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ABSTRACT. Orotidine 3-phosphate (OMP) decarboxylase appears to act upon its substrate without the
intervention of metals or other cofactors and without the formation of covalent bonds between the enzyme
and the substrate. Crystallographic information indicates that substrate binding forces the substrate’s scissile
carboxylate group into the neighborhood of several charged groups at the active site. It has been proposed
that binding might result in electrostatic stress at the substratetaoxylate group in such a way as

to promote decarboxylation by destabilizing the enzysgbstrate complex in its ground state. If that

were the case, one would expect uridingBosphate (UMP) derivatives with bulky anionic substituents

at G to be bound weakly compared with UMP, which is unsubstituted atHere, we describe the
formation of anionic 5,6-dihydro-6-sulfonyl derivatives by spontaneous addition of sulfite to UMP and to
OMP. These sulfite addition reactions, which are slowly reversible and are not catalyzed by the enzyme,
result in the appearance of one (or, in the case of OMP, two) bulky anionic substituents at the 6-carbon
atom of UMP. These inhibitors are bound with affinities that surpass the binding affinity of UMP. We are
led to infer that the active site of OMP decarboxylase is remarkably accommodating in the neighborhood
of Cs. These are not the properties that one would expect of an active site with a rigid structure that
imposes sufficient electrostatic stress on the substrate to produce a major advancement along the reaction
coordinate.

In the final step of pyrimidine nucleotide biosynthesis Scheme 1: Decarboxylation of OMP to UMP Catalyzed by
(Scheme 1), the dimeric enzyme orotidinephosphate = ODCase
decarboxylase (ODCaset.C. 4.1.1.23) converts orotidine
5'-phosphate (OMP) to uridiné-phosphate (UMP) with the
release of C@ Unlike most decarboxylases, ODCase S
contains no metal ions or other cofactors that might )2\1

co,

ODCase

contribute to catalysis, and there is no evidence that this ,O_E_O_CHZ © g ";_E_O_CHZ
reaction proceeds through a covalent intermedite@ne | P ! o ~©
mechanism that has been propos&) for this reaction Ny TN
involves electrostatic stress between the scissile 6-carboxylate Toon on” "o o
group of OMP and the carboxylate groups of two active site oMP umP

residues (Asp-91 and Asp-96 of the yeast sequence). These

residues recur, with Lys-59 and Lys-95, as members of aftibility to enzymatic decarboxylation by a startling factor of
conserved quartet of charged residues that are present ingll indicating a contribution to the rate enhancement whose
ODCase in organisms from every kingdo8).(n the crystal  magnitude exceeds the effects of a single substituent that

structures of nucleotide complexes with ODCase, the 5 appear to have been recorded for any other enzyme reaction
phosphoryl group appears to brace the substrate within the(4, 5).

active .site in suc_h a way as to force the scissile carboxylate  |; is not a simple matter to test the electrostatic stress
group into the neighborhood of the charged quart_et. Removal hypothesis directly. Enzyme complexes with the product
of the B-phosphoryl group from OMP reduces its suscep- jpmp have been characterized extensively, but enzyme-bound
OMP is kinetically and thermodynamically unstable and has

" This work was supported by National Institutes of Health Grant been observed only after mutation of active site residues that
GM-18325. are essential for catalysi$,(7). An alternative approach,
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1 Abbreviations: ODCase, orotidiné-Bionophosphate decarboxy- affinity for substrate analoQues_Whose S”UCtur_eS would be
lase; OMP, orotidine Smonophosphate, UMP, uridine-Bionophos- expected to accentuate or alleviate stress. Earlier, 6-methy-
phate; MOPS, 3-morpholinopropanesulfonic acid; UMPsS86-  lamino-UMP, with a potential positive charge at the position
dihydro-UMP-6-sulfonate; OMP-S05,6-dihydro-OMP-6-sulfonate;  yorma|ly occupied by the scissile carboxylate group of OMP,
H-UMP-SQ;, (5-H,5-H)-5,6-dihydro-UMP-6-S©D-UMP-SQ, (5-D,5- h ‘0 be bound i h qf ith Hinit
H)-5,6-dihydro-UMP-6-S@ H-OMP-SQ, (5-H,5-H)-5,6-dihydro- ~ Was Shown 1o beé bound in unchargeéd rorm with an armnity
OMP-6-SQ; D-OMP-SQ, (5-D,5-H)-5,6-dihydro-OMP-6-S© that approaches the affinity of OMP itseB)(

10.1021/bi700796t CCC: $37.00 © 2007 American Chemical Society
Published on Web 10/30/2007




13332 Biochemistry, Vol. 46, No. 46, 2007 Lewis and Wolfenden

Scheme 2: Sulfite Addition to (A) UMP and (B) OMP were generally analyzed at a concentration-8fx 103 M
A 0;- so in D,O at 25°C, acquiring 16 transients, and spectra were
o & referenced to the chemical shift of the residual water proton
P N<H °>\c|_N:H resonance at 4.77 ppm.
PR'N\C_C,C=0 —_— PR—N’}C\C _c=o The time course of formation of the two diastereomeric
e AN H |\H adducts of UMP and OMP was followed By1 NMR.
( H Integrated intensities of the resonances arising from the C
H Cs, and G protons of UMP and the £and G protons of
OMP, for each diastereomer and unreacted nucleotide, were
B 05 SOn substituted into eq 11(/) to calculate the concentrations of
°/\\c N<H 03¢ _N:H [] = (Unt,)/[Int, + Int, + Int,, J)[nucleotidg] (1)
PREN] 4 2C=0 —— PR—N"/°\ ~C=0
c/c_ \ -00 |\|.| each diastereomer and unreacted nucleotide at each time
-00 ( H ! point. In is the integrated intensity of the signal arising from
diastereomer |, Intand Int,. are those of diasteromer I

H X "
and unreacted nucleotide, and [nucleq}idethe concentra-

If electrostatic stress were to destabilize the enzy@p ~ tion of nucleotide at the start of the experiment. N
At each time point, the concentration of sulfite remaining

complex in such a way as to reduce the thermodynamic ; .
barrier that must be surmounted to reach the transition state WaS calculated by subtracting the sum of the concentrations
then nonreacting analogues bearing negatively chargedOf the two diastereomers of the adduct from the initial sulfite

substituents at &vould be expected to be less tightly bound concentration. Changes in the concentration of sulfite, which
was present in large excess, were negligible. At this stage,

by the enzyme than analogues lacking those substituents.

Pyrimidine derivatives have been shown to undergo 6-ad- no correction was made for the state of ionization of sulfite
dition of the sulfite anion, an exceptionally reactive nucleo- &t PH 7. From the above concentrations, apparent equilibrium
phile, with trans addition of a solvent proton atsG9—16) constants for the formation of each adduct, at each time point,

(Scheme 2A). Sulfite addition to UMP seemed to offer an Were calculated using eq 27), whereKap, is the apparent
opportunity to prepare an analogue of OMP equipped with _ . .

a bulkier anionic substituent than the 6-carboxylate group Kapp = [X]/[nucleotide][sulfite], ()

of OMP. Examining the scope of this reaction, we were _ ) ,
surprised to find that OMP also undergoes sulfite addition €duilibrium constant for formation of the adduct at time

at G, albeit less readily than UMP, yielding a molecule with @nd [X}, [nucleotide}, and [sulfite] are the concentrations
two anionic substituents at the 6-position (Scheme 2B). Here, of adduct, unreacted nucleotide, and sulfite at that time point.

we describe the preparation of these analogues and their Kinetics of Sulfite AdditionTo _reduce interference be-
behavior as inhibitors of ODCase. tween the UV absorbance of sulfite and the UV absorbance

of the nucleotides in experiments to determine the rate of
MATERIALS AND METHODS sulfite addition to UMP and OMP spectrophotometrically,
it was necessary to reduce the sulfite concentration to values

Materials.Nucleotides and other reagents were purchased|ower than those used in the preparative work. Reaction
from Sigma-Aldrich Chemical Corp. Yeast ODCase C155S, mixtures containing UMP or OMP (18 M) and sulfite (pH
a mutant enzyme that is more stable than the wild-type 7.0, 0.06-0.50 M) were monitored at 276 nm, using a
enzyme but retains its catalytic properties, was kindly Hewlett-Packard 8452A diode array spectrophotometer.
provided by Dr. Steven Short of GlaxoSmithKline, Research  ODCase InhibitionThe action of ODCase was monitored
Triangle Park, NC 27709. spectrophotometrically at 279 nm by published procedures

Preparation of AdductsSulfite mixtures containing equimo- (5, 18) with minor modification. The reaction was initiated
lar NaHSQ and NaSO; (pH 7.0) were used in addition by adding ODCase (18L, ~3 x 10™° M in monomer, in
reactions. Addition of sulfite to UMP was conducted ipgCH 0.1 M NaCl) to a mixture (1 mL) containing OMP ({B)
or D;O to produce adducts with two protons a$ @ one x 10°° M) and MOPS buffer (0.01 M, pH 7.2). Hewlett-
proton and one deuteron a¢,@espectively. Adducts of UMP  Packard U\-vis ChemStation software was used to obtain
were prepared by exposing UMP (0.025 M) to sulfite (0.6 a zeroth-order fit to absorbance data. Plots of [substrate]/
M) for 24 h at room temperature, allowing addition to velocity vs [substrate] were constructed using Excel. Solving
proceed to completion as described for the correspondingthe equations foy = 0 yielded thex intercept, representing
uracil derivatives ¢, 13). Sulfite addition to OMP required  —Kp, (or —Ky when the inhibitor was present), and the slope
higher sulfite concentrations and higher temperatures thanyielded 1V. In each case, inhibition was found to be
sulfite addition to UMP. OMP adducts were prepared by competitive (see the Results), and inhibition constants were
exposing OMP {0.010 M) to sulfite (2.0 M) at 40C for calculated using eq 3, wheieis the concentration of the
3 days. Unexpectedly, this reaction was found to proceed to
completion after the resulting solution had been stored frozen Ki = 1/[(K/Kp) — 1] 3)
for several days (see the Results).

'H NMR SpectroscopyH NMR spectra were obtained adduct being tested, is the apparenk, value of OMP in
using Varian Unity Inova 500 and 600 MHz spectrometers the presence of inhibitor, aritl, is theK, value of OMP in
(Palo Alto, CA) controlled by Solaris 9 software. Samples the absence of inhibitor.
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Table 1: *H NMR Resonances for Sulfite Addition to UMP
(5-H,5-H)-5,6-Dihydro-UMP-6-S@(H-UMP-SO;)
diastereomer | (49.4%)

diastereomer Il (50.6%)

C]_’H CSHX CSHA C5HB Cl’H CGHX CSHA C5HB
chemical shift 5.81 (d) 5.04 (d) 3.30 (dd) 3.07 (d) 5.25 (d) 4.91 (d) 3.18 (dd) 3.03(d)
coupling, Hz 5.5 7.1 7.1,17.7 17.7 1.8 6.7 6.8,17.7 17.7
separation of ¢H's, Hz 115 75
(5-D,5-H)-5,6-Dihydro-UMP-6-S@(D-UMP -SQ)
diastereomer | (52.2%) diastereomer |l (47.8%)
CyH CsHx CsHa CsHs CyH CeHx CsHa CsHg
chemical shift 5.81 (s) 5.04 (s) 3.07 (s) 5.26 (s) 491 (s) 3.05(s)
coupling, Hz 5.0 N/A N/A N/A N/A N/A

@ The chemical shifts, multiplicity, and coupling constants for comparable UMP protons gt 536 (d), 6.05 Hz, (eH) 5.95 (d), 8.5 Hz, and
(CeH) 8.1 (d), 8.5 Hz. s= singlet, d= doublet, and dd= doublet of doublets? The composition of the adduct mixture is given as a percentage

for each diastereomer.

Table 2: 'H NMR Resonances for Sulfite Addition to OMP
(5-H,5-H)-5,6-Dihydro-OMP-6-S@(H-OMP-SQ)
diastereomer |

diastereomer Il

(35.6%) (64.4%)
Cl’H CSHA CSHB Cl’H CSHA CSHB
chemical Shift 5.18 (d) 3.32(d) 3.27(d) 5.08(s) 3.40(d) 3.26(d)
coupling, Hz 2.3 17.4 17.4 N/A 17.6 17.6
separation 24.8 66.2
of CsH'’s, Hz

(5-D,5-H)-5,6-Dihydro-O MP-6-S@D-OMP-SQ)°
diastereomer | (29.4%)  diastereomer Il (70.6%)

CiH GCsHa GCsHs CiH CsHa CsHg
chemical shift 5.14 (d) 3.24(s) 5.02(s) 3.2(s)
coupling, Hz 2.3 N/A N/A N/A

aThe chemical shifts, multiplicity, and coupling constants for

comparable OMP protons are(8) 5.45 (d), 2.4 Hz, and () 5.71
(s). s= singlet, and d= doublet.® The composition of the adduct
mixture is given as a percentage for each diasterediidre deuterated
OMP-SQ contained a small amount of protio-OMP-§@endering it
difficult to obtain good integrated areas fog frotons. However, the
relative integrated intensities of the @nd G protons were comparable
in magnitude.

RESULTS
'H NMR of UMP and OMP Adducts he proton reso-

One of the G protons (Ga) was also coupled to thegC
proton, generating a doublet of doublets. Parts A and B of
Figure 1 show the 600 MHz spectrum of the UMP
adducts.

Table 1 shows théH NMR data for the protons at=C
Cs, and G of the ribose of the UMP adducts along with the
relative concentrations of the two diastereomers of the adduct,
based on comparison of the integrated resonances corre-
sponding to the protons atsCCs, and G.. For simplicity,
the 2, 3, 4, and 5 ribose protons are not included in
Table 1.

When the sulfonate adduct of UMP was prepared @D
the proton NMR spectrum (Figure 1B) showed that deutera-
tion had occurred at £ The complex doublet of doublets,
corresponding to the 4x proton of each diastereomer, was
lost, and two singlets remained at 3.07 and 3.05 ppm,
corresponding to thed4g protons. In addition, the resonances
of the Gsx protons collapsed to singlets, because the coupling
to the deuteron at £is very small. That observation
confirmed the assignment of the complex doublet of doublets
at 3.35 and 3.25 ppm to the proton added during sulfite
addition. The anomeric £ proton was unaffected by
deuteration at € The change in the relative populations of
the two diastereomers, between the protio and deuterio
adducts, was very slight, amounting +8%.

nances observed for the sulfite addition products of UMP  The spectra of the sulfonate adducts of OMP show the
and OMP are listed in Tables 1 and 2. In the case of UMP- absence of a resonance for a€oton, or coupling to a £

SG;, the signals arising from the vinyl protons a$ &hd G

proton, confirming that sulfite addition occurred a(@s in

of the pyrimidine ring are replaced by those of the aliphatic the case of UMP) rather than at.®roton resonances were
protons of the 5,6-dihydro species. Because chiral centersobserved that correspond to two diastereomers, for the

are present in both substituent ribose agafthe saturated

anomeric ribose €proton and the €protons (Figure 2A).

pyrimidine ring, diastereomeric products would be expected The G protons of the adducts also showed thé7 Hz

to result from sulfite addition9, 17, 19) and were observed

geminal coupling constant observed for the UMP;SO

in the present experiments. Here, we refer to these diaster-adducts in the present work and as reported earlier for 5,6-
eomers as | and Il, the resonances of | appearing downfielddihydroorotic acid 20). In the OMP adducts, the signals

from those of Il. The nonequivalent protons at(@ and B)
and the single proton atg(QX) constitute an ABX spin
system.

arising from the @ protons (A and B) of the two diastere-
omers overlapped extensively, with less separation between
the doublets of the two £protons than in the case of the

Sulfite addition to UMP was accompanied by a change in UMP adducts, so that the diastereomer | doublets lie within
the chemical shift of the gproton, and two new resonances the larger doublets of diastereomer Il. The preparation of
were observed. The signals attributed (& and B) each OMP-SQ in D;O resulted in the expected loss of thesC
exhibited a doublet structure, with a characteristically large protons of the two diastereomers, and tig @oton doublets
geminal coupling constant(17 Hz) like those of the £ each collapsed to a single resonance, shifted from their
protons of 5,6-dihydroorotic acid and its methyl estg)( original positions in the protio-OMP-Sdducts as shown
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Ficure 1: *H NMR (600 MHz) spectrum of sulfonate adducts of UMP: (A) Protio-UMPs;®&pared in KO, spectrum recorded inD);

(B) deuterio-UMP-S@ prepared in RO, spectrum recorded inJD. The two diastereomers of each adduct are indicated by | and II.
Resonances of the;CCs, and G protons are identified for each diastereomer. Note the doublet of doublets in the protio adduct fgy the C
proton which was added concurrently a @ith the addition of S@at G. The Ga proton is coupled to the 4z (large splitting) and €
(small splitting) protons. In the deuterio adduct, thg @roton was replaced by deuterium in the course of the addition reaction.

in Figure 2 and Table 2. Unlike UMP-S@ which the two prolonged freezing. In the case of OMP, the ratio of
diastereomers were present in essentially equal amounts, theliastereomers remained constant during the course of the
OMP-SQ adducts exhibited a distinct preference for dias- reaction at 40°C, but the proportion of diastereomer I
tereomer Il over diastereomer |. Thus, the introduction increased considerably after frozen storage (Figure
of a secondbulky group at G (the carboxyl and sulfonyl  3B).23
groups) results in a preference for one diastereomer over the Equilibria of sulfite addition were very different for UMP
other. and OMP. Apparent equilibrium constants observed for
The absolute axial/equatorial conformations of substituents sulfite addition to OMP were 1.9 and 4.9 ¥ respectively,
in these sulfonate adducts remain to be determined. Infor diastereomers | and Il (Figure 4). Apparent equilibrium
dihydro derivatives of uracil and orotic acid derivatives, constants for sulfite addition to UMP were 26 and 27'M
Katritzky et al. @0) found that G carboxyl groups preferred  for diastereomers | and II, respectively. Earlier, Triplett et
the axial position even as their methyl esters, whereas C al. (17) used*C NMR resonance intensities to estimate
methyl groups in dihydrouracils preferred the equatorial equilibrium constants of 6.9 and 7.2 Mfor addition of
position. Those authors concluded that the shapes andsulfite (1 M) to UMP (1 M) after 24 h at room temperature.
sizes of substituent groups are important in determining The conditions employed by those investigators were dif-
conformational equilibriaZ0). The X-ray crystal structure
of sodium 5,6-dihydrouracil-6-sulfonate, reported by  2The addition of NaHS@to OMP was incomplete but was rendered

Barnes and Hawkinsor2{), shows the gsulfonate group more favorable by heating the reaction to° Serendipitously, frozen
storage drove the reaction further to completion, presumably by

is attached axially to the saturated pyrimidine ring. It increasing the relative concentrations of the two reactants in the
seems reasonable to conjecture that, in the present UMP-unfrozen solution as the water froze.

SO; adducts, the sulfonyl group tends to adopt an axial _°The amount of remaining OMP in Figure 3B wad.5 mM. The
osition dilution of the frozen stock solution and its subsequent dilution into
p . ’ . . the assay mixture was such that the final concentration of OMP was

Figure 3 shows that sulfite addition to UMP proceeds 4.65, 3.16, and 1.56M for the 60, 40, and 2@M H-OMP-SQ; levels.
much more rapidly than sulfite addition to OMP. Sulfite These micromolar amounts of OMP would not have been detected in

it ; the rate tracings at 279 nm, since OMP would have been rapidly
addition to UMP proceeded nearly to completion at room consumed by the ODCase. The summing of the OMP from the OMP-

temperature (Figure 3A), yielding the two diastereomers gjfonate adduct and the OMP added as substrate solution produced
in constant proportions that remained unchanged after no significant differences in calculatéd values (Figure 9).
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Ficure 2: H NMR (500 MHz) spectrum of sulfonate adducts of OMP: (A) Protio-OMPs$f@pared in KO, spectrum recorded inD;

(B) deuterio-OMP-S@ prepared in RO, spectrum recorded inJD. The two diastereomers of each adduct are indicated by | and II.
Resonances of the;Gand G protons are identified for each diastereomer. Note the two doublets in the protio adduct fep duedCGs
protons for diastereomers Il (with the large separation and marked with asterisks below the peaks), while the two doubletssfanthe C
Csg protons for diastereomer | are closer together and are within the resonances of diastereomer Il. In the deuterio adguptotba C
was replaced by deuterium in the course of the addition reaction.

ferent from those in the present experiments, in which the (2) The nucleotide sulfonate adducts might dissociate
concentration of nucleotide was very much lower. spontaneously at the high dilutions that were present in the
Rates of Sulfite Additio.o minimize the effect of sulfite  inhibition experiments. That was shown not to be the case
absorption, UV changes were monitored at 276 nm. Whereasby performing control experiments in which adducts were
UMP reacted with sulfite nearly to completion in the presence diluted into an assay buffer at concentrations equivalent to
of 0.25 M sulfite after 5 h, the reaction with OMP had the concentrations of substrate that would be used in assays
progressed only~4% afte 7 h (Figure 5). The difference  of activity. When the absorbance at 279 nm was monitored
between the reaction rates of UMP and OMP remained over 10 min, exceeding the time for the enzyme assay, no
constant over the range of sulfite concentrations tested, UMPchange was observed. If the adducts had been dissociating
reacting approximately 37-fold more rapidly than OMP with release of sulfite, an increase in absorbance at 279 nm
(Figure 6). would have been observed, due to formation of tlhe=Cs
Inhibition by Unreacted Sulfitelnorganic sulfite was  double bond.
evaluated as a potential inhibitor of ODCase over a concen- (3) ODCase might use the sulfonate adduct of OMP as a
tration range of 0.020.10 M, well in excess of the level of  substrate, with concomitant release of sulfite. That possibility
unreacted sulfite that might remain as a contaminant in the was tested by incubating the enzyme with a reaction mixture
assays from adduct solutions that were tested for nucleotidecontaining buffer and the OMPsulfonate adduct, but
inhibition (Figure 7). These experiments established an without the addition of substrate OMP. No change in
averageK; value of 2.4 mM for sulfite, several orders of absorbance was observed. If ODCase had acted on the
magnitude higher than th§ values of the nucleotidesulfite sulfonate adduct of OMP (or catalyzed the release of sulfite
adducts. Those findings render it unlikely that residual sulfite from the adduct), followed by reaction of the enzyme with
could have been responsible for the inhibition observed in the OMP released, then one would have expected a decrease
the present experiments. in absorbance associated with the breakdown of OMP. The
Inhibition by Sulfonate Adducts of UMP and OMBefore total absence of such changes indicated that none of the
the sulfonate adducts of UMP and OMP were tested for sulfonate adducts are substrates for ODCase.
inhibitory activity, several potential pitfalls were considered.  After these control experiments had been performed, the
(1) The nucleotide sulfonate adducts might be intrinsi-  diastereomeric mixtures of the sulfonate adducts formed from
cally unstable. However, solutions of nucleotide adducts at UMP and OMP were tested as inhibitors of ODCase (Table
concentrations of I¢ M or greater showed no signs of 3). In both cases, plots of [$]Vs [S] showed parallel lines
decomposition after 1 day at room temperature, while inthe presence of inhibitors, indicating competitive inhibition
enzyme activity measurements were conducted over a periodFigures 8 and 9K; values for UMP-S@adducts were about
of minutes. 7-fold lower than theK; value for UMP (Table 3). The
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FIGURE 3: (A) Addition of sulfite to UMP monitored byH NMR.

A solution of UMP (0.052 M) was reacted with NaH$@®.6 M)

at pH 7. The first 3 days of reaction were conducted at@5
followed by 8 days at-20 °C. Note the constant proportion of the
two diastereomers. (B) Addition of sulfite to OMP monitored by
IH NMR. A solution of OMP (0.028M) was reacted with
NaHSQG (2.0 M) at pH 7. The first 5 days of reaction were
conducted at 40C, followed by 17 days at-20 °C. Note the
constant amount of diastereomer | and the increasing amount of
diastereomer Il observed upon frozen storage.
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Ficure 5: UV absorbance changes measured at 276 nm during
the reaction of NaHS§(0.25 M) at pH 7 with UMP or OMP (1
10~4 M) monitored over 5 and 7 h, respectively.
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Ficure 7: Sulfite inhibition of ODCase. Potential inhibition of
ODCase hy excess sulfite present in the adduct inhibitor solutions
was evaluated at final assay concentrations of 20, 50, and 100 mM.
These levels are far higher than th@ mM present in the H-UMP-
SO; and~2.1 to~6.2 mM present in the H-OMP-S0nhibition
assays. The weak inhibition observed from sulfite has an average

amounts as the reaction goes to completion, have nearly equivalenK; value of 2.4+ 1.6 mM.

Keqvalues. OMP-S@shows a preference for diastereomer I, which
is reflected in differenKeq values.

inhibition produced by sulfonate adducts of UMP was free
from potential artifacts arising from unreacted UMP, since
UMP is bound by the enzyme much less tightly, and any
residual UMP would have been present at vanishingly low
levels.

The sulfonate adducts of OMP were bound with higher
affinity than those of UMP, but less tightly than OMP itself
(Ks =7 x 107 M) (4, 18). For the sulfonate adducts of
OMP, unreacted OMP might interfere with the assay, at least
in principle, since itKn, value is lower than th&; values
of the adducts. However, as noted above, no change in
absorbance at 279 nm was observed when OMP adducts were
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Table 3: Inhibition of ODCase by Sulfonate Adducts of UMP and (see Table 4). The major structural features of pyrimidine

OMP nucleotides that are known to determine their intrirsid
derived sulfite anti preference include steric interactions of theadd G
from adduct Ki (M) substituents on the pyrimidine ring, on the one hand, with
_ the G, Cs, and G protons and € phosphoryl group of
UMP (K; = 200uM UMP-S 29.2+6.8 . r 8 >
OMP EKITI = 0,7!;”\/3) OMP_S% 20.80+ 5.7 ribose, on the othe2@—27). Thus, 5-methyluridine has been

shown to adopt theanti conformation in which the €
carbonyl group is rotated away from the substituent ribose,
but in contrast, 6-methyluridine adopts thgconformation
(with the G carbonyl group situated over ribose) because
of unfavorable interactions between the 6-methyl group and
the ribose @ proton @6). Most of the molecules shown in
Figure 10 are equipped with ¢Gubstituents and would
therefore be expected to prefer tleyn conformation.
Moreover,'H NMR studies have shown that the substrate
DISCUSSION OMP (with a carboxylate group ateC adopts thesyn
conformation in solution, whereas the product UMP (with
Comparison of Binding AffinitiesThe sulfonate adducts only a proton at g adopts theanti conformation 25). In
of both UMP (UMP-S@) and OMP (OMP-Sg) are effective all three of the 5,6-dihydro inhibitors, the presence of one
competitive inhibitors of ODCase, wit; values that range  or more bulky 6-substituents would be expected to force the
between 2.0x 10° and 2.9x 10°° M. UMP-SQ; can be  nucleotide into thesynconformation in solution.

exposed to the enzyme in the absence of added OMP
substrate. Further, whé) values were recalculated to allow
for residual OMP {5%) that might be present in the adducts,
the change in the calculate¢ value was less than the
standard deviation (Figure 9B). Those findings suggest that
the inhibition reported for the OMP-SGdducts was not
due to contaminating OMP.

considered an analogue of OMP, with a saturateet@ In the crystal structures of ODCase complexes with UMP
bond and a sulfonyl group replacing the 6-carboxyl group. or OMP (in the latter case, an inactive mutant version of the
UMP-SG; is bound by yeast ODCase with an affinityi = protein was used)both nucleotides are bound in theyn

29x10° M) thatis hlgher than that of the reaction product conformation 6) Thus, ODCase appears to bind OMP with
UMP (K = 2 x 10~* M) but lower than that of 5,6-dihydro-  jts G, carbonyl group situated over the ribose ring, while
OMP (Ki = 2.5 x 1077 M). In view of the bulk and  the G=C, double bond carrying the scissile carboxylate
electrostatic charge of its two 6-substituents, we had not group faces the catalytic quartet of charged residues. At the
anticipated that OMP-SQwould be formed spontaneously, active site, decarboxylation presumably generates UMP as
or that it would be bound with reasonably high affinity by the immediate product, in theyn conformation that is

the enzyme i; = 2.0 x 107> M). On the basis of the  thermodynamically disfavored in solution. With its release
electrostatic stress hypothesis, OMP;Sfiight have been  from the active site, UMP reverts to tiati conformation
expected to have been excluded from the active site. Insteadthat is favored in solution.

OMP-SQ is boundmoretightly than UMP-SQ, which has The nucleotides in Figure 10 are shown in their known or

only a single charged substituent. predicted solution conformationssyn or anti). Of the
Stereochemical Preferencefigure 10 compares the inhibitors in Figure 10, all but 6-aza-UMP carry a substituent
affinities of several pyrimidine nucleotide inhibitors of at ¢, and would be expected to be bound in thgn
ODCase with the affinities of the substrate and product of ¢onformation. Like UMP, 6-aza-UMP prefers thanti
decarboxylation, shown at the bottom. The inhibitors are ¢onformation in solutionZ6). Interestingly, 6-aza-UMP is
shown in two groups, with unsaturate¢-€Cs bonds atthe  pound by ODCase in theyn conformationunlessSer-127
top and with saturated = Ce bonds in the middle. has been truncated to alanine. Pai and his associates
_Each of the three 5,6-saturated inhibitors of ODCase (5,6- have shown that the S127A mutant protein derived from the
dihydro-OMP, 5,6-dihydro-UMP-SQand 5,6-dihydro-OMP-  opCase of Methanobacterium  thermoautotropicum
S0;) is a mixture of two diastereomers with a chiral center appears to bind 6-aza-UMP in ttaati conformation 28).

a-t (:6 It remains to be established whether one or both These authors Suggest that the hydroxy' group of Ser-127
diastereomers of these three compounds are bound at th¢grms a strong H-bond to Nof 6-aza-UMP and that a

active site. In each of these molecules, the pyrimidine ring packbone—NH group forms a H-bond to the 4-carbonyl
is somewhat puckered because of the presence of a saturated

Cs—Ce bond, and the Esubstituents may be axially or 41n OMP, the carbon atom of thes€arboxyl group lies in the same
e_quator@”y O”ente_d with re_SpeCt to the d'_hydrOpy”m'dme plane as the atoms of the pyrimidine ring, but the steric demands of
ring. Earlier analysis20) of dihydroorotic acid showed that  the anomeric ki atom force the two oxygens to be oriented nearly
the carboxylate group tends to prefer an axial position, and perpendicular to the ring, so that theCOO™ group is in position to

A . be impacted by electrostatic stress. In contrast, the carboxylate of 5,6-
the crystal structure of 5,6-dihydrouracil-6-sulfonag)( dihydro-OMP or the sulfonate group of 5,6-dihydro-UMP-6-sulfonate

shows the sulfonate group axially oriented at £ seems can occupy an axial position, potentially relieving the str&gs 21),
reasonable to suppose that the same may be true of thewut in 5,6-dihydro-OMP-6-sulfonate with the carboxylate group and
sulfonyl group of UMP-6-S@and of the carboxylate of 5,6- the sulfonate group ongZone would expect one of these groups to be

. ) ) equatorial. The crystal structure of 5,6-dihydrouracil-6-sulfonafg (
dihydro-OMP. In the case of OMP-3(dhere seems to be shows that the axial sulfonate group displacesa@d N out of the

no obvious basis for predicting the relative preferences of plane of the other four atoms of the pyrimidine ring by 0.763 and 0.206
the —=SQG;~ or —CO,™ groups? A, respectively. In contrast, the equatorial proton oni€oriented

E _ i ; downward near the plane of the ring. These observations suggest that
At the glycosidic G—N, bond, pyrimidine nucleotides the equatorial group of 5,6-dihydro-OMP-6-sulfonate (either the

may adopt either theyn(with the G carbonyl over the ribose  carhoxylate or the sulfonate) should be close to the original position
ring) or anti (with Cs over the ribose ring) conformatio2%) of the G carboxylate group of OMP.
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Table 4: synanti Conformation of UMP Derivatives in Solution and Bound within the Active Site of ODCase

solution active site
nucleotide conformation data bound conformation data
UMP anti NMRb-d syn X-ray® 9
comg"
6-carboxy-UMP (OMP) syn NMRe® syn X-ray?
comg
6-carboxamido-UMP syn predicted syn predicted
6-cyano-UMP syn predicted syn X-rayk
6-aza-UMP anti NMRP synanti X-rayhokn
compgne
6-thiocarboxamido-UMP syn predicted syn predicted
6-0x0-UMP or 6-hydroxy-UMP (BMP) anti NMRP syn X-raydi
syn= anti compy’
5,6-dihydro-6-carboxy-UMP (5,6-dihydro-OMP) syn predicted syn predicted
5,6-dihydro-6-sulfonyl-UMP (UMP-S€) syn predicted syn predicted
5,6-dihydro-6-sulfonyl-OMP (OMP-S£) syn predicted syn predicted

a“NMR” or “Comp” indicates that NMR or computational studies, from the references cited, have determined the solution conformation of the
nucleotide. “X-ray” indicates that there is an X-ray structure of the nucleotide bound in the active site of ODCase, in the reference provided.
“Predicted” indicates the solution conformation is anticipated on the basis of analogy with 6-methyluridine. A large grouwpuaid®e expected
to force the nucleotide into thgynconfiguration to avoid unfavorable interactions between the 6-substituent and the ribose protons and phosphoryl

group.® Reference26. ¢ Reference25. ¢ Reference23. ¢ Reference34. f Reference2. 9 Referencess. " References6. ' Reference37. | Reference
38. kReferences. ' Reference33. ™ Reference2. " 6-Aza-UMP has been shown to be bound by the S127A mutant ODCasednttitenformation.
° Neutral 6-aza-UMP prefers thenti conformation, but its anion exhibits no preference according to computaB@ns (
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oxygen atom, leading to a preference for tégn con-

former.

Investigating the effects of sulfur substitution, Shostak and

Jones 29) showed that 4-thio-OMP exhibits k&, value of
2 x 10°® M and ak. value approaching that of OMP. In
contrast, 2-thio-OMP exhibits i value of 2.9x 105 M

and is not decarboxylated by the yeast enzyme. More recen

experiments indicate that 2-thio-OMP is bound withKa
value greater than 1® M (30). Smiley and Saleh have
attributed the weak binding of 2-thio-OMP to its binding in
the “wrong” anti conformation 81). These investigators have SOt b :
also shown that both 2- and 4- thio-UMP derivatives are POSitioning of the pyrimidine ring, caused by the presence
competitive inhibitors of ODCase, witl§; values of 2.3x
105 and 1.5x 10°% M, respectively. The differences in
binding affinity between 2-thio and 4-thio derivatives of
UMP and OMP have been analyzed computationally by (35 have shown that nucleotides containing xanthine or
Phillips and Lee 32) in terms of the relative stabilities of
the syn and anti conformers and the barriers to rotation based ligands. As noted by the authors, those differences
around the glycosidic bond observed in tetrahydrofuryl presumably arise from the inordinate size of the purine ring
derivatives. These authors suggest that 2-thio-UMP, 4-thio- of xanthine and the inability of the cytosine ring to form the
UMP, and 4-thio-OMP exhibit relatively high affinity for
the active site because they can be bound in the preferredhe 4-carbonyl group that stabilize the complexes formed

syn conformation. 2-Thio-OMP, which adopts thanti
conformation in solution and exhibits the highest energy
barrier to rotation about the glycosidic bond, cannot rotate
easily to thesynconformation that may be needed for optimal
binding and catalysis. 2-Thio-OMP appears to be the one
case in which the bulk of the carboxyl group at €lative

to that of the G=S group at G, is insufficient to favor the
requiredsyn conformation.

The three uridine nucleotides with 6-substituents of varying
bulk—the 6-cyano, 6-carboxamido, and 6-thiocarboxamido
derivatives of UMP-presumably prefer thgynconformation
in solution due to the bulk of theirg&ubstituents. 6-Cyano-
UMP has been reported by Fujihashi et 8B)(to be “bound
in the active site in @ manner analogous to that of UMP,
6-azaUMP, and BMP”, i.e., th&ynconformation. Although

fthe structures of their enzyme complexes remain to be

established, the 6-carboxamide and 6-thiocarboxamide nucle-
otides would also be expected to favor gy@conformation
strongly. An additional pyrimidine nucleotide whose as-
sociation with ODCase has been examined crystallographi-
cally is cytidine 5-phosphate (CMP) and its 6-carboxylate
derivative. CMP adopts thanti conformation in solution
(26) and also within the active site of ODCase where it is

very weakly bound 31). The 6-carboxylate derivative of

CMP was found to be a very poor substrate (roughly 10
less active than OMP) and was only weakly boudd)(The
weak binding of CMP and CMP-6-carboxylate was ascribed
to poor anchoring of the'20H of ribose and to improper

of the G, amino group, resulting in greater mobility within
the active site.

In the enzyme from a thermophilic bacterium, Pai et al.

cytosine are bound in a manner different from that of uracil-

conserved H-bonding interactions between the enzyme and
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in solution is equipped with an ionized hydroxyl grougK(p
~ 2.8) at G and keto groups atLand G. BMP can exist
in either thesyn or anti conformation, andH NMR data
indicate that theanti conformer predominates in aqueous
solution @6). In its preference for thaanti conformation,
BMP resembleg-cyanuric acid ribonucleoside, which is
similar in structure to barbituric acid ribonucleoside, but with
a third nitrogen atom replacings@f the pyrimidine ring
(Figure 11).

Phillips and Lee’s 82) calculations indicate that theyn
and anti conformers of BMP are similarly favorable ener-
getically and are separated by a high barrier to rotation about
the glycosidic bond. When bound at the active site of
ODCase, BMP has been found to be in $igaconformation,
which orients the goxyanion facing the catalytic tetrad of
alternating aspartate and lysine residu®s It is possible
that ODCase selects tsgnconformer of BMP from solution
or that the enzyme induces tlamti conformer of BMP to
rotate about the glycosidic bond to be bound in Hym
conformation. If BMP were bound to any extent as the rare
triketo species, then Owvould carry two geminal protons
(as in the three 5,6-dihydro inhibitors) and the tKevalue
of that rare species would be even lower than the measured
Ki value. The geminal £protons of the triketo form would
be difficult to observe by'H NMR spectra because they
would presumably be subject to solvent exchange through
keto—enol equilibration 89, 40).

On the basis of these considerations and modeling of
several complexes of ODCase frdvhh thermoautotrophicum
containing various uracil derivatives (Supporting Informa-
tion), we present hypothetical structures of UMP;SDd
OMP-SQ bound within the active site of the enzyme (Figure
12). These structures are derived from the well-characterized
complex of ODCase with BMP and structural data for 5,6-

adduct was present in the incubation mixture. In the latter case thedihydrouracil-6-sulf0nate2(1). The puckered dihydropyri-

concentration of the adduct was reduced by 5% and that 5% was
added to the OMP substrate added to the assay mixture. The averag

of the threeK| values in each situation was 20t85.8uM assuming
pure adduct and 15.% 3.5 uM for 95% pure adduct. Since the
standard deviations of these twq values show considerable
overlap, this would suggest there is no real effect from the small
amount of OMP in the adduct. This is consistent with other tests
performed as described in the Results.

by BMP, OMP, and UMP in the published crystal structures
of OMP decarboxylase. Instead, the cytosine ring with its
4-amino group is likely to be repelled. Presumably for these
reasons, the rings of XMP and CMP are turned away from
the binding site normally occupied by the uracil pyrimidine

midine ring of each adduct is oriented in such a way as to
Be superimposed on the pyrimidine ring of BMP as closely
as possible. The phosphoribosyl groups are not altered. The
sulfonate group is axial to the puckered dihydropyrimidine
ring. Negatively charged sulfonate and carboxylate groups
are located close to Lys-72 (within3 A) and are likely to
experience a strong Coulombic interaction. When the protein

5The binding of XMP and that of CMP by ODCase, in which the
whole nucleotide is rotated out of the active site, represent interesting
exceptions. A reviewer has suggested that the present sulfonate
derivatives may also be bound in unfamiliar ways. In the absence of
direct structural information, we agree that the possibility of radically

ring, so that the phosphate-binding loop does not close different modes of binding cannot be dismissed. We note, however,

properly, the bases X and C find new H-bonding partners

outside the site normally occupied by the substrate and

product, and the void remaining at that site is occupied by
a molecule of butanediol (in the case of XMP) or five water
molecules (in the case of CMP).

The most tightly bound pyrimidine nucleotide inhibitor
of ODCase is barbituric acid ribofuranosiderbonophos-
phate (BMP), with an estimatei] value of 9x 10712 M1,
This triketopyrimidine presents a complex conformational
problem, in that the keto groups ab,GC4, and G render
this molecule nearly symmetrical along the-NC, axis. In
principle, each of those keto groups might exist at least to

that the uracil derivatives shown in black and blue in Figure 10 have
H-bonding capabilities that are similar to each other, but very different
from those of CMP. The published atomic coordinates of BMP, OMP,
UMP, 6-iodo-UMP, and 6-aza-UMP bound at the active site of ODCase
show that the uracil rings overlie each other and that the phosphoribose
groups are all similarly aligned. Further, the hydrogen bond interactions
between the enzyme and each ligand are found to be the same. For
those reasons, we consider it probable that the present inhibitors, shown
in red in Figure 10, are bound in approximately the same way as BMP,
OMP, and UMP. That mode of binding would allow these negatively
charged inhibitors to interact favorably with the positively charged
lysine at the active site, and our inspection of the published crystal
structures of BMP, OMP, or UMP complexes with ODCase suggests
that there should be no steric impediment to binding of the present
inhibitors in the same manner as BMP and UMP. (See the Supporting
Information for the details of the interactions between ODCase and

some extent as the hydroxyl tautomer. The accepted structurevarious nucleotides.)
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Ficure 10: Dissociation constants for UMP derivatives bound by ODCase shown in the known or predictgan conformationsyn
(black structures) aanti (blue structures) about the glycosidic bond (the vertical bar belpim Mach structure to £of the phosphoribosyl

moiety, abbreviated as;R The nucleotides are in three groups: substrate and product (bottom row), 5,6-saturated or 5,6-dihydro nucleotides

(middle row), and 5,6-unsaturated nucleotides (two topmost rows). Two of the tightest binding nucleotide K BMP (x 10712 M~1)
(45) and 6-thiocarboxamido-UMPKG = 3.5 x 10°° M~1) (46), are not shown. Dissociation constants-@yifor the nucleotides in the
figure are (4-thio-OMP) 2x 1075 (29), (6-methylamino-UMP) 3.3« 1076 (7), (6-carboxamido-UMP) 6< 107* (46), (6-aza-UMP) 6x
1078 (4), (4-thio-UMP) 1.5x 10°° (31), (6-cyano-UMP) 2.9x 1075 (42), (2-thio-UMP) 2.3x 107° (31), (2-thio-OMP) >10* (30),
(5,6-hydro-OMP) 2.5x 1077 (47), (5,6-dihydro-OMP-6-Sg) 2 x 107° (this work), (5,6-dihydro-UMP-6-S§) 2.9 x 1075 (this work),
(OMP) 7 x 1077 (4), and (UMP) 2x 1074 (4).
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Ficure 11: Some of the conformers and ionic species of BMP.
Although BMP is equally likely to beynor anti in aqueous solution
(31), the triketo species, shown on the left side of the figure, is
only observed in nonaqueous solutions. HBya 6-anion of BMP
(highlighted in red) is the only species bound within the active site

of ODCase.

axial sulfonyl group. These tentative structural conjectures
remain to be tested by exact structural methods.
Conflicting Structural Requirements of a Commodieus
yet Discriminating-Active Site In the absence of direct
structural information, comparison of the behavior of the
nucleotides discussed above suggests several inferences of
the binding properties of the 6-sulfonate inhibitors described
here. On the basis of their observed tight binding, it seems
reasonable to suppose that the sulfonate adducts of UMP
and OMP are bound in thsyn conformation, like OMP,
UMP, and other nucleotides that are tightly bound. Appar-
ently, the carboxylate binding pocket, which may be the
initial location for the CQ molecule released from OMP, is
large enough to accommodate a sulfonate group as well as
a carboxylate group. The puckered 5,6-dihydropyrimidine
ring may not position €and its substituents as deeply in
the carboxylate pocket as does the planar pyrimidine ring
of OMP, with its coplanar carboxylate group, but 5,6-
dihydro-OMP is bound with an affinity comparable with that
of the substrate OMP, suggesting that the pocket can
accommodate a noncoplanar 6-substituent. Saturation of the
Cs=Cs bond of OMP converts the substrate into an inhibitor
that does not undergo enzymatic decarboxylation. The

surface was included in parts B and C of Figure 12, the sulfonate adduct of OMP is bound30 times less tightly
sulfonate group projected slightly into the protein surface in than OMP itself, but the sulfonate adducts of UMP are bound
the vicinity of Lys-72. The other protein side chain close to ~7-fold more tightly than the product UMP. It seems evident
the sulfonate group is Met 126, but this side chain is flexible. that both negative charge ag @nd G—Cs saturation of the

In view of the flexibility in the lysine and methionine side pyrimidine are readily accommodated by the active site of
chains, there appears to be little steric impediment with the ODCase.
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Ficure 12: Hypothetical binding of the UMP-S@nd OMP-SQ
inhibitors in the active site of ODCase based on the binding of
BMP. (A) BMP bound in ODCase froril. theromoautotrophophi-
cum from ref 35. The protein surface around Lys-72 has been
removed to expose the amino acid side chain. Met-126 is inside
the surface above carbons 4 and 5 of the pyrimidine ring. (B) UMP-
SO; modeled into the active site using BMP as the basic structure,
with modification of the pyrimidine ring and the position of the
sulfonate group based on the X-ray structure of sodium 5,6-
dihydrouracil-6-sulfonate from ré&fl. The sulfonate group is axially
oriented coming up from the pyrimidine ring toward the viewer.
Two of the three sulfonate oxygens are witld A of thenitrogen

of the NH, group of Lys-72. The gproton is shown in tan color.
(C) OMP-SQ modeled into the active site using the structure in
(B) with the carboxyl group replacing the proton o @ the
equatorial position and retaining the sulfonate group in the axial
position. In both (B) and (C) the negatively charged sulfonate and
carboxylate groups are in close proximity to the positively charged
Lys-72. An alternative structure with the pyrimidine ring puckered
in the opposite direction for both adducts caused unfavorable
interactions between the sulfonate group and a proline residue in
the bottom of the cavity. Figures and modeled inhibitors were
generated using PyMol (DeLano Scientific LLC; Palo Alto, CA)
and PDB entry 1LOR for the BMP complex in panel A, which
was modified, as described above, to produce panels B and C.
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The present observations, and an earlier report of the
inhibition of ODCase by 6-methylamino-UMBB)( raise
serious questions about the “electrostatic stress” mechanism
as originally proposed2j. According to that mechanism,
the carboxylate group of Asp-70 repels the 6-carboxylate
group of OMP in such a way as to destabilize it, advancing
the reaction toward a transition state from which @@parts
as the G anion of UMP is generated. If electrostatic
destabilization of the enzymesubstrate complex constituted
an important part of such a mechanism, one might have
expected that sulfonate adducts (especially OMRB)80uld
tend to be excluded from the active site because of the greater
size and charge density of the carboxylate and sulfonate
substituents at £Instead, these sulfonate adducts are bound
almost as tightly as OMP and 5,6-dihydro-OMP. The
behavior of the three 5,6-dihydro compounds indicates that
ODCase can accommodate nonplanar pyrimidine rings.
Moreover, several of the pyrimidine nucleotides in Figure
10 are equipped with 6-substituents that vary in structure,
number of atoms, and electrostatic charge, but are bound
with similar affinities. Those are not the properties that one
would expect of an active site with a rigid structure that
imposes sufficient electrostatic stress on the substrate to
produce a major advancement along the reaction coordinate.

In contrast to the overall similarity of the binding affinities
summarized in Figure 10, the affinity of ODCase for the
altered substrate in the transition state (which probably
resembles a g&carbanion, in which an electron pair replaces
the substrate’'s £-COO™ group) is vastly higher than its
affinity for OMP in the ground state. The remarkable
magnitude of that increase in affinity-(L0'"-fold) requires
that the enzymesubstrate interactions be extremely strong
and intimate in the transition state. That unusual jump in
affinity is partly reflected in the affinity of BMPK; = 10 %

M), in which a G—CO~ group replaces the substrate’s
Ce— COO™ group. What is most striking about this series
(Cs~ > Ce—O > Ce—COOQO) is that binding affinity
increases very steeply with decreasing size, whereas elec-
trostatic charge remains nominally unchanged. When the
negative charge is separated frorg 8y zero, one, or two
bonds, the free energy of binding changes fre131.7 to
—15.0 to—8.4 kcal/mol.

Perhaps these paradoxical properties of the active site
(indiscriminate binding of substrates and their analogues in
the ground state, but highly discriminating binding of the
altered substrate in the transition state) can be reconciled if
we suppose that in the transition state (to a much greater
extent than in the ground state) the active site closes around
the substrate in such a way as to provide the intimate and
discriminating contacts that are required for catalydid).(

It seems reasonable to conjecture that these changes are
reflected to some extent in the crystallographically observed
ordering and closing of loop 267217 of the yeast enzyme
that accompanies the binding of BMP. After entry of the
substrate, at a rate that approaches the diffusion lifjt (

the closure of that loop permits new H-bonding interactions
between the substrate phosphoryl group and the active site,
notably Tyr-217. For such a loop movement to support
catalysis, it is necessary that the cost of distorting the enzyme
from its native “open” structure be less than the benefit of
enhanced attractive forces between the enzyme and substrate
in the transition state. That overriding benefit would seem
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to be possible if (a) loop closure involves the relative
movement of parts of the active site that are intrinsically
somewhat ordered4®) and (b) there is a high level of
synergism between the forces of attraction that are work in
the transition state, but not the ground state.

In apparent agreement with that sequence of events, the {g
phosphoryl group of OMP has been shown by its presence

to contribute a factor of 28to the value ok../Kn observed
for OMP (5, 44). Moreover, the phosphite ion has been
shown to enhance, by a factor of8l@he reactivity of a
truncated form of the nucleoside orotidind8). Just as
ODCase produces one of the larger rate enhancements that

is known to be produced by any enzyme, the substrate

phosphoryl group (although spatially distant from the site

of substrate decarboxylation) produces the largest effect of
a simple substituent that appears to have been reported for 14
any enzyme reaction. These effects, and the present findings,
seem to be compatible with the view that much of the rate 15
enhancement produced by this unusual catalyst arises mainly

from its ability to stabilize the altered substrate in the

transition state, rather than from electrostatic destabilization

of the ground-state enzymaubstrate complex.
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SUPPORTING INFORMATION AVAILABLE

Analysis of the binding interactions between ODCase and
five uracil-based nucleotides as well as XMP and CMP to

compare and contrast the interactions, supporting the proposal

that UMP-SQ and OMP-SQ@ are most likely bound like
other uracil nucleotides, as illustrated in Figure 12. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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