3-phosphate
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DG3P p-glycerol 3-phosphate

LG3P L-glycerol 3-phosphate

Act Activator
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Figure 1.
Superposition of representations of the X-ray crystal structure of the unliganded open

form of yeast OMPDC (gold, PDB 1DQW) and of the closed enzyme (blue, PDB 1DQX)
complexed to the tight binding inhibitor 6-hydroxyuridine 5’-monophosphate (BMP, green).
The inhibitor complex is stabilized by movement of Q215 and R235 side chains towards

the ligand phosphodianion, and of the S154 side chain at a pyrimidine umbrella loop into

a position to hydrogen bond to the Q215 side chain. The D37 and T100’ side chains are
shown in gold for unliganded OMPDC. They are an estimated 5.3 A and 5.0 A, respectively,
from the C-3’-OH and C-2’-OH ribosyl-OH at the hypothetical BMP ligand, which is
superimposed with BMP bound to the closed enzyme. The D37 and T100’ side chains are
shown in blue for the closed BMP complex. They lie 2.7 A and 2.8 A, respectively, from the
C-3’-OH and C-2’-OH groups of the ligand.
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0.0 12
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Figure 2.
The effect of increasing concentrations of phosphite dianion on (Agai/ Kin)obs for

decarboxylation of EO catalyzed by variants of OMPDC at pH 7.0, 25 °C and /=0.14
(NaCl). The solid lines show the fits of the experimental data to eq 2, where Ky » [HPO327]
for dianion activation of the T100’A variant.
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Figure 3.
(A) The increase in [FU)/[E] against time for T100’A variant OMPDC-catalyzed

decarboxylation reaction of FO at pH 7.0 (10 mM MOPS), 25 °C and /= 0.15 (NaCl). The
slopes of these linear correlations are equal to Ay for enzyme-catalyzed decarboxylation.
Key: (@), 5mM FO and (H), 10 mM FO. The open and closed symbols show results from
separate experiments. (B) The increase in kyps With increasing concentrations of FO, with
slope equal to (kcat/ Kim)e (Scheme 2) for variant-catalyzed decarboxylation of FO.
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The effect of increasing concentrations of activator dianion on T100’A (Figure 4A-4D) and
D37G (Figure 4E-4F) variant OMPDC-catalyzed decarboxylation of FO ([FO], =5 mM)
to form product FU for reactions at 25 °C, pH 7.0 (10 mM MOPS) at /= 0.15 (NaCl). The
slopes of these linear correlations are equal to (Agat Km)obs (M1 s71) for variant-catalyzed
decarboxylation at the specified concentration of activator.
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Figure 5.
The increase in (Awat/ Ki)obs at increasing concentrations of dianion activators for

decarboxylation of FO catalyzed by D37G and T100’A variants of OMPDC at pH 7.0,
25 °C and /=0.15 (NaCl). (A) Activation by phosphite dianion. (B) Activation by DE4P
dianion.
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Figure 6.
The increase in (Acat/ Kim)obs at increasing concentrations of dianion activators for

decarboxylation of FO catalyzed by the T100’A variant of OMPDC at pH 7.0, 25 °C and /=
0.15 (NacCl). (A) Activation by DLG3P dianion. (B) Activation by LG3P dianion.
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Figure 7.
Contribution of the Substrate Fragments to the Total Intrinsic Substrate Binding Energy for

OMPDC-Catalyzed Decarboxylation.
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Figure 8.

A pancake representation of yeast OMPDC complexed with an intermediate analog 6-
hydroxyuridine 5’-monophosphate (BMP) adapted from PDB 1DQX. The representation
shows contacts between the protein and the ligand phosphate group (red dashed lines),
ribose ring (green dashed lines), and pyrimidine ring (blue dashed lines). The D37 and

T100’ side chains form hydrogen bonds to the C-3” and C-2’ ribosyl hydroxyls, respectively,

and interact with one another and the phosphodianion through a chain of two water
molecules.
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Figure 9.
Linear free energy relationship, with slope 1.05 + 0.07, between second-order rate

constants (Azat/ Km)omp for wild type and variant OMPDC-catalyzed decarboxylation of
OMP and third-order rate constants (Acat/ Km)e.act! Kg for the OMPDC-catalyzed reactions
of the substrate pieces HP; + EO (Scheme 2). The side chains that interact with the
phosphodianion and pyrimidine ring are shown using green and red print, respectively.
Literature data are used for reactions catalyzed by S154A and S154A/Q215A variants,24 and
by Q215A, Y217F, Q215A/Y217F and R235A variants.12 13
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Scheme 1.
OMPDC-Catalyzed Decarboxylation of OMP or EO to Form UMP or EU, Respectively,

through Vinyl Carbanion Reaction Intermediates.
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Scheme 2.

The Reactions of Substrate Fragments EO and FO Catalyzed by OMPDC in the Absence or
Presence of Dianion Activators (Act).
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Scheme 4.
Activation of OMPDC-Catalyzed Reactions of Truncated Substrates by Phosphite Dianion

and Small Sugar Phosphates.
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Scheme 5.
Activation of the Unliganded of OMPDC (Ep) for Catalysis of the Reaction of Truncated

Substrates by Stabilization of an Organized Closed Enzyme (Ec).
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Chart 1.
Stabilization (AAG¥) of the Transition States for OMPDC-Catalyzed Decarboxylation of the

Phosphoribofuranosyl Truncated Substrate 5-Fluoroorotate (FO).
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Chart 2.

The Effect of D37G and T100’A Substitutions on AG*,; for the Interaction of the Transition
State for OMPDC-Catalyzed Decarboxylation of FO with Dianion Activators (Scheme 4).
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Table 1.
Kinetic Parameters for Wild Type and Variant OMPDC-Catalyzed Decarboxylation of OMP and EO at 25 °C.

omp? EQ® EO + HP?
BT kel | naGH (kK MG | (ulKn)epiKy | BAG!
Ms)° | (kealimol)® (M5 (keaimoh® | (M2s) (keal/mol)
wT 11x 10 0.026° 1.2x104¢
D37G | 32x10° 21 @7+01)x10°" 14 2909 22
TI00'A | 2.1x10° 2.3 @23+01)x 103" 14 g5 9 29

At pH 7.1 (30 MM MOPS) and /= 0.105 (NaCl).

bRate constant defined in Scheme 2.

cPuinshed kinetic p:;\ratmeters.]-4

dThe effect of the side chain substitution on the activation barrier for the reaction catalyzed by wild type OMPDC.
ePuinshed kinetic parameter.18

{Average of two determinations at pH 7.0 (25 mM MOPS) and /= 0.14 (NaCl).

gDetermined from the fit of data shown in Figure 2 to eq 2.
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Table 2.

Kinetic Parameters for Activation of Wild Type and Variant OMPDC-Catalyzed Decarboxylation of FO.*”

OMPDC
Activator Kinetic Parameter
Wild Type® T100°A D37G
None I\Ijlcit:{/S(Tl 1.4 %1077 (2.2+0.04) x 1077 d | Enzyme is unstable
’,6"’ 0.18 (47+0.8) x 1073
P02 Ky>>[HPO2)® |—
3 (Keat Kneeact M2 571 1.6 x 1074 (33+0.1)x 106
(Keat Km)gepc/ Kg M2 571 8.4 %107 (1.87 £0.03) x 107 (7.0£1.2) x 107
sld 0.05 0.094 +0.008
DLESP | (kalKndenaMts? | 70x120% | (1620.1)x 107 ke Korirsd
—5 N2 o1
(kead Keoncd KAM 25 | 1.3 % 1072 (L7+02)x10% | <5*107MTs
DG3P | (ka!Km)ead/KgM2s™t [ 25x1072 29+03)x 103"
Ka
M Ky >>[LG3P] Ky>> [LG3P]E g
LG3P kK M-1s1 kcathmKAct
(Keat! Kim)e-Act S <5x10°M2s71
(Keat! Kme-nc Kg M2 571 1.0x 1073 (5.3+0.2) x 107
’,j‘li 0.03 .| GOx0Dx 1073
DE4P Ky >> (keat! Ki)eeact  fmmoo————
(Kead Kim)g-nct M7 572 1.9 x 1072 (2.67+0.03) x 105
(keat! Km)-act! Kg M2 571 6.0x 1071 (54+0.1) x 1073 (8.9+0.3)x 1073

laFor decarboxylation reactions at pH 7.0, 25 °C and /= 0.15 (NaCl).
bRate constants defined in Scheme 2.
cPuinshed kinetic parameters.11

The quoted uncertainty in this rate constant is for the calculated slope of the least squares line from Figure 3B. The actual uncertainty is closer to
+ 20%, the uncertainty in the product yields from HPLC analyses (Figure 3A).

Elt was not possible to determine separate values for K4 and (kcat/ Km)EsAct from linear plots of (kcat/ Km)obs against [Act] (Figures 5A, 5B and
6B).

fCaIcuIated from the values of (kAct)DLG3P and (KAct)LG3P using eq 3 from the text.

gNo reaction was detected; the upper limit for this rate constant is defined by the estimated smallest second-order rate constant detectable in our

experiments, (kcat/ Km)obs = 1.8 x 1076 m1 s_l, and an activator concentration of 0.040 M.
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Table 3.
The Effect of T100’A and D37G Substitution on the Activation Barriers to OMPDC-Catalyzed

Decarboxylation Reactions.”

DAGH (kcal/mol)
Substrate/Activator ——————

T100A D37G
omp & 23 2.1
Eo? 14 14
EO + HPO32"” 29 22

aFor OMPDC-catalyzed decarboxylation reactions at pH 7.0, 25 °C and /= 0.105 (NaCl, OMP) or /= 0.14 (NaCl, EO).

bCaIcuIated from data reported in Table 1.
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