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Abstract
The transition state for the Trypanosoma cruzi uridine phosphorylase (TcUP) reaction has an
expanded SN2 character. We used binding isotope effects (BIE’s) to probe uridine distortion in the
complex with TcUP and sulfate to mimic the Michaelis complex. Inverse 1′-3H and 5′-3H BIE’s
indicate a constrained bonding environment of these groups in the complex. Quantum chemical
modeling identified a uridine conformer whose calculated BIE’s match the experimental values.
This conformer differs in sugar pucker and uracil orientation from the unbound conformer and the
transition-state structure. These results support ground-state stabilization in the Michaelis
complex.

Ground-state destabilization has been proposed as a strategy employed by enzymes
including triosephosphate isomerase, enoyl-CoA hydratase, and alkaline phosphatase, to
accomplish catalysis.1–4 The process consists of enzyme-induced electronic strain of
substrates in the Michaelis complex towards their transition-state configurations. However,
some theoretical and experimental evidences have questioned this hypothesis in certain
enzymes, for instance, orotidine 5′-decarboxylase and lysozyme.5–7

Kinetic isotope effects (KIE’s) measured by the internal competition method in enzymatic
reactions report on V/K, probing events from free substrate in solution up to, and including,
the first irreversible step, often assumed to be the release of the first product under initial
rate conditions. KIE’s on V/K can be corrected for kinetic complexities, such as
commitment factors, to yield intrinsic KIE’s, which reflect differences in bond vibration
frequencies between the free substrate and the transition state for the chemical step,
providing no information on the bonding environment in the Michaelis complex.2,8

Conversely, equilibrium binding isotope effects (BIE’s) arise from distinct bonding
environments in the free substrate and in the Michaelis complex, prior to the chemical step.9

When both types of isotope effects are available for an enzyme reaction, the degree of
distortion in the enzyme-bound substrate can be compared with that at the transition state,
allowing an evaluation of ground-state destabilization.10,11

Here, the hypothesis of ground-state destabilization in the reaction catalyzed by
Trypanosoma cruzi uridine phosphorylase (TcUP) (EC 2.4.2.3) is investigated by BIE
analysis. TcUP catalyzes the reversible phosphorolysis of uridine to yield uracil and ribose
1-phosphate,12 and KIE studies using phosphate or arsenate as nucleophile indicated that the
reaction proceeds via an expanded SN2-like transition state.13,14 If the C1′-N1 bond of
uridine elongates in the Michaelis complex towards the transition state, the anomeric carbon
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develops partial sp2 character with increased freedom in the C1′-H1′ bond out-of-plane
bending mode. Experimentally, this gives rise to a normal 1′-3H BIE. Scheme S1 depicts the
atom numbering of uridine.

Tritium BIE’s were measured for the 1′-H and 5′-H2 positions of uridine, using
[5′-14C]uridine as the light substrate in competitive radiolabel experiments. Briefly, 20 µM
TcUP was incubated with 50 µM uridine ([5′-14C]uridine and either [1′-3H] or
[5′-3H2]uridine), and 50 mM (NH4)2SO4 pH 7.5, in 100 mM HEPES pH 7.5. The
incubation mixture (100 µL) was loaded onto an ultrafiltration apparatus, and an argon
pressure of 30 psi was applied until approximately half the volume had passed through a
semi-permeable membrane (10 kDa molecular weight exclusion). At this time, 30 µL were
removed from the top and bottom of the ultrafiltration wells. Scintillation counting and
spectral deconvolution were performed as previously reported.13 BIE’s were calculated with
eq 1, where 14CT and 14CB are the total 14C counts in the top and bottom wells, respectively,
and 3HT and 3HB are the total 3H counts in the top and bottom wells, respectively.15 BIE’s
are expressed as averages and their standard errors for at least 10 replicates in 2 independent
experiments. The effect of sulfate ion on the 1′-3H BIE was assessed by excluding
(NH4)2SO4 from the incubation mixture. Enzyme was omitted in control experiments.

(1)

BIE values of 1′-3H = 0.947 ± 0.007 (−5.3%) and 5′-3H2 = 0.979 ± 0.006 (−2.1%) were
obtained for the formation of the TcUP-uridine-sulfate ternary complex. A 1′-3H BIE =
0.953 ± 0.009 (−4.7%) was measured in the absence of (NH4)2SO4, indicating that the
nucleophile mimic exerts negligible or no influence on the inverse isotope effect. The sulfate
ion is known to occupy the phosphate binding sites in ribosyltransferases, and is employed
as a non-reactive mimic of phosphate in ternary-complex crystal structures and BIE
experiments.10,11,16 The lack of chemical activity of this complex was confirmed by
incubating 50 mM (NH4)2SO4 pH 7.5, 10 µM TcUP, and 100 µM uridine in 100 mM
HEPES pH 7.5 for 90 min, followed by reverse-phase HPLC separation as previously
described.13 No uracil could be detected under this condition (Figure 1), which resembles
that of the ultrafiltration experiments.

Inverse BIE’s occur when the bond to the tritium isotope is more constrained in the enzyme-
bound state. Therefore, atoms H1′ and H(2)5′ experience a more constrained bonding
environment when bound to TcUP. These values contrast with the intrinsic KIE’s of 1′-3H =
1.132 (13.2%) and 5′-3H2 = 1.041 (4.1%) for uridine arsenolysis by TcUP, which
established increased bond vibrational freedom for these atoms at the transition state.13

Hence, ternary-complex interactions contribute isotope effects in the opposite direction to
those arising from transition state formation. This finding is contrary to those found with P.
falciparum and human orotate phosphoribosyltransferases (OPRT), where half of the normal
intrinsic KIE values for 1′-3H are contributed by BIE’s,10 and with human thymidine
phosphorylase (TP), where the 5′-3H2 BIE for thymidine is equivalent to and thus accounts
for the entire intrinsic KIE.17 In summary, the experimental BIE data for TcUP support
ground-state stabilization in both binary and ternary complexes.

Density-functional theory (DFT) calculations were performed to search for a conformational
geometry of uridine in the Michaelis complex that could account for the BIE’s. Several
conformations of uridine were optimized in vacuo at the B3LYP level of theory with the 6–
31G** basis set, as implemented in Gaussian 09,18 by varying the O4′-C1′-N1-C6 dihedral
angle with either 2′-endo-3′-exo or 2′-exo-3′-endo ribosyl pucker. All optimizations
resulted in ground-state structures containing no imaginary frequencies. Isotope effects for
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each structure were calculated from scaled vibrational frequencies using ISOEFF98,19 and
compared with the experimental BIE values.

The 2′-endo-3′-exo and 2′-exo-3′-endo uridine conformations yielded distinct BIE’s
throughout the range of O4′-C1′-N1-C6 dihedrals (Figure 2). The lowest energy
conformation of free uridine, used as the reference upon which all BIE’s were calculated,
adopts a 2′-endo-3′-exo pucker and an O4′-C1′-N1-C6 torsion angle of −117°13 (Figure 3,
left). A 2′-exo-3′-endo conformer with O4′-C1′-N1-C6 dihedral angle of −75° (Figure 3,
middle) generated calculated BIE’s on 1′-3H = 0.949 (−5.1%) and on 5′-3H2 = 0.972
(−2.8%), in excellent agreement with the experimental values of −5.3% and −2.1%,
respectively. Inverse BIE’s were also calculated from other conformers, but none of them
matched the experimental ones as closely (Table S1).

The 2′-exo-3′-endo ribosyl pucker differs from that of free uridine and also from the KIE-
derived transition-state structure for the TcUP-catalyzed arsenolysis of uridine. At the
transition state, a flatter 2′-endo-3′-exo sugar is predicted13 (Figure 3, right). The potential
energy of the conformer proposed to be present in the Michaelis complex is approximately 3
kcal mol−1 higher than that of free uridine (Figure S1), an amount of energy stabilized, for
example, by a modest hydrogen bond (H-bond).20 This could be explained by the loss of an
intra-molecular H-bond between O(H)5′ and O2. This H-bond was predicted by DFT
optimizations of ground-state uridine, as previously reported,13 and is likely disrupted as the
O4′-C1′-N1-C6 torsion angle increases from −117° to −75° upon enzyme binding. At the
transition state, this angle is further increased to −23°, favoring H-bond interactions with the
side chain of an active site glutamine residue conserved in all known uridine
phosphorylases.13,21 At present, structural data to predict interactions with the −75° dihedral
conformation of uridine is lacking.

Distinct atomic charges are a prominent feature of transition-state structures of N-
ribosyltransferase reactions.22 Ground state destabilization in the Michaelis complex is
therefore expected to alter the charge distribution of bound uridine towards that of the
transition state. Accordingly, natural bond orbital (NBO) charges were calculated for the
proposed TcUP-bound uridine conformer, and compared with those reported for free
substrate and transition state structures (Table 1).13 The only continuous trends in charge
distribution among the three structures concern the subtle accumulation of negative charge
at the N1 position and the small decrease in electron density at the H1′ position of bound
uridine, both of which become more pronounced at the transition state. Position C1′
conserves its charge as uridine binds TcUP, and loses electron density only at the transition
state as the N-ribosydic bond electrons migrate to the uracil moiety. Positions O4′, O5′, O2,
Pro-R-H5′, and Pro-S-H5′ show altered NBO charges in the Michaelis complex in
comparison with the free substrate. However, those charges change in the opposite direction
as the system reaches the transition state.

The inverse experimental 1′-3H and 5′-3H2 BIE’s presented in this work contrast with the
normal KIE’s measured for TcUP-catalyzed arsenolysis of uridine. The uridine conformer
whose calculated 1′-3H and 5′-3H2 BIE’s match the experimental values representing the
conformation of uridine in the Michaelis complex does not incorporate characteristics of the
transition-state structure. Neither the ribosyl pucker nor the NBO charge distribution pattern
are altered to more closely resemble the transition state. These observations are consistent
with ground-state stabilization in the Michaelis complex of TcUP. Ground-state stabilization
here refers to local effects on the bound substrate, such as bonding environment, ribosyl
pucker, and NBO charges, contrasting to those in the enzymatic transition state. Compared
with previous reports of BIE’s for human and P. falciparum OPRT10 and human TP,17 the
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present work exemplifies the diverging strategies employed by different enzymes to catalyze
similar chemical transformations.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

KIE Kinetic Isotope Effect

BIE Equilibrium Binding Isotope Effect

TcUP Trypanosoma cruzi Uridine Phosphorylase

DFT Density-Functional Theory

H-Bond Hydrogen Bond

NBO Natural Bond Orbital

OPRT orotate phosphoribosyltransferase

TP thymidine phosphorylase
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Figure 1.
Reverse-phase chromatograms of incubation mixtures containing TcUP, uridine, and sulfate
(solid line), uracil and sulfate (dashed line), and uridine and sulfate (dotted line), in HEPES
pH 7.5.
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Figure 2.
Dependence of calculated 1′-3H (blue) and 5′-3H2 (pink) BIE’s on O4′-C1′-N1-C6
dihedral angles of 2′-endo-3′-exo (top) and 2′-exo-3′-endo (bottom) conformers of uridine.
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Figure 3.
Stick models of DFT-optimized conformations of uridine as free substrate (left), in the
Michaelis complex (middle), and at the transition state for arsenolysis (right), and their
respective O4′-C1′-N1-C6 dihedral angles.
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Table 1

Natural Bond Orbital Charges of Free Uridine (FU), Bound Uridine (BU), and Transition State (TS).

Position FU BU TS

C1′ 0.25a 0.25 0.36a

H1′ 0.22 0.25 0.29

N1 −0.47a −0.48 −0.62a

O4′ −0.59a −0.61 −0.51a

O5′ −0.78 −0.76 −0.78

Pro-R-H5′ 0.22 0.23 0.22

Pro-S-H5′ 0.22 0.21 0.19

O2 −0.66 −0.64 −0.71

a
Previously published values.13
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