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We report that orotidine’Smonophosphate decarboxylase cata-
lyzes exchange of the C-6 proton of uridinendonophosphate
(UMP) for deuterium from solvent in D at 25°C (Scheme 1). JUMP
Kinetic analysis of deuterium exchange givé& i 22 for carbon
deprotonation of enzyme-bound UMP, which is at least 10 units
lower than that for deprotonation of an analogue of UMP in water.

Scheme 1.
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during exchange for deuterium of the C-6 proton catalyzed by OMPDC

P _ (0.11 mM) in DO at pD 9.34 and 28C (I = 0.1, NaCl). Disappearance
Orotidine 5-monophosphate decarboxylase (OMPDC) employs of the double doublet (a) due to the C-5 protorhdfMP at 5.860 ppmJ

no metal ions or other cofactors but yet effects an enormotfs 10 — g1 0.5 Hz, coupled to the C-6 and anomeric protons) is accompanied
fold acceleration of the decarboxylation of orotidifentonophos- by the appearance of a upfield-shifted broad doublet (b) due to the C-5
phate (OMP) to give uridine'Snonophosphate (UMP)The X-ray proton of d-UMP at 5.857 ppmJ ~ 0.5 Hz, coupled to the anomeric
structure of the yeast enzyme liganded with 6-hydroxyuridine 5 grgg‘zj-pﬁ:‘j Ergag Ifji(z)u(k:)clnitp(lg)dc:getl‘ntg ::h'-?p?oqgggeéfh?gﬁ;qg_r%'ﬂze?ts"
monophosphate va'd_es strong ev'denc_:e that the C-6 proton 0f(d) due to the inthIy ’upfield-shifted doublet for the anomeric proton of
the product UMP is derived from the terminal NHgroup of Lys- d-UMP.
932 The product isotope effect of unity for OMPDC-catalyzed de-
carboxylation of OMP in 50/50 (v/v) kD/D,0 eliminates a mech- decarboxylation. However, other calculations suggest that the
anisn? in which proton transfer from Lys-93 to C-6 provides enzymatic rate acceleration is due mainly to stabilization of the
electrophilicpushto the loss of CQin a concerted reactiohThis transition state for decarboxylati@nilhese results are difficult to
result also provides strong evidence for the formation of a short- evaluate because there are few experiments that address whether
lived enzyme-bound carbanion intermediate that shows no discrim-the rate acceleration for OMPDC is due mainly to ground state
ination between H and D in the proton-transfer step (Schene 2). destabilizatiort? to transition state stabilization, or to both effects.
The exchange for deuterium of the C-6 proton offg-uridine

Scheme 2. 5'-monophosphateh(UMP) to give [62H]-uridine 5-monophos-
" i » i » i phate ¢-UMP) catalyzed by OMPDC fron$. cereisiae (C155S
A ) o) o) mutant) in BO (Scheme 1) was monitored By NMR spectros-
OMP A \"oo o7 N 0P N"H B ;
copy at 500 MHz. Figure 1 shows partiéd NMR spectra in the
#0:PO \;0% ‘ ;CO:OSF‘O YO% HL \ o0 ‘;oﬂ region of the anomeric and C-5 protons of recovered UMP
OH OH OH OH OH OH ([UMPJiotas = 2.5 mM) obtained during deuterium exchange at

o ) . 25°C catalyzed by OMPDC (0.11 mM, 3.2 mg/mL, monitored for
The very large kinetic bgr.rler to the nqnenzymatlc decarboxy- 7 days) in DO buffered by 100 mM glycylglycine at pD 9.34%
lation of OMP ., = 78 million years) arises mainly from the 1 “Nacl). Deuterium exchange results in the disappearance of
thermodynamic barrier to formation of the highly unstable C-6 vinyl the double doublet (a) at 5.860 ppm due to the C-5 protdrlaiP

carbanion. This activation barrier may be reduced either by o4 he appearance of an upfield-shifted broad doublet (b) at 5.857
interactions with OMPDC that destabilize bound OMP relative to ppm (A& ~ 0.003 ppm) due to the C-5 proton dfUMP. The

the bound carbanion intermediate or by interactions that stabilize fractional extent of deuterium exchange was obtained from the

the bound carbanion intermediate refative to bound OMRM- integrated area of the two downfield peaks of the double doublet

putationgl studies .support the prgposal that binding of .OMP to due to the C-5 proton di-UMP (A) and thecombinedntegrated
OMPDC induces either electrostatitessbetween the protein and areas of the upfield peaks of this signal and that of the intervening

the fbound_ sutéstrate_ mhthe gro_und-srt]gte M'CTéael'Z crc])rﬁpriFX broad doublet due to the C-5 proton@UMP (Ap+y), according
conformationaktressin the protein at this compl®and that this -, o 1. The observed first-order rate constant for deuterium
stress is relieved in the transition state for enzyme-catalyzed exchange into UMPkopeq= 4.90 x 10-7 1, was determined from
t University at Buffalo. the sllolpe of a semilogarithmi(; pIqt of the fraction bfUMP
*University of lllinois. remaining,{1 — f(d-UMP)}, against time.
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f(A-UMP) = {Ap py = A} Aoy + A} 1)

The values ofkypsg (s71) determined for enzyme-catalyzed
deuterium exchange inJD at pD 9.34 with [UMP} = 2.5-10
mM show a good fit to eq 2 that was derived for Scheme 3 (see
Supporting Information), withkKg < [UMP]a. The data give the
first-order rate constant for deuterium exchange iséturating
enzyme-bountddMP at pD 9.34 a%ex = 1.15x 1075 s7L. Similar
experiments using ca. 0.3 mM OMPDC (9 mg/mL) gave values of
kex (s71) for the turnover ofsaturatingUMP (2.5-5 mM) at pD
8.13 (100 mM glycylglycine buffer), and at pD 7.58 and 7.03 (48
mM imidazole buffer), at 25C andl = 0.1 (NaCl)1*
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Figure 2 shows the pD-rate profile of the valueskgf(s™?) for
turnover ofenzyme-bound-bMP to gived-UMP by yeast OMPDC
in D,O at 25°C andl = 0.1 (NaCl). The large increase ka, (s™1)
with increasing pD and the leveling off at pB 8 shows that
deuterium exchange is promoted by the basic form of an amino
acid side chain at the active site of OMPD0Ne suggest that the
catalytic base is the neutral form of Lys-83so that deuterium
exchange arises from the reverse of the proton transfer “half
reaction” that occurs in the active site during the physiological
decarboxylation of OMP to give UMP (Scheme 2). Analysis of
the data in Figure 2 gives Kf)ys = 8.0 for the catalytic base in
D,0 atl = 0.1, and Key)max = 1.24 x 1075 s71 for proton transfer
from boundh-UMP to theneutralside chain of Lys-93 to give the
enzyme-bound vinyl carbanion (Scheme 4).
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Figure 2. The pD-rate profile oke (s7%) for turnover of enzyme-bound
h-UMP to gived-UMP by OMPDC fromSaccharomcyes carisiae (C155S
mutant) in DO at 25°C andl = 0.1 (NaCl). The solid line shows the
calculated profile for a catalytic base okKp= 8.0.

1

We have shown that proton transfer from protonated Lys-93 to
the vinyl carbanion must biasterthan any molecular motion that
exchanges the positions of the-N* hydrons of Lys-93, so that
ko > kot (Scheme 4}.Therefore, the observed deuterium exchange
reaction consists of the pre-equilibriuraversible chemical step
of proton transfer from UMP to Lys-93, followed by tbecasional
rotation of the terminal CH-ND,H* group of Lys-93 into a
position to deliver a deuteron to the vinyl carbaniér( Scheme
4). The CH—NH3* group of Lys-93 is hydrogen-bonded to the
carboxylate groups of Asp-91 and Asp-@énd the barrier to Cit+
ND,H™ bond rotation and hydron exchange is expected to be at
least 5 kcal/mol, so thdgy: < 10° s™1.14 The limit of kot < 10° s
can be substituted into eq 3, derived for the mechanism shown in
Scheme 4, withig)max = 1.24 x 105 st and Ka)ys = 108 M

to give pKa)ump < 22 for the C-6 proton of enzyme-bound UMP.

— (Ka)UMP
=2 3
(kex)max ( kp )krot ( (Ka)Lys)krOt ( )
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The observation of enzyme-catalyzed deuterium exchange via
formation of astabilizedcarbanion provides convincing evidence
for decarboxylation of OMP by yeast OMPDC to give the same
carbanion'®> The value of K, < 22 for the C-6 proton of enzyme-
bound UMP determined here is at least 10 units lower than the
estimated values of Ky = 30—34 for the C-6 proton of 1,3-
dimethyluracil in watet®18 Therefore, yeast OMPDC stabilizes
the bound vinyl carbanion bgt least14 kcal/mol. We conclude
that OMPDC also provides substantial stabilization of the late
carbanion-like transition state for the decarboxylation of OMP, and
that this transition state stabilization constitutes a large fraction of,
but probably not the entire, enzymatic rate acceleration. Further
experimental studies directed at elucidating thgin of the
transition state stabilization for OMPDC will provide insight into
its so far unexplained extraordinary catalytic power.
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