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Preface

How can an enzyme that apparently does not utilize cofactors or covalent
intermediates be one of the most proficient enzymes known? This is the
mystery of orotidine monophosphate decarboxylase (ODCase). In this vol-
ume, experts in the field of enzyme catalysis describe their efforts to under-
stand this puzzling enzyme.

The reaction catalyzed by ODCase is ostensibly quite simple—the decarbox-
ylation of orotate ribose monophosphate (OMP) to produce uracil ribose mono-
phosphate (see below). The problem with this reaction is that direct decarboxyl-
ation would lead to an anion whose lone pair of electrons is not aligned with
any 7z-system that could lead to stabilization through delocalization. Various
proposals have been put forth to overcome this apparent obstacle. These include
selective stabilization of the transition state for direct decarboxylation by non-
covalent interactions with ODCase, selective destabilization of the reactant by
repulsive noncovalent interactions that are reduced or removed during direct
decarboxylation, pre-protonation of the reactant on one of its carbonyl oxygens
or alkene carbons such that decarboxylation would lead to a stabilized ylide,
and concerted protonation-decarboxylation which would avoid the formation of
a discrete uracil anion. The validity of these mechanistic proposals is analyzed
from various Viewpoints in this volume.

O H

sugar- sugar—
phosphate phosphate

Houk and coworkers provide a survey of the known biochemical, structural,
and computational studies on ODCase. In particular, they examine what recent
theoretical studies have discovered about the origins of catalysis in ODCase, in-
cluding the possibility that dynamic effects and/or iminium ion formation
might actually be important contributors to ODCase’s proficiency.

Wu and Pai provide a thorough examination of the molecular structure of
ODCase, based on X-ray crystallographic studies of wild-type and mutant
ODCases bound with various inhibitors. The implications of these structural
studies are discussed, with an emphasis on the possibility that the conforma-
tional dynamics of the enzyme may be the key to catalysis.
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VIII Preface

Miller provides a synthesis of results from recent structural studies, computa-
tions, and biochemical experiments on mutant ODCases and truncated sub-
strates. His detailed analysis of specific ODCase-substrate interactions is aimed
at quantifying their importance and proposing roles for each in catalysis.

Smiley provides an analysis of the available structural and biochemical data,
and based on these, proposes an unusual binding mode for OMP in ODCase.
The implications of this binding mode for catalysis are discussed in detail.

Lundberg, Blomberg, and Siegbahn show how modern quantum chemistry
has been applied to the ODCase problem. They describe results from quantum
mechanical calculations on large models of OMP and the active site residues in
ODCase that surround it, and provide a critical evaluation of many of the pro-
posed mechanisms for catalysis.

Gao and coworkers describe how combined quantum mechanics/molecular
mechanics computations have also been applied to the ODCase problem. In
particular, he focuses on the importance of strain (in both the substrate and
enzyme) to catalysis of direct decarboxylation.

Overall, this volume shows how many different mechanistic tools—biochem-
ical kinetics, X-ray crystallography, state-of-the-art computations—have been
brought to bear in parallel and occasionally in concert on the problem of under-
standing the origins of catalysis by ODCase. Still, it is clear that a consensus has
not yet been reached as to the catalytic mechanism. In fact, while very few
mechanistic proposals have been disproven, many new mechanistic proposals
have arisen. For example, as pointed out by several of our authors, dynamic ef-
fects may prove to be essential for catalysis in this peculiar enzyme. We hope
that the diverse chemistry discussed in this volume will inspire not only addi-
tional calculations and experiments, but also new viewpoints from which the
mystery of ODCase’s catalytic mechanism may be unraveled.

Piscataway, March 2004 Dean Tantillo and Jeehiun Lee
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Abstract In 1995, Wolfenden and Radzicka showed that orotidine 5'-monophosphate de-
carboxylase (ODCase) was the most proficient enzyme. Since then, the mechanism of ca-
talysis has been widely debated. The recent appearance of crystal structures for ODCase
has led not to a definitive picture of catalysis as might be expected, but to even more
conjecture concerning the mechanism. In addition, the many theoretical studies on OD-
Case have caused opinions to diverge, rather than converge, about the mechanism. This
review summarizes the mechanistic, crystallographic, and computational evidence for
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the mechanism of ODCase, and offers a critical evaluation of the various mechanisms
based upon this evidence.

Keywords Quantum mechanics - Density functional theory - ODCase - Uracil -
Decarboxylation

Abbreviations

ODCase Orotidine 5'-monophosphate decarboxylase
oMP Orotidine 5'-monophosphate

UMP Uridine 5'-monophosphate

BMP Barbituric acid ribosyl 5'-monophosphate
6-azaUMP  6-azauridylate 5'-monophosphate

XMP Xanthosine 5'-monophosphate

CMP Cytidine 5'-monophosphate

CPMD Car-Parrinello molecular dynamics

1

Introduction

The mechanism of the enzymatic decarboxylation of orotidine 5-mono-
phosphate (OMP) to uridine 5'-monophosphate (UMP) (see Fig. 1) is an in-
triguing problem for which many solutions have been offered. Even before
1995 when Wolfenden and Radzicka declared OMP decarboxylase (ODCase)
to be the “most proficient enzyme” [1], several different mechanisms had
been proposed. Since that time, other mechanisms have been advocated.
Curiously, the appearance of crystal structures for various wild-type and
mutant ODCases has led not to a definitive picture of catalysis, but to even
more conjecture and controversy concerning the mechanism.

This article summarizes the mechanistic, crystallographic, and computa-
tional evidence for the mechanism of decarboxylation of OMP by the family
of orotidine 5'-monophosphate decarboxylase enzymes, and offers a critical
evaluation of the various mechanisms based upon this evidence.

Figure 2 summarizes the nine different types of mechanisms proposed
for this reaction and the original proponents of each. There is some overlap,

H®
=-2
O o R=20;pg~0
HN HO OH
A e ’;N\)j + CO,
o7 oo, 7N
R R

Fig. 1 Conversion of orotidine monophosphate to uridine monophosphate
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Houk & Lee (1997)
O4-protonation

Shostack & Jones (1992) Silverman & Groziak (1982)
iminium formation at C4 (4) nucleophilic attack at C5
Siegbahn (2002) Kollman (2001)

02 or O4-protonation HN I protonation at C5

5
A
Beak &Siegel (1976)  , O 'N"6"COo Gao & Pai (2000)

02-protonation 'R electrostatic stress at CO,-
Bruice (2002) Ealick & Larson (2000)
protein loop dynamics protonation at C6

Warshel (2001)
electrostatic stabilization

Fig. 2 Summary of mechanisms proposed for action of ODCase

and more than one researcher has backed one of the other mechanisms.
Nevertheless, consensus has not been achieved.

Figure 3 compares the proficiencies (Kc,/Kpm/kyn) of ODCase, several oth-
er enzyme decarboxylases [2], and some antibody decarboxylases [3]. The
proficiencies of the decarboxylase enzymes, including a variety of amino
acid decarboxylases, are nearly equal. Many decarboxylases employ iminium
intermediates formed by reaction of an amino acid with a cofactor such as
pyruvoyl or pyridoxal, or by reaction of a f-keto ester with an active-site ly-
sine residue. These intermediates have been found to be so reactive that the

Orotidine 5’-monphosphate Decarboxylase

Arginine .
Decarboxylase / Histidine Decarboxylase
é PTE KSI-TIM CAN
NbC 9? O/ Acetoacetate STN ADA ANS CDA & CPA CMU CY
L 4 HD, ~ Decarboxylase L 2 4 &
L I Y O L 2N IR IS NN U, UL -
21D8
) A A 38C2 A A
s A A T BF12 A A A
g e .
o * 4
E * keat’Km
= Qi R S S Rt R S s G Ay : kcat
g b - kuncat
g = — 4 *
Catalytic &>
© Antibodies
R S
» L ]
o
o

Fig. 3 A modified “Wolfenden plot” showing ke, /Ky, Kear, and kypeae for a selection of
enzymes and antibodies: Staphylococcal nuclease (STN), adenosine deaminase (ADA),
cytidine deaminase (CDA), alanylalanine transpeptidase (PTE), carboxypeptidase A
(CPA), ketosteroid isomerase (KSI), triose phosphate isomerase (TIM), chorismate mutase
(CMU), carbonic anhydrase (CAN), cyclophilin (CYC)
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rate of formation of the iminium intermediate becomes competitive with the
rate of decarboxylation [4].

For ODCase, non-covalent mechanisms have often been proposed, as re-
flected in three of the mechanisms shown in Fig. 2. This is the crux of the
attention showered on ODCase: how can this enzyme achieve its rate accel-
eration without the use of cofactors, metals, or acid-base catalysis? From
Wolfenden’s measurements of the uncatalyzed reaction of 1-methylorotic
acid in water, he calculated the rate enhancement (kcy/kyy) in the enzyme
to be 1.4x10", corresponding to a reduction of AG* of 24 kcal/mol [1]. He
also reported the catalytic proficiency to be 2x10%, meaning that the en-
zyme-transition state complex is an impressive 32 kcal/mol more stable
than the free enzyme and transition state in water (i.e., the effective binding
free energy of the transition state out of water is 32 kcal/mol) [1]! The ex-
perimental free energy of activation is 15 kcal/mol for this decarboxylation
in ODCase.

2
Mechanistic Investigations of ODCase

The lack of evidence for the involvement of cofactors in ODCase catalyzed
decarboxylation prompted Beak and Siegel to propose a novel mechanism,
which was supported by experiments on model systems [5]. They showed
that the decarboxylation of 1,3-dimethylorotic acid in sulfolane follows two
different pH-dependent pathways. In neutral solution, decarboxylation is
initiated by zwitterion formation. This led to the proposal of a zwitterion in-
termediate in the ODCase catalyzed reaction in which the O2 of the pyrimi-
dine ring is protonated, promoting the release of CO,.

Various covalent mechanisms have also been postulated. Silverman and
Groziak used model systems to support the Michael addition of an active-
site nucleophile to the C5 position of OMP followed by decarboxylation [6].
This mechanism was later discarded when kinetic isotope effect experiments
indicated that there was no change in bond order between C5 and C6 during
decarboxylation [7].

As noted above, many decarboxylases are known to exploit Schiff base
formation in the active-site as a source of catalysis. Shostack and Jones ex-
plored this possibility in the case of ODCase [8]. They found that when the
enzymatic reaction is performed in '®0 water, the product does not incorpo-
rate 0 from bulk solvent. For this reason, a covalent iminium mechanism
for ODCase was abandoned, in spite of its attractive similarities to other de-
carboxylase mechanisms.

Besides structural characterization described below, various other
experimental techniques have been employed to probe the nature of the
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ODCase active site. Wolfenden performed atomic absorption spectroscopy
and initially concluded that two atoms of zinc were present per active
ODCase monomer [9]. This finding was later withdrawn when atomic and
x-ray absorption spectroscopy did not detect zinc in active ODCase sam-
ples [10].

Mutagenesis experiments were also used to determine the importance of
active-site residues involved in binding and catalysis. Mutation of either
Lys93 or Asp91 (yeast numbering) to alanine was shown to reduce activity
by more than 10°, and to drastically reduce substrate binding [11]. The sub-
stitution of alanine at Lys59 or Asp96 reduced the activity by a comparable
amount, but the mutant retained some substrate affinity.

Likewise, a series of mutagenesis and substrate truncation experiments
indicated the importance of phosphate binding to the complexation of sub-
strate and to catalysis [11, 12]. Single mutations of several active-site resi-
dues that are known to interact with the phosphoryl group reduced the val-
ue of ke,/Ky, by factors of up to 7,300-fold. The value of k./K;, was re-
duced by more than twelve orders of magnitude when the phosphoribosyl
group of the OMP substrate was removed. The magnitude of this interac-
tion has been used to argue in favor of substrate destabilization as a source
of catalysis, whereby the favorable interaction of the phosphoryl group
compensates energetically for the destabilization of the reactive portion of
the substrate (discussed in detail in Sect. 4). More recent mutagenesis ex-
periments indicate that favorable interactions between the enzyme and sub-
strate phosphoryl group increase as the substrate approaches the transition
state, reinforcing the importance of transition state stabilization in catalysis
[13].

3
Crystallographic Studies

3.1
Initial Reports

To date, more than twenty X-ray crystal structures of ODCase have been re-
ported, all by the groups of Ealick, Pai, Larsen, and Short and Wolfenden
(see Table 1) [14-21]. The first six of these were reviewed previously by
Houk, Lee, and coworkers [22] and Begley, Appleby, and Ealick [23]. As not-
ed by these reviewers, the active-site structure of ODCase is extremely simi-
lar in all of the reported structures, boasting an Asp-Lys-Asp-Lys tetrad in
the vicinity of the 6-position of the pyrimidine
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ring of bound inhibitors defined above, a group of uncharged hydrogen
bond donors and acceptors that interact with the 2-, 3-, and 4-positions of
the pyrimidine ring, and several hydrophobic residues that interact with the
faces of the ring (Table 2). A representative structure is shown in Fig. 4.
Although no structures of ODCase complexed with its natural substrate
(OMP) were available at the time of these reports, several structures com-
plexed to related compounds were described. These compounds (Chart 1)
were UMP (the ultimate product of decarboxylation), BMP (a transition

Table 2 Active-site residues in the pyrimidine-binding region

B. subtilis S. cerevisiae M. thermoautotrophicum E. coli
Asp-Lys-Asp-Lys tetrad

Lys33 Lys59 Lys42 Lys44
Asp60 Asp9l Asp70 Asp71
Lys62 Lys93 Lys72 Lys73
Asp65b Asp96b Asp75b Asp76b
Uncharged hydrogen bond donors and acceptors

Gln 194 GIn215 GIn185 GIn201
Thr123 Ser154 Ser127 Thri31
Hydrophobic residues

Ile66b 11e97b Ile76b 1le77b
Pro182 Pro202 Pro180 Pro189
Leul22 Leul53 Met126 Leul30

Val160 1le183 Vall55 Vall67
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water

(a) 4 ®
Thn31‘F Leut 3 9»%”6?

Pro1 __

Lys44

Fig. 4a,b ODCase active-site (pyrimidine-binding region) with BMP bound from E. coli.
a Ball-and-stick drawing of polar and hydrophobic residues based on the crystallographi-
cally determined coordinates. Bonds in BMP are darker than those in the active-site resi-
dues. b Line drawing of polar active-site residues (bold) and their interactions with
bound BMP

state analog in which a negatively charged oxygen atom replaces the carbox-
ylate group of OMP), and 6-azaUMP (a transition state analog in which a ni-
trogen atom and its lone pair replace the C6-CO~ substructure of OMP and
mimic the C6 anion thought to be produced upon OMP decarboxylation).
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These ODCase-inhibitor structures provided some hints about the binding
modes of species on the putative reaction coordinate for OMP decarboxyla-
tion. Overall, these structures showed that groups at the 6-position of a
bound pyrimidine ring are in close proximity to the Asp-Lys-Asp-Lys tetrad,
and when these groups contain lone pairs (as in BMP and 6-azaUMP), they
hydrogen bond to a protonated Lys residue from the tetrad (Lys73 in Fig. 4,
E. coli numbering). Such an arrangement might also occur for the carboxyl-
ate group of OMP, although this group is considerably larger than the corre-
sponding functionality in BMP and 6-azaUMP. Uncertainty about the exact
position of the carboxylate group in bound OMP has led to a debate over
whether this carboxylate group would be stabilized upon complexation
(through a hydrogen bond with the Lys or perhaps even a nearby Asp if it
were protonated) or actually destabilized due to electrostatic repulsion with
a deprotonated Asp. These two scenarios are discussed further in Sect. 4.

These initial structures also indicated that there is no strongly acidic resi-
due in the vicinity of the carbonyl groups at the 2- or 4-position of the pyri-
midine rings of any of the bound inhibitors (see Fig. 4). This observation
cast doubt on the validity of earlier mechanistic proposals by Beak and
Siegel and by Lee and Houk that invoked protonation of one or the other of
these carbonyls in order to stabilize the charge that accumulates on OMP’s
pyrimidine ring during decarboxylation. Still, the possibility of a conforma-
tional change that brings an acidic residue closer to one of these carbonyls
(for example, Lys73 moving near 04) or a proton transfer mediated by an
active site water molecule (several of which are observed in these structures;
see Fig. 4) have not been ruled out. Computational studies that address some
of these issues are described in Sects. 4.1 and Sect. 4.5.

Additionally, comparison of unliganded ODCase structures with those of
ODCase-inhibitor complexes indicated that ODCase likely undergoes a large
conformational change upon complexation. This conformational change
causes the active site to become sequestered from bulk solvent while several
active-site residues move to assume positions suited for tight ligand bind-
ing. In particular, these movements involve residues that bind to the phos-
phate group and residues that participate in hydrophobic contacts with the
pyrimidine ring. Initial computational studies on this conformational
change and its implications for catalysis are discussed in Sect. 4.4.

3.2
Recent Studies

A large number of additional structures have been reported since these orig-
inal six structures were described in 2000 (Table 1) [18, 19, 20, 21]. These
more recent structures fall into three groups: (a) structures of ligand-free
ODCase, (b) structures of wild-type ODCase bound to inhibitors, and (c)
structures of ODCase mutants.
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3.2.1
Ligand-Free ODCase

In 2002, the third structure of ligand-free ODCase was reported (Table 1)
[20]. Again, significant conformational changes of some loops were ob-
served when this structure was compared to the previously reported OD-
Case-BMP structure from the same organism, indicating that a large confor-
mational change upon substrate binding is a general feature of ODCases.

3.2.2
Inhibitor Complexes

Also in 2002, Wu and Pai reported new structures of ODCase bound to UMP
and BMP and also to the inhibitors XMP and CMP (Chart I) [21]. The struc-
tures of ODCase with UMP and BMP bound were extremely similar to those
reported previously for ODCase from other organisms. The complexes of
ODCase with XMP and CMP, however, differed considerably from those with
UMP, BMP, and 6-azaUMP (for example, compare Figs. 4 and 5). Although
many contacts between ODCase and the sugar-phosphate groups of XMP
and CMP mirror those observed with UMP, BMP, and 6-azaUMP, the bases
of XMP and CMP actually protrude from the binding region utilized by the
other inhibitors and are consequently exposed to solvent. This change in
binding mode is presumably a result of the fact that the xanthine and cyto-

Ser1 27f
Wa‘e"’ Met126

c water

MP
o Lys72
water
®
water®,
Asp75b
Asp70

Lys42

Fig. 5 ODCase active site (M. thermoautotrophicum) with CMP bound
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sine rings in XMP and CMP, respectively, differ significantly from the pyri-
midine rings in UMP, BMP, and 6-azaUMP in terms of size and hydrogen
bonding pattern. This altered binding mode is also consistent with the fact
that 6-carboxy-CMP is not a competent decarboxylation substrate for OD-
Case [24]. The implications of this binding mode for the mechanism by
which ODCase catalyzes the decarboxylation of OMP—which is also consid-
erably larger than UMP, BMP, and 6-azaUMP—are, as of yet, unclear. Wu
and Pai do suggest, however, that this newly observed binding mode may re-
flect a metastable binding orientation for OMP that occurs between initial
binding of the phosphate group and binding of the full phosphate-sugar-
orotate structure.

3.2.3
ODCase Mutants

Pai and coworkers also reported structural studies of several M. thermoau-
totrophicum ODCase mutants (see Table 1) [19, 21]. These structural studies
focused on how binding is affected when residues in the phosphate binding
region, the recognition site for the 2- through 4-positions of the pyrimidine
ring of bound inhibitors, and the Asp-Lys-Asp-Lys tetrad (see Fig. 4 and Ta-
ble 2) are altered.

A structural study of a mutant ODCase in which a key phosphate-binding
Arg was truncated to Ala and a portion of a loop containing other phosphate
binding residues was deleted was reported by Wu and Pai in 2002 [21]. Sur-
prisingly, 6-azaUMP was observed to bind to this mutant in the same orien-
tation as in its complex with wild-type ODCase, despite the disruption of
several ODCase-phosphate interactions. Nonetheless, the binding affinity of
6-azaUMP for this mutant was decreased relative to that for the native struc-
ture and the crystals formed with the mutant ODCase were considerably less
stable than those formed with the native enzyme, consistent with other evi-
dence indicating that phosphate binding is essential for effective catalysis
(see Sect. 2).

Structures of 6-azaUMP-ODCase complexes in which either Ser127 or
GIn185 (analogous to Thr131 and GIn201 in the E. coli structure shown in
Fig. 4; see also Table 2) were mutated to Ala suggested that the side-chain of
GIn185 is not essential for effective recognition of the 2- through 4-positions
of the pyrimidine ring, while that of Ser127 is [19]. When GIn185 was mutat-
ed to Ala, a string of well-ordered water molecules was observed to stand in
for the amide group found in the native structure, allowing 6-azaUMP to
bind in the same orientation as it had before mutation. In contrast, when
Ser127 was mutated to Ala, a roughly equal mixture of two 6-azaUMP com-
plexes was observed—half had 6-azaUMP occupying the same position it
had in the wild-type structure, and half had its azauracil ring flipped by ap-
proximately 180° around the base-sugar N-C bond.
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Several structures of ODCase in which components of the Asp-Lys-Asp-
Lys tetrad were mutated were also reported by Pai and coworkers in 2002
[19]. When Asp70 (analogous to Asp71 in the E. coli structure shown in
Fig. 4; see also Table 2) was mutated to Ala and the crystallization medium
contained OMP, a complex of UMP—the product of OMP decarboxyla-
tion—was observed. In this complex, a chloride ion from the medium as-
sumed the bridging position between the two Lys residues of the tetrad that
was occupied by the carboxylate group of Asp70 in the wild-type structure
[19]. It is tempting to use the fact that this mutant could still convert OMP
to UMP to argue against a ground state destabilization mechanism involving
electrostatic repulsion between Asp70 and the carboxylate of OMP. However,
the implications of this result for the catalytic mechanism of wild-type OD-
Case in its natural environment are unclear, given the presence of the chlo-
ride ion and the relatively long time-scale of the crystallization experiments.
Mutation of Asp70 to Gly and crystallization with 6-azaUMP lead to a mix-
ture of structures displaying several conformers for the Lys72 side-chain
and the azauracil ring (that observed in the wild-type structure and the ro-
tamer with the ring flipped by approximately 180°) [19]. Finally, mutation of
Asp70 to an isosteric but neutral Asn residue resulted in a 6-azaUMP com-
plex in which the azauracil ring was flipped by approximately 180° com-
pared to its conformation in the wild-type structure [19]. The nearly exclu-
sive population of this alternative conformer is perhaps driven by the for-
mation of a hydrogen bond between the oxygen at the 2-position of the aza-
uracil ring and the positively charged Lys72, which should be a stronger hy-
drogen bond donor here than it is in the presence of the negatively charged
Asp70 found in wild-type ODCase. When the other Asp of the tetrad,
Asp75B, is mutated to Asn, a 6-azaUMP complex is observed in which the
amide side-chain of the Asn is rotated away from the tetrad and replaced
again by a chloride ion from the crystallization solution [19].

The two Lys residues of the Asp-Lys-Asp-Lys tetrad were also mutated,
each to Ala [19]. In the structure of the Lys42Ala mutant complexed to
6-azaUMP, the position normally occupied by the ammonium group of the
Lys was filled by a water molecule, and 6-azaUMP was bound in the same
orientation as in the wild-type structure. Crystallization of the Lys72Ala mu-
tant in the presence of OMP led again to a complex with UMP, indicating
that this mutant also does not completely lose its ability to promote decar-
boxylation. Again, the implications of this result are unclear given the length
of the crystallization experiments and the composition of the crystallization
medium. In this mutant, density corresponding to a water molecule appears
at the position normally occupied by the ammonium group of Lys72, analo-
gous to the situation observed for the Lys42Ala mutant.

Simultaneous mutation of Lys72 and Asp70 both to Ala resulted in the
first reported ODCase-OMP complex [19]. In this complex, the carboxylate
of OMP, along with a water molecule, occupies space normally occupied by
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the side-chains of Lys72 and Asp70 and the pyrimidine ring is bound in the
usual orientation. It had been noted previously that the carboxylate group of
OMP could not fit comfortably in the unmutated binding site without some
conformational change. Removal of the Lys72 and Asp70 side-chains appar-
ently relieves this congestion but also destroys the ability of the enzyme to
decarboxylate OMP. Although Pai and coworkers use this information to ar-
gue for a ground state destabilization mechanism, a better understanding of
the actual binding mode of OMP to wild-type ODCase is required before
firm conclusions about the ODCase mechanism can be reached.

4
Theoretical Studies of ODCase

In general, decarboxylase enzymes stabilize carbanion intermediates formed
upon decarboxylation via delocalization of their anionic electron pairs into
attached 7 systems [25, 26, 27]. However, direct decarboxylation of orotidine
5’-monophosphate (OMP) would form a non-conjugated carbanion (at C6)
that is not stabilized in such a manner. The absence of any metal ions or co-
factors in ODCase, such as the pyruvoyl substituent or pyridoxal 5'-phos-
phate cofactor, which could aid charge delocalization, is thus even more sur-
prising. The following sections describe various computational studies
aimed at elucidating the origins of catalysis by the seemingly unique OD-
Case.

4.1
Oxygen Protonation

Beak and Siegel proposed the formation of a zwitterionic intermediate upon
decarboxylation, which could provide rate acceleration through “dipole-sta-
bilization” (see Fig. 6, structure 1) [7]. A related mechanism was put forth
20 years later when Lee and Houk proposed protonation at O4 instead of 02
(Fig. 6, structure 2) [27]. Quantum mechanical calculations on model sys-
tems (R=H in Fig. 6) were used by Lee and Houk to calculate and compare
reaction energetics for these two pathways. It was shown that the activation
enthalpy of the parent reaction was reduced from 44 kcal/mol in the gas
phase to 22 kcal/mol with O2 protonation. The barrier was further reduced
upon O4 protonation, to a value of 15.5 kcal/mol, indicating that O4 proto-
nation is a viable strategy for catalysis. The preference for O4 protonation
can be explained, at least in part, by examining the reasonable resonance
structures of the decarboxylated intermediates (see Fig. 6). While every res-
onance structure for the O2 protonated intermediate involves charge separa-
tion, O4 protonation yields a stabilized neutral carbene.
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Fig.6 The top resonance structures (I) represent the O2-protonated zwitterions. The
bottom resonance structures (2) represent the O4-protonated zwitterion and stabilized
neutral carbene. The R group was changed to hydrogen for the calculations described in
the text

Additional density functional calculations on orotate derivatives by Sin-
gleton et al. indicated that the major factor favoring decarboxylation via 04
protonation is likely an inherent preference for O4 protonation in uracil
derivatives, rather than strong selective stabilization of the O4-protonated
decarboxylated product and the transition state for its formation [28]. The
authors also compared experimental (in solution without enzyme present)
and theoretical '>C kinetic isotope effects, finding that those computed for
the O4 protonation pathway matched best the experimentally determined
values. It was also noted, though, that differences between isotope effects
measured for the carboxylate carbon in the uncatalyzed [28] and enzyme-
catalyzed [29] decarboxylations may indicate that the mechanisms in these
two environments differ considerably. More recent °N isotope effect calcula-
tions performed by Phillips and Lee [30], however, indicate that protonation
of either O4 or 02 is consistent with the reported experimental N isotope
effects for the ODCase-catalyzed reaction [31].

After the initial crystal structures of ODCase were reported, a modified
04 protonation mechanism was proposed [22]. In the original Lee-Houk
proposal, the active-site residue Lys93 (yeast numbering, analogous to Lys72
in E. coli; Fig. 4 and Table 2), which was experimentally shown to be catalyt-
ically important, was assumed to be the species that protonated 04 [27, 32].
However, in the reported crystal structures this lysine does not reside near
04. It was therefore proposed that proton transfer from Lys93 to O4 might
be mediated by an active site water molecule (see Fig. 7). The viability of this
scenario has not yet been established, however.
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Fig. 7 Proposed modification of the Lee-Houk O4-protonation mechanism

4.2
Ground State Destabilization or Transition State Stabilization?

Gao, Pai, and coworkers conducted a hybrid QM/MM study which combined
semiempirical quantum mechanical AM1 calculations on the substrate with
CHARMM?22 force field calculations on the surrounding protein environ-
ment [16]. These calculations were able to reproduce the experimental acti-
vation free energies for both the uncatalyzed and catalyzed decarboxylation
reactions. In their analysis, OMP was considered to be composed of two
parts: the reactive part (Sr), corresponding to the pyrimidine ring, and the
unreactive part (Sp), corresponding to the ribose and phosphate groups.
They proposed that the strong binding of S, with ODCase leaves Sy in an
energeticaly unfavorable position—close to one negatively charged Asp of
the Asp-Lys-Asp-Lys tetrad; in other words, the pyrimidine portion of the
ground state is destabilized more than that of the transition state upon bind-
ing to ODCase, thus lowering the activation barrier. Such a mechanism has
been called the Circe effect [16, 33]. Other groups have also considered simi-
lar mechanisms [14, 17, 34]. Recently Gao proposed that the enzyme confor-
mational change that occurs upon binding (see Sect. 3) may introduce the
Circe effect in a different way [35]. He hypothesized that when it binds the
substrate, the enzyme adopts an energetically unfavorable conformation.
This stress is then released while the reaction proceeds, resulting in rate
acceleration.

Warshel and coworkers used ab initio quantum mechanical calculations
at the HF/6-31G" and BLYP/AUG-cc-pVDZ levels to perform geometry opti-
mizations and obtain single point energy values, respectively, for the decar-
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boxylation of a model system made up of NH,* and orotate [36, 37]. Empiri-
cal valence bond simulations (EVB) and Langevin dipole dynamics calcula-
tions were also used to conduct free energy perturbation calculations on a
model of the whole OMP-ODCase system constructed from the crystal struc-
ture of the 6-azaUMP-ODCase complex [16] by substituting 6-azaUMP with
OMP. These authors concluded that ODCase catalysis results from selective
transition state stabilization rather than ground state destabilization. They
note that in the Circe effect mechanism, approximately 32 kcal/mol of bind-
ing energy for Sy, is needed to compensate for the destabilization of the oro-
tate group, while experiments show that phosphate and ribose binding in
fact contribute much less [12]. Therefore, they suggest instead that the pro-
tein active-site is preorganized to complement the transition state so that a
large reorganization energy penalty need not be paid as decarboxylation
proceeds.

In addition, although the close proximity of two aspartic acid residues to
the likely position of the substrate carboxylate group observed in the report-
ed crystal structures of ODCase (see Fig. 4 and Sect. 3) originally led to the
hypothesis that electrostatic repulsion could lead to ground-state destabi-
lization [16, 17], we feel that the various options available to enzymes to
avoid such unfavorable interactions (such as carboxylate protonation), and
the observed favorable interaction of the binding site with the negatively
charged inhibitor BMP (see Fig. 4) render this mechanism unlikely [22].

4.3
C5 Protonation

Kollman and coworkers applied a variety of computational methods to this
mechanistic problem—including quantum mechanics on small model sys-
tems, molecular dynamics simulations with the AMBER force field on the
whole ODCase-substrate system, and MM-PBSA free energy calculations on
ODCase with bound OMP [38]. Based on their results, they proposed a de-
carboxylation mechanism for ODCase that involves C5 protonation. Their
calculations at the MP2/6-31+G"//HF/6-31+G" level showed that C5 has a
greater intrinsic proton affinity than C6, 02, and even O4. This, coupled
with the fact that Lys72 (M. thermoautotrophicum numbering; see Table 2)
is near C5 and C6 in the inhibitor-bound crystal structures, prompted the
authors to embrace a C5 protonation mechanism. However, the authors
themselves acknowledged the uncertainties of their calculations because of
approximations employed in representing the enzyme active site.



What Has Theory and Crystallography Revealed About the Mechanism of Catalysis 17

4.4
Loop Dynamics

Hur and Bruice carried out classical molecular dynamics on the complex of
ODCase with OMP before decarboxylation, as well as the putative intermedi-
ate (the C6 anion) formed by decarboxylation [39]. Based on these calcula-
tions, it was proposed that loop movement in ODCase may play a key role in
catalysis; a stable 8 hairpin structure appeared to form during decarboxyla-
tion that was not present before decarboxylation. In addition, the structure
of OMP in aqueous solution was also simulated, and the similarity of the
conformations of OMP in water and in the ODCase active site suggested that
OMP is not bound in a particularly strained fashion, further arguing against
a Circe effect.

4.5
Large Quantum Mechanical Models

Lundberg, Blomberg, and Siegbahn used density functional calculations to
investigate several model systems composed of orotate and various key ac-
tive site residues [40]. Based on these calculations, they too suggested that
electrostatic stress and geometrical strain do not play significant roles in ca-
talysis. In addition, they suggested that an O2 protonation mechanism might
actually be possible—it is the most energetically favorable mechanism that
they studied—although their calculated barrier for this mechanism is
25 kcal/mol, which is still ~10 kcal/mol higher than the experimentally de-
termined barrier.

4.6
Car-Parrinello Molecular Dynamics

Static quantum mechanical calculations have respectable energetic accuracy
but are limited to a single geometry per calculation. On the other hand, clas-
sical molecular dynamics calculations are able to take into account dynamic
effects which might be critical to enzyme catalysis and are difficult to deal
with by conventional quantum mechanics; these calculations employ empiri-
cal force fields, however. The Car-Parrinello molecular dynamics method
(CPMD) [41, 42], though, has successfully incorporated the accuracy of
quantum mechanical calculations into dynamics simulations at a reasonable
cost. CPMD 3.5 [43] has been employed by our group to investigate various
model systems related to the ODCase mechanism [44].

A molecular dynamics simulation on the ground state of orotate in a
model enzyme pocket was performed. The simplest system studied included
methyl orotate and models of Lys72, Asp70 (M. thermoautotrophicum num-
bering; see Chart I), and one crystallographic water as shown in Fig. 8. In
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2

Fig. 8 Model system for a 20,000-step constrained molecular dynamics

' Lys72

constructing this model, the carboxylate group was positioned based on
quantum mechanical optimizations and the location of inhibitors in the re-
ported ODCase crystal structures (see Sect. 3). In this model, neither the wa-
ter molecule nor Lys72 seem to make close contacts with the orotate C6. The
CPMD simulations indicated that the aspartate is protonated by the lysine at
a very early stage (see Fig. 9a and b), corresponding to a large drop in ener-

A

L
() (d)

"\

Fig. 9a-d Four snapshots: a salt-bridge is formed between Lys72 and Asp70; b proton is
fully transferred to aspartate; ¢ water bridges orotate carboxylate and aspartate while as-
partate and lysine also form a hydrogen bond; d water forms a hydrogen bond with the
orotate carboxylate, while aspartate and lysine form a hydrogen bond
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gy. The aspartate then switches between two alternative orientations with
(Fig. 9¢) or without (Fig. 9d) a hydrogen bond to the water molecule. The
ground state destabilization mechanism seems inconsistent with this deli-
cate hydrogen bonding network formed between orotate, lysine, aspartate,
and water. A second CPMD simulation was also conducted with a neutral
lysine, giving similar results.

4.7
Iminium lon Formation

Iminium ion formation often precedes decarboxylation and is essential for
catalysis in many enzymes. As noted in the introduction, Shostack and Jones
proposed a Schiff base mechanism for ODCase that involves iminium forma-
tion with an active-site lysine [8]. However, experiments have shown that no
exchange between substrate and bulk solvent occurred when the enzymatic
reaction was run in H,'%0 [10].

Nonetheless, the importance of Lys93 in ODCase catalysis prompted our
group to revisit theoretically the possibility of iminium formation as a po-
tential mechanism. Model system calculations show that the reaction
free energy decreases quite dramatically with Schiff base formation at C4
(Table 3), from 40.6 kcal/mol in the parent reaction to 21.2 kcal/mol in the
gas phase, establishing the feasibility of such a mechanism [45]. Thus, it
seems plausible that Lys93 (yeast numbering; see Table 2) might covalently
attach to the substrate, resulting in a lowering of the barrier for decarboxyl-
ation. To determine if this is structurally feasible, a model was constructed
in which the substrate is covalently bound to Lys93 in the open form of the
enzyme (see Fig. 10), and such an arrangement does seem possible. Molecu-
lar dynamics simulations are currently underway to further explore iminium
formation at this site as a possible mechanism [45].

It should be pointed out that the assumption that Schiff base formation
should inevitably lead to exchange of solvent ['*0] during the course of an
enzymatic reaction has been questioned. For many years, solvent ['*0] ex-
change experiments were used to distinguish between type I aldolases,
which operate via formation of a Schiff base intermediate that links the sub-

Table 3 Reaction energetics for model systems of possible ODCase mechanisms. All calcula-
tions done at B3LYP/6-31+g(d,p). Solvent calculations use the CPCM implicit solvent mod-
el

AHgy AGgys AGmzo
(kcal/mol) (kcal/mol) (kcal/mol)
(1) 50.5 40.6 44.6
2) 30.1 21.2 35.4

(3) 22.0 13.6 30.5
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Fig. 10 Left, open form of ODCase dimer (1DQW) with superimposed BMP from closed
form (1DQX, not shown). Right, open form of ODCase dimer (1DQW) with hypothetical
model of substrate covalently bound to Lys93 (yeast numbering).

strate and an active site lysine, and type II aldolases, which employ Lewis
acidic metal ions in catalysis. If the substrate exchanged ['®0] with the sol-
vent, the enzyme was classified as type I, while if it did not exchange it was
classified as a type II aldolase [46]. After the determination of several crystal
structures for type I fructose bisphosphate aldolase, however, Littlechild and
Watson proposed a Schiff base mechanism that they contend does not neces-
sitate exchange with bulk solvent [47].

Beyond discussions of aldolases, there is a void in the literature concern-
ing this issue. This is surprising considering that several Schiff base form-
ing enzymes have been shown to catalyze their reactions with no solvent
exchange in deuterated water. The pyridoxal 5-phosphate-dependent en-
zyme lysine 2,3-aminomutase catalyzes the transfer of an amino group as
shown in Fig. 11. Experimental evidence indicates that the proton abstract-
ed from the substrate -carbon is used to protonate the product a-carbon
in a stepwise mechanism involving a Schiff base intermediate [48]. This
would seem to indicate that a closed active-site may function to sequester
the reacting species from the solvent medium. A similar situation may occur
in ODCase.

H Y H o NH -
B E Y=H
NH2(CH2)3 CO0H — NHx(CH,)3 “«,/ COZH

Fig. 11 Reaction catalyzed by lysine 2,3-aminomutase. See [48]
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5
Conclusion

Despite intense experimental and theoretical efforts, the mystery surround-
ing the proficiency of ODCase has not yet been solved. This summary of the
experimental facts and their implications, analysis of the structural data
available from various crystal structures, description of the various compu-
tational studies performed on this problem, and discussion of the important
mechanisms that have been proposed, shows the exciting challenges that re-
main in understanding the action of one of nature’s most proficient en-
zymes.
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Abstract This review aims to use the results of an approach combining crystallographic
structure analysis with mutational studies as a framework for the various mechanistic
proposals advanced in attempts to explain the astonishing acceleration rates displayed by
orotidine 5'-monophosphate decarboxylase, the most proficient enzyme known. Special
emphasis is placed on the contributions of active site amino acids to the selection and
binding of substrate, product, and inhibitors as well as on the identification of alternative
binding modes. Finally, a dynamic mechanism is proposed in which an increase in the
strength of substrate binding and its catalytic conversion to product progress in parallel.

Keywords X-ray crystallography - Crystal structures - Alternative binding modes -
Inhibitors - Electrostatic strain - Active site mutants - Dynamic reaction mechanism -
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Abbreviations

ODCase Orotidine 5'-monophosphate decarboxylase
TIM Triosephosphate isomerase

1.1.S. Root-mean-square

BMP 6-hydroxyuridine 5'-mono-phosphate

CMP Cytidine 5'-monophosphate

OMP Orotidine 5'-monophosphate

UMP Uridine 5'-monophosphate

XMP Xanthine 5'-monophosphate

1

Overview of Structural Analyses of ODCases from Various Sources

Based on measurements of kinetic parameters and isotope effects, model re-
action studies, and theoretical calculations, a surprisingly large number of
hypotheses have been put forward to account for the enormous rate acceler-
ations achieved by orotidine monophosphate decarboxylases (ODCases) [1,
2, 3, 4, 5, 6]. Until quite recently, however, there was no structural informa-
tion available that could serve as a framework for mechanistic discussions.
For distinguishing different proposals and for integrating the results of bio-
chemical and mutational studies, such knowledge is a crucial prerequisite.
For example, a lysine residue had been identified as essential for catalysis
but its location in relation to the substrate was unknown [7]. One could only
speculate about the exact nature of the substrate’s environment [3] and there
were arguments exchanged for and against the mandatory involvement of a
divalent ion in catalysis [8, 9, 10].

Five years after Wolfenden and collaborators, pointing to the extraordi-
nary proficiency of ODCase, created renewed interest in this enzyme [11], a
surge of crystallographic results from four different laboratories provided
the crystal structures of the ODCases produced by the thermophilic ar-
chaeon Methanobacterium thermoautotrophicum, baker’s yeast, Bacillus
subtilis, and Escherichia coli. The protein molecules were either in a ligand-
free form or complexed to the tight inhibitors 6-azaUMP and 6-hydroxyuri-
dine 5'-monophosphate (BMP) as well as to the product UMP [12, 13, 14,
15]. Not unexpectedly, these structures established ODCase as a member of
the large family of TIM (triosephosphate isomerase)-barrel fold proteins.
However, there were several surprises, too. The O2 atom of the substrate had
been widely predicted as a good candidate to interact with the catalytic ly-
sine (Lys72 in Methanobacterium thermoautotrophicum'). In contrast to
those predictions, the latter was found close to C6, on the side opposite to

" If not stated otherwise, the residue numbers of the enzyme from Methanobacterium
thermoautotrophicum are used in this review.
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02. The lysine side chain is held in this position by two flanking aspartate
residues. Together with a second lysine (Lys42), these four residues form a
charge-network that is highly conserved in all ODCases, both in primary se-
quence and in its three-dimensional orientation.

The crystallographic results helped to rule out some of the mechanistic
proposals. For example, no metal ions were found at or near the active site
in any of the ODCase structures making it very improbable that such ions
could play an essential mechanistic role. The residues closest to C5 are the
hydrophobic amino acids Met126, Leul23 and Vall55. With no nucleophilic
residue nearby, covalent catalysis, supposed to involve a bond between a
protein residue and position C5 of the substrate base, can also be ruled out.
Disappointingly, however, the structures did not offer any unequivocal
choice of catalytic mechanism. Although the ODCases from the four sources
mentioned above all displayed essentially identical active site architectures,
each of the four reporting laboratories presented their own and distinct ver-
sion of a reaction mechanism [12, 13, 14, 15].

Further efforts involving structural and kinetic experiments and making
use of various mutants of ODCase have led to an improved understanding of
the active site, even though it is still not possible to describe the exact chem-
ical steps of the catalytic mechanism with complete certainty. In this review,
the presently known crystal structures of ODCase, native as well as mutant
forms, in their ligand-free form and in complex with various inhibitors will
be discussed. The description will focus on the M. thermoautotrophicum
ODCase because most of the structural work involves this enzyme; also, it is
the one the authors are most familiar with (and prejudiced towards).

2
Structural Studies of Native M. thermoautotrophicum ODCase

2.1
Description of the Overall Structure

The ODCase monomer adopts a triosephosphate isomerase (TIM) fold, with
o-helices surrounding an eight-stranded S-barrel (Fig. 1).

All highly conserved residues are located in the larger opening of the
barrel. Both the extreme N- and C-termini remain disordered above the
smaller opening on the opposite side of the barrel. The functional enzyme is
a homodimer with two identical active sites. At the dimer interface, which
takes up approximately 18% of each monomer’s surface area, both ionic and
hydrophobic interactions can be found. The interface traps a peculiar string
of water molecules, which connect the two active sites (Fig. 2).

The oxygen atoms of these water molecules display some of the lowest
temperature factors of all atoms in the M. thermoautotrophicum ODCase
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Fig. 1a,b Cartoon representation of the dimer of M. thermoautotrophicum ODCase. One
monomer is in red and green, the other one in blue and yellow. Helices are displayed as
ribbons and strands of f-sheet as arrows. The 6-azaUMP inhibitor molecules (one per
monomer) are shown in ball-and-stick representation. a View perpendicular to the two-
fold rotation axis relating the two monomers. b Side view, rotated by 90° compared to a,
now looking down the rotation axis

Fig. 2 F,—F. difference electron density map showing the two BMP ligands (one in each
of the momomers) and a chain of water molecules connecting the two active sites across
the dimer interface
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Fig. 3 Structure-guided multiple sequence alignment of the four ODCases of known mo-
lecular structure. The fully conserved catalytic residues are highlighted in black. Other
residues involved in inhibitor binding (Asp20, Ser127, GIn185, Thr79%) are highlighted in
grey. The residues lining the postulated temporary binding pocket for CO, are highlight-
ed in light grey. The phosphate-binding loop is boxed. Black arrows indicate f-strands
and grey bars o helices

molecule, indicative of very tight and rigid binding. Only some of these
structural water molecules can be found in the crystal structures of ODCases
from other sources, possibly due to the lower resolutions of the respective
analyses. In some of the crystal forms investigated, the two-fold rotation
axis relating one monomer to the other aligns with a crystallographic two-
fold axis requiring identity in structure between the two subunits. In other
crystal forms, in which the complete dimer is part of the asymmetric unit of
the crystal and therefore no systematic restrictions on structural similarity
exist, the structural differences between the two monomers nevertheless re-
main small, indicating an intrinsically rigid conformation of the subunits.
For example, in the 6-azaUMP complex of native ODCase, the r.m.s.d be-
tween 211 corresponding C,-atoms (residues 14 to 224) is only 0.3 A.
Although the overall structures of the four different ODCases are very
similar, the yeast protein seems to incorporate somewhat larger changes
when compared to the three prokaryotic enzymes, including two additional
helices at its N-terminus. Most of the variations are found in the loop re-
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gions and the outer helices. The thermophilic nature of the M. thermoau-
totrophicum enzyme might be responsible for its relatively short connec-
tions between elements of secondary structure, which create a more com-
pact appearance; the corresponding loops for mesophiles are much longer
(Fig. 3).

In the ligand-free structures, several of these loops are disordered; they
acquire a rigid conformation only upon binding of a ligand [13, 16].

2.2
Interactions between Various Inhibitors and the Enzyme’s Active Site

The two strong inhibitors, 6-azaUMP (K;=6.4x10"® M) [17] and BMP
(K;=8.8x107'2 M) [18], as well as the product UMP (K;=2.0x10"* M) [17]
bind to the active site in an analogous fashion [19]. In all cases, the phos-
phoribose group is tightly held at the active site with the conserved Arg203
clamping down on the phosphate group (Fig. 4).

The peptide backbone amides and carbonyls of the stretch of residues on
both sides of Arg203 and of those in the loop formed by amino acids 181-
187 (GVGAQGG) also interact with the phosphate group, most of them indi-
rectly through water molecules. These water molecules are found repro-
ducibly at the same positions in most of the structures determined for the
various M. thermoautotrophicum enzyme complexes despite drastic changes
in the respective crystallographic environments.

For each of the ligands 6-azaUMP, BMP, and UMP, the ribose ring is in
the 2’ endo conformation and the base in the syn orientation. Even though

Fig. 4 Stereo representation of the interactions between active site residues in native
M. thermoautotrophicumn ODCase and the inhibitor 6-azaUMP. Several tightly bound
water molecules are also shown. Blue helices and yellow -sheets belong to one monomer,
red helices belong to the second monomer
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the energetically most favorable conformations of 6-azaUMP and UMP
in solution have been identified as 3’ endo and anti [20], when bound to
ODCase, the C2 oxygen of their base prefers to share a proton donor with
the phosphate group. In analogy, we propose that BMP is in the same con-
formation although, even at a resolution of 1.5 A, it is difficult to distinguish
the two orientations of the base, which put either the C2-or the C6-oxygen
close to GInl185, the regular binding partner of the C2-oxygen. Each of the
ribose hydroxyls is held in place by two hydrogen bonds; Asp20 and Lys42
lock onto the 3/-OH group whilst Asp75® and Thr79® interact with 2/-OH.
Asp75® and Thr79® are residues contributed by the other monomer. They
are located on a loop and the following S-sheet strand, respectively. This in-
teraction between the subunits seems to bring the two monomers closer to-
gether, with the outer helices moving slightly towards the dimer interface.
This movement is much less pronounced in the M. thermoautotrophicum
enzyme than in the mesophilic enzymes [16]. The r.m.s. deviation between
the C, atoms of the complexed and ligand-free dimers is less than 0.9 A.
Ile76 is another amino acid that is contributed to the active site by the
second monomer; it is highly conserved and forms part of the hydrophobic
environment.

When compared to the tight binding of the phosphate and ribose groups,
the base of the ligand interacts rather loosely with the enzyme active site.
The only position on the base that is specifically recognized is N3, which
forms a direct hydrogen bond to the Ser127 side chain hydroxyl. A water
molecule bridges the C4 oxygen to the backbone carbonyl of Glul25 and to
the backbone amide of Ser127. As mentioned before, the C2 oxygen shares a
hydrogen bond donor with the phosphate group, which can be a water mol-
ecule or the side chain amide of GIn185.

The pyrimidine ring is surrounded by a number of hydrophobic residues
arranged at the barrel opening. The chemical identities of these residues are
not strictly conserved, but their hydrophobic character is (Fig. 3). The four
residues Lys42, Asp70, Lys72, and Asp75®, which are completely conserved
in all known ODCase sequences, are arranged in a charge network flanking
one side of the pyrimidine ring as well as the ribose hydroxyls. The two out-
ermost residues of the network, Lys42 and Asp758, associate with the 3’- and
2'-hydroxyls of the ribose ring, respectively. The two center residues, the cat-
alytic Lys72 and Asp70, are placed close to the actual reaction site, C6. This
unusual network of electrostatic interactions set against a hydrophobic
background is poised to play an important role in catalysis (Fig. 4).

When the various inhibitor complexes are compared to each other, little
change in the protein’s structure is observed; significant structural rear-
rangements are restricted to the relative orientations of the dimers (r.m.s.d.
of 0.5 A for 418 C, of the dimer overall and of 0.2 A for 50 backbone and C;
atoms of the conserved active site residues Asp20, Lys42, Asp70, Lys72,
Ser127, GIn185, Arg203, Asp758, 1le76® and Thr79®). Binding of UMP, 6-aza-
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Fig. 5 Superposition (in stereo) of 6-azaUMP, UMP and BMP bound to the active site of
native M. thermoautotrophicum ODCase. Carbon atoms of the BMP and 6-azaUMP com-
plexes are colored in grey and those of the UMP complex are in black. The green contour
(accessible area calculated with 1.2 A probe radius using VOIDOO [29]) represents the
cavity located next to the pyrimidine bases and proposed as a temporary binding site for
the product CO,

UMP, and even BMP, which brings with it a water molecule solvating the C6
oxygen and forming a hydrogen bond to Asp70, leaves a void in the active
site next to the pyrimidine ring. This cavity is created by the displacement
of water molecules, which bind to the charged residues in the active site of
the freeform (Fig. 5).

The cavity’s location and shape as well as its partly hydrophilic, partly
hydrophobic character make it well suited to act as the first intermediary
binding site of the product CO,, immediately after bond breakage. The bind-
ing site for the base of the ligand is spatially quite restricted; it seems to be
severely limited in its ability to accept substituted rings requiring much
more space than the bases of UMP or 6-azaUMP. For the substrate OMP, this
situation would even be aggravated because its binding to an unmodified
active site would place two negative charges in very close proximity [12].
This has led us to speculate that once OMP reaches the same binding posi-
tion as 6-azaUMP in the active site, the C6-carboxylate bond has already
been broken or it is at least severely distorted with the carboxylate group
tilted strongly towards the location of the cavity.

BMP (K;=8.8x107'> M) [18] and 6-azaUMP (K;=6.4x10"8 M) [17] are very
tight binding inhibitors whereas the product UMP is a rather weak one
(K;=2.0x107* M) [17]. It is interesting to note that there are roughly four or-
ders of magnitude difference between each inhibition constant, which seems
to correlate with the amount of negative charge close to position 6 of the
pyrimidine ring, the location where such a charge will develop in the car-
banion intermediate: the C6 oxygen of BMP is fully ionic in character, N6 of
6-azaUMP carries a partial charge, and C6 of UMP is neutral. The distances
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between these atoms and the amino head group of Lys72 reflect this, too:
2.8 A for BMP, 3.0 A for 6-azaUMP, and 3.9 A for UMP. In contrast to the
first two cases, C6 of UMP cannot act as a partner in ionic or hydrogen bond
interactions and the lysine side chain actually curls, moving the amino head
group further away (Fig. 5). In addition, nucleotides, upon binding, expel
several water molecules from the crevice that accepts the ligand’s base. In
the UMP complex, this leaves a void whereas in the BMP complex, a water
molecule is trapped contributing to the maximization of van der Waals
forces.

3
Structural Studies of Mutants of M. thermoautotrophicum ODCase

In further efforts to probe the enzyme active site, we systematically mutated
the base-recognition residues Ser127 and Glnl185, the charge network resi-
dues (Asp75%, Lys42, Asp70, and Lys72) as well as the phosphate-binding
residue Arg203 and the loop *AQGG'® [19, 21]. There is no major move-
ment of the backbone in any of the nine mutants whose structures have been
analyzed. In some of them, notably D75BN, one observes slight local shifts
of side chains close to the mutation. In the active site, all residues appear to
sit in well-defined minimum energy positions, even in the presence of muta-
tional disturbances. The only exception is the D70G mutant, in which Lys72
becomes disordered in the absence of its neighboring side chain. The r.m.s.
deviation for 45 main chain and Cp atoms of conserved residues in the active
sites of our nine mutants is less than 0.2 A. The protein molecules are com-
plexed with three different inhibitors, product, and substrate, and are all
crystallized from solutions of different pH and precipitant conditions. This
rigidity of the active site had already been recognized by the close super-
position of corresponding atoms in ODCases from four sources, each one
crystallizing in a different space group.

3.1
Base-Recognition Mutants

In crystallographic analyses of complexes of native ODCase, we found only
two protein residues that directly interacted with the pyrimidine base:
Ser127 and GIn185. The side chain of Ser127 forms a hydrogen bond to N3,
its main chain amide links to O4. While this residue is not strictly conserved
in ODCases (Thr in B. subtilis and E. coli), its side chain hydroxyl function
is. Its role in base-recognition seems to be more important than that of the
highly conserved Gln185, which can be replaced by a water molecule. In dif-
ferent space groups, GInl85 shows multiple conformations, reflecting the
flexibility of the phosphate-binding loop. Indeed, the S127A mutation result-
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Fig. 6a,b Electron density representing the inhibitor of 6-azaUMP in the active sites of
base-recognition mutants. a shows the dual conformations adopted by the pyrimidine
ring in S127A ODCase. b In the Q185A mutant, a chain of water molecules replaces the
glutamine side chain

ed in changes in the conformation of the bound inhibitor whereas nothing
like it was found for the Q185A mutant. These structural results nicely mir-
ror the excellent kinetic measurements performed on the yeast enzyme [22].

To be more specific, the Ser127 hydroxyl to N3 interaction locks the
6-azaUMP nucleotide in its energetically less favorable syn conformation. If
a mutation removes this contact, both syn and anti conformations are equal-
ly populated as seen in the 6-azaUMP complex of S127A ODCase (Fig. 6a).

Since OMP carries a much larger substituent on C6, it is not likely that
the nucleotide could adopt a conformation that would place the carboxylate
on top of the sugar ring. Nevertheless, the N3-Ser127 interaction contributes
to substrate specificity and to the locking in of the proper orientation.

On the other hand, when GIn185 is replaced by alanine, the void created
by the missing side chain atoms is filled with a row of well-ordered water
molecules (Fig. 6b).

One of them occupies the position of the side chain amide nitrogen, do-
nating hydrogen bonds to both the 5'-phosphate and the O2 atom of the
base. This glutamine residue sits in the middle of the sequence that forms a
mobile loop, which is only structured when clamping down on a 5'-phos-
phate group.

3.2
Charge Network Mutants

Stretched out along one side of the substrate, amino acids Lys42, Asp70,
Lys72, and Asp75® closely interact with each other, forming an intricate
charge network. Strict conservation [23] as well as conspicuous location
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point to their crucial, although still quite controversial, role for the enzyme’s
function [12, 13, 14, 15, 27, 28]). As these residues all interact very closely
with each other, pinpointing their individual roles is quite difficult. Never-
theless, single-site mutants were constructed in an attempt to dissect the
contributions of the various side chains to the catalytic mechanism.

Whether it is the central position proposed for Asp70 in the electrostatic
stress mechanism [12] or the role of Lys72 as proton-donor to the carbanion
intermediate [24], it is obvious that these two residues are the most impor-
tant ones in catalysis. Nevertheless, all Asp70 as well as Lys72 single-site mu-
tants of M. thermoautotrophicum ODCase that were generated still retained
some enzymatic activity (see below), a clear indication that it is not a sole
residue carrying all of the catalytic load [21].

For Asp70 to exert sufficient levels of “stress” on the substrate carboxyl-
ate group to cause its release as carbon dioxide, the side chain should be
negatively charged. This would then dictate that the other three members of
the network also carry charges. In an alternative mechanistic proposal, OMP
picks up a proton as it is forced into the active site and shares this proton
with the side chain of Asp70 in a low-energy hydrogen bond [15]. The very
close approach between the amino acids of the charge network and their bal-
ancing effects on each other then imply that all four of them are uncharged.
Direct experimental evidence about the exact positioning of protons will
have to wait for the results of ultra-high resolution X-ray or neutron diffrac-
tion studies. In addition to the potential charge-charge interaction, one
should expect a steric conflict between the OMP carboxylate and the Asp70
side chain.

In an attempt to trap an intact substrate molecule in the active site, the
mutant D70A was co-crystallized with OMP. However, the product UMP was
found in the crystal structure along with a Cl~ ion, which occupied space
vacated by the missing aspartate side chain and was held in place by its
neighbors Lys72 and Lys42 (Fig. 7b).

It is reasonable to assume that under the conditions of the crystallization
experiment, i.e., very high protein concentration and long durations, even a
low residual enzymatic activity could still be sufficient to cause the conver-
sion of OMP to UMP before crystal nucleation occurs. One could argue that
the CI” ions, present in the crystallization buffer and picked up by the mu-
tant enzyme, could at least partially substitute for a negatively charged side
chain. Given this interesting, but still somewhat disappointing, result togeth-
er with kinetic tests that indicated weak but detectable enzymatic activity
also for the D70G and D70 N mutants of M. thermoautotrophicum ODCase
(unpublished results), 6-azaUMP was chosen as the complexing ligand for
their structural analyses. In the D70G mutant, there is enough space created
in the active site to allow water molecules to successfully compete with 02,
leading to an equal distribution between the two stable conformers of the
base (Fig. 7a).
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Fig. 7a-d Electron density representing the ligands bound to various active site aspartate
mutants. a D70G with 6-azaUMP; the pyrimidine ring is found in two orientations of
equal occupancy. b D70A with UMP; the mutant enzyme has incorporated a chloride ion
from the crystallization solution. ¢ D70N with 6azaUMP; in this complex, all 6azauracil
rings are rotated by 180°. d D755N with 6azaUMP; again, a chloride ion substitutes for
the negative charge of an aspartate side chain lost by the mutation
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These water molecules cannot efficiently fix the side chain of Lys72,
which therefore becomes quite mobile. The presence of a partial negative
charge on N6 seems to prevent incorporation of a large Cl™ ion into the
active site of D70 N ODCase. Now, all molecules have their pyrimidine rings
rotated by 180° placing the more electron-rich O2 atom closer to the lysine
residues (Fig. 7¢).

When the two flanking residues of the charge network, Asp75® and Lys42,
are investigated, one finds that the D75BN mutant, too, recruits a Cl~ ion to
the active site to preserve the negative charge (Fig. 7d).

The chloride is coordinated to the ribose 2'-OH, Lys72, and the backbone
amide of Ile76, the same partners engaged by the aspartate in nucleotide
complexes of native protein. As a D to N mutation does not create a void,
the presence of the chloride ion is accommodated by the asparagine side
chain swinging out of the active site leading to the largest movement ob-
served in all of the mutants tested.

Compared to those of the aspartate mutants, the results of changing the
lysine residues Lys42 and Lys72 appear to be less varied. In both cases, the
void left by the removal of the lysine side chains is simply occupied by water
molecules. Although kinetic experiments with yeast ODCase did not find
any enzymatic activity for the mutant corresponding to K72A [22], setting
the latter up for crystallization in a solution containing OMP, resulted in
electron density corresponding to UMP in the base-binding site [21]. This
parallels our findings with the D70A mutant and confirms that neither the
negative charge on Asp75 nor the proton donating capability of Lys72 on
their own is the sole driving force for the reaction.

Only when both Asp70 and Lys75 are changed into alanines, is the cata-
lytic power of ODCase reduced sufficiently to enable the stable binding of
the substrate OMP to the active site. In addition, the removal of the two side
chains now allows the active site to easily accommodate the carboxylate
group, which is not in plane with the pyrimidine ring (as found in all the
orotidine-containing structures in the Cambridge Data Base). Interestingly,
the carboxylate is slightly tilted away from the space created by the removal
of side chains and points towards the cavity that has been proposed as a po-
tential transitory binding site for the product CO, (Fig. 8).

The importance of the presence of a negative charge at the aspartate posi-
tions in the charge network, in a role other than as a catalyst, is exemplified
in the loss of stability shown by the respective mutants. They either form in-
clusion bodies or are prone to precipitate; they also unfold at much lower
concentrations of denaturants [21]. It would be most intriguing to know
how structural integrity and catalytic efficiency co-evolved around the nega-
tive charge at Asp70.

The most probable candidate for the proton donor, required to neutralize
the carbanion intermediate, is the side chain of Lys72; it is held in place by
the two flanking aspartates, Asp70 and Asp75%. In addition, the close inter-
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Fig. 8 Stereo representation of the substrate OMP bound to the double mutant D70A/
K72A. Note how close the C6-carboxylate is located to the internal cavity (purple density)
postulated as a temporary binding site for CO,. The positions of the side chains of Asp70
and Lys72 in the native enzyme are shown in transparent grey

actions taking place between the four charged side chains should make for a
rather rigid wall on their side of the base-binding crevice. Asp70, especially,
is taking up a position in which it will strongly interfere, both sterically and
electrostatically, with an approaching C6 carboxylate, preventing the C6
position to come into contact with the ammonium group of Lys72 before the
C6-C6 carboxylate bond is broken. Set against a generally rather hydropho-
bic environment, movement of each one of the four residues in the charge
network would probably cause accommodating changes of the others. The
tight and multiple interactions between them will act to prevent such posi-
tion changes. The nucleotide substrate/ligand will contribute to a stiffening
of the binding site because the two end residues in the network, Lys42 and
Asp758, also bind to the hydroxyl groups of the ribose, thereby holding the
whole ligand in place. These effects make a detailed dissection of the catalyt-
ic mechanism rather difficult, with each residue performing more than one
specific role. It is even harder to describe the contributions of the hydropho-
bic residues that help to create a unique microenvironment suitable for
achieving such an enormous rate acceleration. Their importance, however,
should not be disregarded and certainly not all the catalytic power of this
remarkable enzyme can be attributed to either Asp70 or Lys72 alone.

3.3
AR203A, a Phosphate-Binding-Loop Mutant

As shown by kinetic studies for ODCase, the binding energy contributed by
its interaction with the 5'-phosphate group is very important for catalysis
[17]. Mutants with impaired phosphate-binding, e.g., Y217A, R235A, and
the double mutant Y217A/R235A in the yeast enzyme, show dramatically re-
duced catalytic rates. As the M. thermoautotrophicum enzyme with its
shorter loops is missing the residue corresponding to Tyr217, we created a
mutant with reduced phosphate-binding ability by replacing the other phos-
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Fig.9 Crystals of the 6-azaUMP complex of the AR203A mutant of M. thermoautotroph-
icum ODCase. Older crystals have bent and crystals of apo-enzyme (small diamonds)
grow on their tips

phate-interacting amino acid, Arg203, with an alanine in addition to delet-
ing the sequence Alal84-GIn185-Gly186-Gly187 in the mobile loop, amino
acids that chelate the 5-phosphate group via their main chain peptide
bonds. Gly183 and Asp188 are positioned close enough in space to be con-
nected directly without inducing undue strain on the strand of -sheet and
the o-helix, the two parts of secondary structure connected by this loop.

With a very high concentration of 6-azaUMP in the crystallization set-
ups, complex crystals can be induced and further stabilized by addition of
Mg?* ions (although the metal ion cannot be identified in the resulting elec-
tron density map). After a few days, however, ligand-free crystals will nucle-
ate on top of the deforming complex crystals and grow at their expense
(Fig. 9).

Obviously, the inhibitor binds only weakly to the mutant enzyme and will
diffuse out of the crystal lattice over time. This behavior can be explained
when the interactions between this ligand and the mutant enzyme are ana-
lyzed in detail. Although the inhibitor occupies the exact same position as
its counterpart in the native ODCase, there are only very few contacts left
between nucleotide and protein matrix to hold the phosphate in place
(Fig. 10).

The ribose ring makes its usual contacts with the enzyme, with two hy-
drogen bond links for each hydroxyl. These interactions are probably the
reason why the second monomer is still drawn in closer to the active site
and closes it off. The overall instability and flexibility of this complex is re-
flected in high B factors (35-40 A?) displayed by all components of the com-
plex.
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Fig. 10 Superposition (in stereo) of the active sites of the 6-azaUMP complexes of the
R203A mutant (solid colors) and the native enzyme (transparent grey). Note the exact fit
of the two nucleotides despite the absence of strong binding interactions in the mutant
protein

4
Identification of an Alternate Binding Mode

Based on the results of the structural studies described above, we believe
that the binding site of the nucleotide base is fairly small and generally quite
rigid. There is only a small void left, surrounded by hydrophobic residues
and located next to the six-membered ring of the base; a site which could
well function as an intermediary location for the CO, immediately after be-
ing produced in the catalytic reaction. Given this restricted environment, it
is surprising to find that the purine nucleotide XMP displays a lower inhibi-
tion constant than the product UMP.

Unfortunately, no kinetic inhibition parameters are available for CMP but
it has been established that its derivative, CMP-6-carboxylate, is not accept-
ed as a substrate by ODCase [10]. Related crystal structures alone, cannot
provide an obvious explanation why this would be the case. The base of
UMP, when bound to ODCase, undergoes four interactions with the protein
matrix: Ser127 (probing N3), GIn185 (probing 02) as well as the backbone
amide of Ser127 and a water molecule (both probing 0O4). Three of these in-
ternal sensors of the chemical nature of the bound nucleotide base could act
on CMP as well; the backbone NH to O4 hydrogen bond found in the UMP
complex is the only one that could not be formed in the CMP complex.

In an effort to shine more light onto this puzzling question, we co-crystal-
lized native ODCase with XMP and CMP, respectively. The structural analyses
of the resulting complex crystals revealed a second mode of binding. Whereas
the phosphates occupy the same place as in all other complexes, the ribose
groups are moved somewhat from the positions they adopt in the UMP, 6-aza-
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Fig. 11a,b Stereo representation of a superposition of the active sites of native M. thermo-
autotrophicum ODCase complexed with a XMP (solid colors) and CMP (transparent grey)
and b XMP (solid colors) and 6-azaUMP (transparent grey), respectively

UMP, and BMP complexes. The remarkable difference, however, is the bind-
ing sites of both the purine and the pyrimidine bases. They are located out-
side the base-binding crevice, pointing towards the surface of the enzyme.
They assume overlapping positions and display the same lower energy 3’
endo-pucker and anti conformation favored in solution (Fig. 11a) and might
indicate a substrate conformation found along the reaction coordinate.

It should also be noted that in both cases the phosphate-binding loop is
disordered, reminiscent of the ligand-free enzyme structure. Arg203 still
holds on to the phosphate group, but less tightly, a fact which is particularly
obvious in the CMP complex where its side chain is significantly more dis-
ordered in one monomer than in the other [19]. Shifted from their original
positions, the ribose rings can only contact Lys42 via their hydroxyl groups.
They are, however, not close enough to Asp75B and Thr79® to establish the
two tight hydrogen bonds that are essential for changing monomer-mono-
mer orientation.
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Despite the rather dramatic shift in the position of the nucleotide bases,
Ser127 is still interacting with them. It forms two hydrogen bonds to N1 and
02 of the xanthine ring. The space between the xanthine base and the resi-
dues of the charge network is bridged by a water molecule and a molecule of
(+)1,3-butanediol, an additive used in the crystallization of this complex.
The water molecule assumes the regular binding spot of the ribose 2’-OH
group, including the formation of hydrogen bonds to the side chains of
Thr79® and Asp75® (Fig. 11b).

In the absence of ligands, a first-hydration-shell water interacting with
Asp75® takes up this position, indicating a strong preference for a hydroxyl
function at this location. The hydrophobic chain of the butyl alcohol backs
against the hydrophobic pocket while the C1 and C3 hydroxyls bind to N3 of
xanthine and 2'-OH of the ribose, respectively, replacing several hydration
shell waters found in the ligand-free enzyme structure. Kinetic studies did
not detect any significant influence on XMP inhibition by the butyl alcohol.
Its less well-defined electron density together with much increased B factors
(average of 44 A? compared to values of 21 A for XMP and 16 A? for active
site residues) are consistent with this finding [5].

Addition of another small organic compound, 1,2,3-heptanetriol, proved
essential to obtain diffraction-quality crystals of the CMP complex. In this
case, however, no electron density representing the alcohol is found. Instead,
five water molecules fill the same space, one of them again at the position so
favorable to hydroxyl group binding. Although the xanthine and cytosine
rings superimpose in the XMP and CMP complexes, because of its smaller
size, no contacts exist between the cytosine ring and ODCase. Two water
molecules bridge the main chain amide of Ser127 and cytosine’s O2. The
major interactions that hold the CMP ligand in place are the hydrogen bonds
between the two ribose hydroxyls and Lys42. The contacts between the phos-
phate group and the protein are weakened due to the disordered state of the
phosphate-binding loop, Gly'® to Gly'®, and the increased mobility of
Arg203.

5
Mechanistic Discussions

It is particularly puzzling that four hydrogen bonds to two ribose hydroxyls
are able to conserve 6-azaUMP-binding to the active site of ODCase, even
with most of the phosphate-protein contacts removed, e.g., in the AR203A
mutant, while the pyrimidine ring of CMP, with all the potential atom-to-
atom interactions available, is expelled from the base-binding site. It seems
that at least one other selection parameter has to come into play. CMP, the
high-affinity inhibitors, as well as the product and weak inhibitor UMP all
have pyrimidine bases, therefore, physical shape cannot be the distinguish-
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ing factor. The vast majority of hydrogen bonds or electrostatic interactions
can be formed with all of these molecules. What is different, however, are
the dipole moments of the various pyrimidines. The substrate OMP, the car-
banion intermediate, and the transition state analogues BMP and 6-azaUMP
have the negative end of their dipole moments pointing in the direction of
C6; UMP does not, nor does CMP [25]. Whereas the uracil base still con-
tributes to the binding energy (UMP is a better inhibitor than ribose 5'-
phosphate [17]), no such favorable interaction seems possible for cytosine.
As all residues in and close to the active site contribute to the electrostatic
environment, it becomes very difficult to assign to them very specific roles
in binding or catalysis. The same arguments can be made for the substrate
molecule.

The conformations of XMP and CMP may represent a transient binding
mode of an OMP substrate molecule after it has docked onto the enzyme
and before it is drawn deeper into the active site where it will form the car-
banion intermediate. It seems that the interactions that are most important
in attracting and immobilizing the substrate are the same ones that are in-
volved in the stabilization of the transition state [24, 26]. One can imagine
the progress of the reaction as a process in which the continuous increase in
the strength of hydrogen bonds, electrostatic interactions, and hydrophobic
forces, accompanied by a change of monomer-monomer orientation, leads
to a decrease in activation energy sufficient to allow bond breakage to occur.

6
Future Directions

Despite the combined efforts of several groups of biochemists and structural
biologists, elucidation of the exact chemical mechanism employed by
ODCase to achieve its most remarkable rate acceleration has proven elusive.
Several mechanistic proposals have been refuted but new ones have emerged
and need to be tested [27, 28]. As a laboratory specializing in structural bi-
ology, we have decided to apply the technique of time-resolved crystallogra-
phy in the hope of being able to watch the actual transformation of OMP
into UMP “as it happens”. If successful, this should be a major step forward
towards solving the enigma of ODCase catalysis.
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Abstract With a half-time of 78 million years at room temperature, the spontaneous de-
carboxylation of orotidine 5'-phosphate (OMP) is among the slowest biological reactions
to be described. Orotidine 5'-phosphate decarboxylase (ODCase), the enzyme responsi-
ble for catalyzing this difficult transformation, performs its task without the assistance of
metals or small molecule cofactors. The crystal structures of ODCase from yeast and
three prokaryotes have recently been determined. These structures reveal a quartet of
charged residues located within the active site, near where the substrate’s reactive car-
boxyl group is expected to bind. The results of site-directed mutagenesis of individual
active site residues have demonstrated the importance of this charged network to cataly-
sis by yeast ODCase. Large connectivity effects, operational primarily in the transition
state for decarboxylation, are observed when individual binding determinants of the sub-
strate are chemically removed. In particular, the phosphoribosyl group of substrate OMP
appears to be one feature by which the enzyme distinguishes the substrate in the ground
state from the altered substrate in the transition state. Current proposals for the mecha-
nism of enzymatic decarboxylation are discussed in light of recent computational, struc-
tural, and mutagenesis studies.

Keywords Orotidine 5'-phosphate decarboxylase - Catalytic proficiency -
Transition state stabilization - Site-directed mutagenesis - Connectivity effects
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Abbreviations and Symbols

ODCase Orotidine 5'-phosphate decarboxylase

OPRTase Orotate phosphoribosyltransferase

OMP Orotidine 5'-phosphate

UMP Uridine 5'-phosphate

BMP 6-hydroxyuridine 5'-phosphate

TIM Triosephosphate isomerase

A Angstrom

Keat Turnover number

K Michaelis constant

keat! Kin Catalytic efficiency

Kix Dissociation constant for the altered substrate
in the transition state

ITC Isothermal titration calorimetry

1

Introduction

Orotidine 5’-phosphate decarboxylase (ODCase, E. C. 4.1.1.23) catalyzes the
decarboxylation of orotidine 5'-phosphate (OMP) to form uridine 5'-phos-
phate in the sixth and final step of pyrimidine biosynthesis (Fig. 1) [1]. The
discovery of ODCase in 1954 followed the identification, three years earlier,
of orotic acid as the metabolic precursor of nucleic acids [2, 3]. ODCase is a
distinct, monofunctional polypeptide in bacteria and fungi, whereas in
mammals it combines with orotate phosphoribosyltransferase (OPRTase) to
form the bifunctional enzyme UMP synthase. Human deficiencies in either
OPRTase or ODCase activity result in an autosomal recessive disorder called
hereditary orotic aciduria [4]. The disease is characterized by depleted levels
of pyrimidine nucleotides in the blood and by the appearance of crystalline

o) o)
' 8
o)\rxll co0" N
R-5'-P R-5'-P
OMP UMP
Ky =7.0x 107 M Ky =4 x 1024 M K=2.0x104M

(nominal)

Fig. 1 The reaction catalyzed by ODCase, showing the structure of a possible carbanion-
ic intermediate formed during decarboxylation. R-5'-P represents a 5'-phosphoribosyl

group
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Fig. 2 The structures and binding affinities of eight competitive inhibitors of yeast
ODCase. R-5'-P represents a 5'-phosphoribosyl group

orotic acid in the urine of patients. Orotic aciduria is rarely life threatening
and readily treatable with uridine based dietary supplements.

Due to its role in de novo pyrimidine biosynthesis, ODCase proved a log-
ical target for drug development efforts throughout the latter half of the 20th
century. Compounds that inhibit ODCase activity were found to impair
DNA synthesis in all cell types, and several were tested as potential anti-can-
cer agents [5, 6]. Although the use of ODCase inhibitors as chemotherapeu-
tics proved largely unsuccessful, these efforts did result in the identification
and characterization of a variety of potent inhibitors of the human enzyme
(Fig. 2). Surprisingly, several effective inhibitors of ODCase activity were
based on a purine rather than a pyrimidine nucleotide scaffold. Despite the
attention given to the identification of ODCase inhibitors during the 1960s
and 1970s, the mechanism of enzymatic decarboxylation remained a mys-
tery.
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The decarboxylation reaction catalyzed by ODCase is an extremely diffi-
cult transformation, with an uncatalyzed half-time of 78 million years in
neutral, aqueous solutions at 25°C [7]. The intrinsic sluggishness of the
spontaneous reaction establishes the loss of CO, from OMP among the slow-
est biological reactions to be measured. Only the spontaneous decarboxyla-
tion of the amino acid glycine, with a half-time of 1.1 billion years, appears
to occur at a slower rate under ambient temperatures [8]. Unlike amino acid
decarboxylases, ODCase appears to function in the absence of metals or
small molecule organic cofactors [9, 10, 11], despite the catalytic advantages
offered by such prosthetic groups'. This fact suggests that ODCase operates
by a novel chemical mechanism, and has led to a variety of experiments
aimed at elucidating the catalytic forces employed by this proficient catalyst.

2
Proposed Mechanisms of Enzymatic Decarboxylation

The primary function of a decarboxylation reaction catalyst is to assist in
the delocalization of negative charge that accompanies the release of CO,
from the substrate molecule. Often this is achieved by promoting a redistri-
bution of electrons within the substrate itself. The substrate for the ODCase
reaction, however, lacks a 7 orbital into which electrons from the carbanion-
ic intermediate can be delocalized. For this reason, the decarboxylation of
OMP presents a special mechanistic challenge to the enzyme. To understand
how ODCase might aid in delocalizing charge in the transition state for de-
carboxylation, Beak and Siegel conducted studies on the loss of CO, from
1,3-dimethylorotate at elevated temperatures under several different condi-
tions [13, 14]. Decarboxylation of 1,3-dimethylorotate in sulfolane suggested
that the nonenzymatic reaction may be initiated by the formation of the
1,3-dimethylorotate zwitterion (Fig. 3a), in a process that involves genera-
tion of a positively charged nitrogen ylide at N-1. Beak and Siegel hypothe-
sized that this ylide could function to stabilize the development of negative
charge at the adjacent C-6 atom during decarboxylation. Based on the results
of their 1,3-dimethylorotate studies, the authors postulated that the ODCase
active site includes an acidic residue that could protonate the O-2 atom of
substrate OMP. Protonation at O-2 prior to decarboxylation is expected to
shift the equilibrium in favor of the zwitterionic species, thereby promoting
release of CO,.

Several years after Beak and Siegel’s proposal, Westheimer and coworkers
synthesized 6-hydroxyuridine 5'-phosphate (BMP), a potent inhibitor (K=
8.8x107'? M) of yeast ODCase [15]. The structure of this competitive inhibi-

' For example, pyridoxal phosphate is known to accelerate the rate of spontaneous decar-
boxylation of 2-aminoisobutyrate by a factor of 10'° [12]
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tor (Fig. 2) resembles the structure of Beak and Siegel’s 1,3-dimethylorotate
zwitterion (Fig. 3a). This study also revealed the enzyme’s preference for

binding anionic ligands, further suggesting the presence of a positively

charged active site residue. A subsequent search for this acidic residue result-
ed in the identification of Lys-93 of the yeast enzyme [16]. Mutation of Lys-
93 to cysteine reduced activity by more than 10’-fold, leading Smiley and as-
sociates to propose that Lys-93 functions to protonate the O-2 atom of OMP,
thus promoting formation of the zwitterion. 1*C and solvent isotope effects
on the enzymatic reaction were found to be consistent with a mechanism that

included a proton-sensitive step preceding decarboxylation [17, 18].
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To test the validity of the zwitterionic mechanism, Rishavy and Cleland
conducted nitrogen isotope studies on the enzymatic decarboxylation of
OMP [19]. Previous studies using viscogen effects and *C kinetic isotope
measurements had demonstrated that C-C bond cleavage was rate-limiting
for the enzyme reaction [17, 20]. Rishavy and Cleland detected no change in
bond order at N-1 of substrate OMP during decarboxylation, suggesting that
formation of a nitrogen ylide is not involved in the chemical mechanism of
the enzymatic reaction. These results were consistent with later studies by
Lee and coworkers on the non-enzymatic decarboxylation of 1,3-dimethy-
lorotate, which indicate that decarboxylation occurs via formation of a neu-
tral carbene rather than via formation of a ylide [21].

An alternate mechanism for enzymatic decarboxylation has been pro-
posed by Silverman and Groziak [22]. By analogy to the reaction catalyzed
by thymidylate synthase, these authors suggested that decarboxylation pro-
ceeds via addition of an active site nucleophile across the C5-C6 double bond
of substrate OMP (Fig. 3b). Silverman and Groziak suggested that Michael
addition at the C-5 position of the pyrimidine ring results in the formation
of a covalent enzyme-substrate intermediate that can undergo an acid-base
catalyzed elimination reaction to yield UMP and CO,. The observation that a
number of orotic acid analogs are susceptible to nucleophilic attack at C-5
lent support to this proposal. Efforts to confirm the addition mechanism
proved unsuccessful when Acheson and coworkers failed to observe a change
in hybrization at the C-5 position of bound 13C-labeled BMP, and when no
significant secondary isotope effect was observed upon decarboxylation of
deuterium-labeled OMP [23]. These findings point to little or no change in
geometry at C-5 in the transition state for decarboxylation, and cast doubt
upon the likelihood of the Silverman and Groziak mechanism.

Lee and Houk calculated gas phase proton affinities of orotate and depro-
tonated uracil, which suggest that O-4 rather than O-2 is the favorable site of
protonation for substrate OMP [24]. On the basis of these findings, Lee and
Houk proposed a carbene-based mechanism that involves protonation at
0O-4 by either an active-site acidic residue or a site-bound water molecule
(Fig. 3c) [24, 25]. In this mechanism, the formation of a neutral carbene at
C-6 is stabilized by an active site environment that displays a low dielectric
constant. The recent determination of the crystal structures of ODCase (see
below) questions the plausibility of this mechanism. These structures reveal
a highly charged active site, one that might be poorly suited for stabilization
of an uncharged carbene. The structures also demonstrate the lack of an
acidic residue near the O-4 atoms of bound ligands.

Based on the crystal structure of the Bacillus subtilis enzyme in complex
with product UMP, Appleby and associates have proposed a novel, electro-
philic substitution mechanism for the ODCase reaction (Fig. 3d) [26]. In-
stead of requiring the formation of a discrete carbanion in the transition
state for decarboxylation, this mechanism postulates that Lys-93 protonates
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the fragmenting C-C bond once that bond becomes sufficiently basic. Sever-
al reports of electrophilic substitution reactions of this type have been re-
ported in the literature [27, 28], although no evidence exists supporting this
type of mechanism in an enzyme-catalyzed reaction. Recently, the acidity of
the C-6 proton of 1,3-dimethyluracil was estimated to be 34, demonstrating
the difficulty with which the C-6 carbanion is formed [29]. The spontaneous
rate of cleavage of the C-H bond of dimethyluracil is 10-fold slower than the
rate of spontaneous decarboxylation of 1-methylorotate, suggesting that OD-
Case may avoid formation of a discrete carbanionic species during decar-
boxylation.

Recently, Kollman and associates have suggested that enzymatic decar-
boxylation might proceed via direct protonation of substrate OMP at the
C-5 position by Lys-93 of the yeast enzyme (Fig. 3e) [30]. This mechanism
was suggested as a result of molecular dynamics simulations of the Methano-
bacterium thermoautotrophicum enzyme, which indicate that the side chain
of Lys-93 might be positioned near the C-5 atom of OMP in the Michaelis
complex. Similar to the Silverman and Groziak proposal, this mechanism is
expected to produce a change in hybridization at C-5 during the course of
the reaction. As noted above, experimental evidence suggests that rehy-
bridization at C-5 does not occur during binding or catalysis.

3
Structure of Yeast ODCase in the Presence
and Absence of a Potential Transition State Analog

Recently, the crystal structures of ODCase from yeast and from three differ-
ent bacterial sources have been reported [26, 31, 32, 33]. Although a detailed
comparison of the available crystal structures is beyond the scope of this re-
view, the structure of the yeast enzyme both free and in complex with the
postulated transition state analog, BMP, will be briefly discussed. For a de-
tailed discussion of the currently available crystal structures, readers are re-
ferred to reference [34] and the article by Wu and colleagues in this issue.
The crystal structure of yeast ODCase reveals a (/a)s-barrel fold similar
to that first described for the glycolytic enzyme triosephosphate isomerase
[35]. The active site of each monomer is located at the C-terminal end of the
barrel and is composed of residues from both subunits of the catalytically
active dimer. Similar to many (f/a)s-barrel enzymes that act on phosphory-
lated substrates, ODCase contains a flexible loop (residues 207-218 of the
yeast enzyme) capable of forming hydrogen bonds with the phosphoryl
group of bound ligands. In the absence of ligand, this loop is disordered. A
second flexible loop, comprised of residues 151-165, is also observed in the
crystal structure of the yeast enzyme. This loop contains residues that make
both van der Waals and hydrogen bonding contacts with the pyrimidine ring
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Fig. 4 Schematic representation of the yeast ODCase active site, showing contacts formed
between the enzyme and bound 6-hydroxyuridine 5'-phosphate (BMP). Hydrogen bond-
ing distances were measured between electronegative atoms

of bound BMP. Upon ligand binding loops 207-218 and 151-165 move
across the active site to form a closely packed, closed conformation (Fig. 4).
As a result of these combined loop movements, bound ligands are se-
questered from bulk solvent water.

Interactions between yeast ODCase and BMP can be divided into three
groups—those involving enzyme contacts with the phosphoryl group, ribosyl
group, and pyrimidine ring of the inhibitor (Fig. 4). Binding of BMP pro-
motes an ordering of residues in loop 207-218, allowing the formation of hy-
drogen bonds between the phosphoryl group and the side chains of Tyr-217
and Arg-235 [31]. Together with the backbone amide nitrogen of Gly-234,
these residues form a total of five hydrogen bonds with the phosphoryl group
of BMP. Three different active site residues are involved in hydrogen bonding
contacts with the ribose hydroxyl groups of bound inhibitor. The 3’-OH
group of BMP interacts with the side chain of Asp-37, and the 2’-OH group
forms contacts with Thr-100 and Asp-96, two residues that are donated by
the opposite subunit of the dimer. Somewhat surprisingly, the pyrimidine
ring of bound BMP forms a rather limited number of interactions with active
site residues. A single hydrogen bond is formed between the amide moiety of
Gln-215 and O-2 of BMP, and the backbone amide nitrogen of Ser-154 forms
a hydrogen bond with O-4. The sparsity of interactions with the pyrimidine
ring offers one explanation for why purine analogs can act as effective
competitive inhibitors of ODCase (Fig. 2). In total, 11 hydrogen bonds are
observed between active site residues and BMP.
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Perhaps the most intriguing feature of the ODCase active site is the pres-
ence of a quartet of charged residues near the site where the substrate’s re-
active carboxyl group is expected to bind. Composed of Lys-59, Asp-91, Lys-
93, and Asp-96 of the opposite subunit, this network of alternating charges
is evolutionarily conserved in all known ODCase sequences [36]. Prior to
the determination of the ODCase crystal structure, Lys-93 had been shown
to play an important role in enzyme-catalyzed decarboxylation [16]. In the
structure of the yeast enzyme-BMP complex, this positively charged residue
can be observed participating in an ionic interaction with the negatively
charged O-6 atom of BMP. This favorable contact presumably foreshadows
the interaction of Lys-93 with the developing C-6 carbanion formed during
decarboxylation of OMP. The position of the Lys-93 side chain appears to be
tightly constrained in the BMP complex by contacts with two neighboring
aspartate residues (Asp-91 and Asp-96). Unlike the loop residues that con-
tact the phosphoryl group and pyrimidine ring, the conformation of the
four charged residues appears rigid, changing little between the apo and
BMP liganded structures.

4
Contribution of Enzyme—Phosphoryl Contacts to Catalysis by ODCase

As described above, the structure of the complex between yeast ODCase and
BMP reveals hydrogen bonding contacts between the phosphoryl group of
this inhibitor and the side chains of Arg-235 and Tyr-217. To define the con-
tributions of Arg-235 and Tyr-217 to transition state binding affinity, each
of these residues was replaced with alanine [37]. Removal of Arg-235 was
found to reduce kc,/Ky, by a factor of 3,000, whereas removal of Tyr-217 de-
creased ke, /Ky by 7,500-fold. A mutant enzyme in which both Arg-235 and
Tyr-217 were replaced with alanine demonstrated a decrease in activity of
more than 3x107-fold, corresponding to a loss in transition state binding en-
ergy of more than 10 kcal/mol. The magnitude of the catalytic effects pro-
duced by eliminating the hydrogen bonds mediated by Arg-235 and Tyr-217
are particularly interesting considering the distance of these residues from
the site of chemical transformation of substrate OMP.

The contribution of the phosphoryl group to catalysis was also assessed
by evaluating the effects on ligand binding affinity of removing the phos-
phoryl group from a number of competitive inhibitors (Table 1) [37, 38].
These data suggest that the contribution of the phosphoryl group to ligand
binding is relatively modest for weak binding inhibitors such as product
UMP (120-fold), but can become very large as the affinity of the ligand in-
creases. For example, the contribution of the phosphoryl moiety to the bind-
ing affinity of BMP, the most potent inhibitor of ODCase, exceeds 10°-fold.
This represents more than half of the 15 kcal/mol of binding energy realized
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Table 1 Ligand dissociation constants for yeast ODCase

K; K; K; K; base/ K; side/
base nucleoside nucleotide K; side K; tide
(M) (M) (M)
Uracil 1.6x1072 2.3x1072 2.0x107* 0.7 120
Orotate 9.5x1073 1.4x1073 7.0x10772 6.8 2,000
Xanthine >6.2x107* 5.3x107* 4.1x1077 >1.2 1,300
6-Azauracil 5.9x1073 1.2x1072 6.4x1078 0.5 190,000
Barbiturate 6.0x107° 9.3x107° 8.8x10712 0.6 1,100,000

The contribution of the ribofuranosyl group for each ligand is calculated from the ratio
of the dissociation constant of the base compared to the dissociation constant of the cor-
responding nucleoside. Similarly, the contribution of the phosphoryl group is calculated
from the ratio of the dissociation constant of the nucleoside compared to the dissocia-
tion constant of the corresponding nucleotide

in the yeast ODCase-BMP complex. A comparison of the structure of the
yeast ODCase-BMP complex with that of the E. coli ODCase-UMP complex
offers no structural explanation for the differential contribution of the phos-
phoryl group to the binding affinity of these two ligands. Effects of similar
magnitude have been observed with nucleoside and nucleotide inhibitors of
the bifunctional human enzyme, and suggest that the charged phosphoryl
group is a critical determinant of ligand binding affinity [38].

The effects of the R235A and Y217A mutations upon ligand binding affin-
ity were found to resemble the effects, noted above, for ligands lacking a
phosphoryl moiety (Table 2) [37]. Individual deletion of the Arg-235 or Tyr-
217 side chain produced only slight decreases in binding affinity for the
weakly bound UMP. Removal of these same side chains, however, produces
pronounced decreases (>10°-fold) in the binding constant of 6-azaUMP, a
ligand that binds the wild-type enzyme more tightly than does UMP. These
observations provide compelling evidence that contacts between the enzyme

Table 2 Decrease in ligand binding affinity resulting from mutagenesis of active site resi-
dues to alanine

Ligand K; (Y217A)/K; (wt) K; (R235A)/K; (wt) K; (K59A)/K; (wt)
UMP 17 9 1.7

OMP 130 70 910
6-AzaUMP 2,200 1,400 1,100

BMP 2,000 2,600 11,000
Transition state 3,000 7,500 120,000

The relative contribution of each interaction was calculated from the ratio of the ligand
dissociation constant determined with the mutant enzyme to that determined with wild-
type yeast ODCase
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5’-phosphate acting as a competitive inhibitor. The loss of transition state binding energy
obtained by cutting substrate OMP at the glycosidic bond totals more than 11 kcal/mol

and the phosphoryl group become increasingly important as the substrate
passes from the ground state to the transition state.

To examine the role of the entire phosphoribosyl group in the enzymatic
decarboxylation of OMP, orotic acid was tested as a substrate for yeast OD-
Case [37]. Carrier-free orotic acid labeled with '*C at the carboxyl substitu-
ent was incubated with high concentrations of enzyme in an effort to ob-
serve slow decarboxylation of this truncated substrate. Orotic acid was
found to decarboxylate at a rate more than 10'*-fold slower than OMP, and
1 M inorganic phosphate was unable to rescue this activity. Comparison of
the affinity of the enzyme for OMP in the transition state, orotic acid in the
transition state, and ribose 5'-phosphate as a competitive inhibitor, indicates
that the effective concentration of the phosphoribosyl group in the transi-
tion state for decarboxylation exceeds 108 M (Fig. 5). Thus, a significant
portion of transition state affinity (>11 kcal/mol) can be attributed to the
covalent linkage between orotic acid and ribose 5'-phosphate. A similar con-
tribution of a remote functional group to enzyme catalysis was recently
described for the isomerization of glyceraldehyde 3-phosphate by triose-
phosphate isomerase (TIM) [39]. In this case, the phosphoryl group of the
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substrate was found to contribute 14 kcal/mol of intrinsic binding energy in
the transition state for enolization. For both the TIM and ODCase-catalyzed
reactions, the substrate’s phosphoryl group appears to be an important fea-
ture by which the enzyme distinguishes the altered substrate in the transi-
tion state from the ground state.

The >10'>-fold difference in transition state binding affinity between
OMP and its truncated analog is surprising considering the relatively mod-
est difference in ground state binding affinity between orotic acid
(Kp=9.3%1072 M) and OMP (K,,=7.0x10~7 M). There is no structural or ex-
perimental evidence to suggest direct participation of the substrate’s phos-
phoryl group in catalysis. The phosphoryl group of bound BMP is posi-
tioned more than 4.5 A from the O-2 atom of the pyrimidine ring, and the
intervening distance is filled by the side chain of GIn-215 (Fig. 4). Rather
than participating directly in the decarboxylation reaction, the phosphoryl
group seemingly acts as a repository for a significant portion of the sub-
strate’s intrinsic binding energy. The surplus of binding energy residing in
the phosphoryl group is only fully realized in the transition state for decar-
boxylation, where it supplies part of the differential binding affinity upon
which catalysis depends.

5
Contribution of Enzyme-Ribofuranosyl Contacts to Ground State
and Transition State Affinity

Given the importance of the phosphoryl group noted above, the possibility
existed that enzyme-ribofuranosyl contacts might play an equally important
role in catalysis. The structure of the yeast enzyme complexed to BMP re-
vealed interactions between Thr-100 and Asp-37 and the 2’-OH and 3’-OH
groups of the ribose ring, respectively. To investigate the contribution of
these ribofuranosyl contacts to both ground state and transition state stabi-
lization, Thr-100 and Asp-37 were individually replaced with alanine [40].
Removal of Thr-100 reduced k. /Ky, by 60-fold, while removal of the side
chain of Asp-37 reduced k., /Ky, by 300-fold. Ground state binding affinity
of substrate OMP was reduced by less than 10-fold for both of these mutant
enzymes, indicating a modest role for these contacts in determining ground
state affinity (Table 3).

In a previous study, the 2’-OH group of substrate OMP had been postulat-
ed to form a hydrogen bond to the critically important Lys-93 side chain in
the ground state ES complex [32]. In addition, the 2’-OH group serves as the
sole site of contact between bound ligand and residues donated by the oppo-
site subunit of the ODCase dimer (Fig. 4). To evaluate the catalytic impor-
tance of this functional group, 2’-deoxyOMP was synthesized and the ability
of ODCase to catalyze the decarboxylation of this wounded substrate was as-
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Table 3 Summary of the kinetic properties of wild-type and mutant yeast ODCases

Enzyme Keat Kn keat! Ky AAG
(sec™) (M) (M1 sec™) (kcal/mol)

Wild-type 44 7.0x1077 6.3x107

Q215A 41 2.5x107° 1.6x107 0.8
T100A 7.2 6.7x107° 1.1x10° 2.4
D37A 0.9 4.2x1076 2.1x10° 3.4
Y217A 2.0 9.4x107° 2.1x10% 4.7
R235A 0.42 4.9%107° 8.6x10° 5.3
K59A 0.34 6.4x107* 5.3x10? 6.9
D91A n.d. n.d. n.d. >7.0
K93A n.d. n.d. n.d. >7.0
D96A <2.3x107* 8.0x107° <29 >8.6

n.d. Not determined due to lack of measurable activity [41]

sessed [40]. 2'-deoxyOMP displays a K, value that is 8-fold larger than
OMP, and a value for k., that is reduced by more than 200-fold. In agree-
ment with a limited contribution of the ribosyl contacts to ground state
binding, deletion of the 2’-OH group from two competitive inhibitors, UMP
and ribose 5'-phosphate, produced little decrease in their observed binding
affinities.

The contribution of the ribofuranosyl group as a whole was measured by
comparing the affinities of a variety of related base and nucleoside analogs
for yeast ODCase (Table 1). The addition of the ribofuranosyl moiety to the
substrate analog orotic acid, the product analog uracil, and three different
competitive inhibitors failed to increase the binding affinity of these com-
pounds. Similar to the catalytic consequences of the D37A and T100A muta-
tions, these comparisons indicate that hydrogen bonds involving the ribose
hydroxyl groups are much less important to ground state and transition
state binding than are contacts with the phosphoryl moiety. As observed
with enzyme-phosphoryl interactions, however, hydrogen bonds involving
Asp-37 and Thr-100 do appear to become increasingly important as the sub-
strate passes from the ground state to the transition state. Therefore, the
contribution of the 2’-OH and 3’-OH groups to transition state binding af-
finity is likely magnified when contacts involving these substituents act in
concert with other enzyme-ligand interactions.

6
Importance of the Charged Network to Catalysis by ODCase

The ODCase crystal structures reveal a novel array of charged residues locat-
ed in a region of the active site where the substrate’s reactive carboxylate is
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expected to bind. In an attempt to elucidate the catalytic function of each of
these residues, Lys-59, Asp-91, Lys-93, and Asp-96 of the yeast enzyme were
replaced with alanine [41]. Mutagenesis of Asp-96 reduced activity below
the limits of detection, but did not impair the ability of this enzyme to bind
OMP to a significant degree. The dissociation constant of the D96A-OMP
complex determined by isothermal titration calorimetry (ITC) was
8.0x107% M, a value 10-fold higher than the observed K, of the wild-type en-
zyme. Similar to the D96A mutation, substitution of Lys-59 with alanine had
a profound effect upon catalysis, decreasing k,/ Ky, by 10°-fold. Specifically,
ket was reduced 130-fold, and K, was increased by nearly three orders of
magnitude (Table 3). Effects of this magnitude can be explained, in part, by
the fact that the K59A mutant active site contains an unbalanced negative
charge. This net negative charge reduces the enzyme’s affinity for the nega-
tively charged substrate in the ground state and, to a greater degree, for the
negatively charged transition state.

Replacement of either Asp-91 or Lys-93 with alanine reduced activity by
more than 5 orders of magnitude, and produced enzymes that were inca-
pable of binding substrate OMP at a level detectable by ITC. These findings
are consistent with recent denaturation studies of M. thermoautotrophicum
mutant enzymes, which suggest that preservation of the charged network is
critical to the stability of the enzyme [42]. Together, the results of mutage-
nizing Lys-59, Asp-91, Lys-93, and Asp-96 indicate that removal of even a
single member of the charged active site network severely impairs the cata-
lytic capabilities of ODCase.

The role of Lys-93 in stabilizing the development of negative charge at the
C-6 position of OMP in the transition state for decarboxylation appears to
be clear. The catalytic function of Asp-91, however, is more ambiguous.
Modeling OMP into the binding site of 6-azaUMP from the M. thermo-
autotrophicum crystal structure, Wu and associates found significant elec-
trostatic and steric repulsion between the negatively charged side chain of
Asp-91 and the substrate’s reactive carboxylate [32]. To understand the role
this repulsion might play in enzymatic decarboxylation, the authors per-
formed combined quantum mechanical and molecular mechanics calcula-
tions of the enzymatic reaction. The results of this study led the authors to
hypothesize that a portion of the binding energy supplied by the phosphori-
bosyl group of OMP is used to destabilize the reactive carboxyl group in the
ground state ES complex by positioning it near Asp-91. The resulting elec-
trostatic stress was expected to supply a significant portion of the activation
energy required to overcome the barrier to decarboxylation.

In an effort to validate these findings, Warshel and coworkers carried out
similar calculations on the enzyme-catalyzed reaction [43, 44]. Unlike the
calculations of Wu and colleagues, these authors were able to reproduce the
catalytic effect of the enzyme without invoking ground state destabilization.
Using a modified reactant pair composed of the orotate anion and the posi-
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tively charged lysine side chain, Warshel and coworkers found evidence for
substantial stabilization of the substrate in the ground state complex. In-
stead of observing ground state destablization between the substrate and the
enzyme, electrostatic destabilization was observed between neighboring as-
partate residues (Asp-91 and Asp-96) within the enzyme itself>. The authors
suggested that the price of this destabilization is paid for by the energetics
of protein folding, rather than by utilization of the large intrinsic binding
free energy supplied by the substrate’s phosphoribosyl group. This study
concluded that ODCase functions by preferentially stabilizing the transition
state, rather than by inducing destabilization of the ground state.

In a more recent molecular dynamics study, Bruice and associates also
found evidence supporting stabilization of substrate OMP in the ground
state complex [45]. In these studies, the active site loop that contacts the
phosphoribosyl moiety was shown to be quite flexible, a suggestion that pre-
cludes its ability to force the substrate’s reactive carboxylate into an un-
favorable environment. The structure of the ground state OMP complex ob-
served in these simulations reproduces the structure of OMP in aqueous so-
lution, and the reactive carboxylate of OMP does not approach the side
chain carboxylate of Asp-91 in the ES complex. This study attributes the
large catalytic contribution of the substrate’s phosphoribosyl group to cor-
rect positioning of the carboxyl group with respect to Lys-93, rather than a
direct utilization of the phosphoribosyl’s binding energy for ground state
destabilization.

At first glance, it is difficult to envision how significant destabilization
might occur between the substrate’s reactive carboxylate group and the side
chain of Asp-91. Either carboxyl group could, in principle, abstract a proton
from bulk solvent water if it were faced with significant electrostatic repul-
sions. UMP, which lacks the carboxyl group of substrate OMP, binds to the
wild-type enzyme much less tightly than does the stressed substrate (Fig. 1).
The opposite situation might be expected if the ground state OMP complex
was destabilized with respect to the product UMP complex. Similarly, re-
moval of the repulsive Asp-91 side chain via mutagenesis fails to result in an
enzyme that displays an increased affinity for OMP. Nevertheless, the pro-
found cooperativity of enzyme-ligand contacts, as revealed by experiments
with the phosphoryl mutants and phosphoryl deficient ligands, may mask
the destabilizing effects of Asp-91 in these cases. Interestingly, a recently de-
scribed structure of the D91A-K93A double mutant in complex with OMP
shows the reactive carboxylate moiety bent out of the plane of the pyrimi-
dine ring, in a conformation distinct from those previously observed for
orotate in aqueous solution [42]. While it seems likely that some degree of
distortion of the reactive carboxyl group does occur, the extent to which this

* This finding is consistent with the experimental observation that mutagenesis of
Asp-91 or Lys-93 decreases the stability of the mutant enzyme [41, 42]
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higher energy conformation mirrors the structure of substrate OMP in the
ground state ES complex remains to be resolved.

7
Summary and Future Prospects

The results of the mutagenesis studies summarized above, in combination
with the structures of numerous ODCase—inhibitor complexes, have pro-
vided valuable insight into the forces at work within the ODCase active site
during decarboxylation. Contacts involving both the phosphoryl group of
substrate OMP and the active site charged network have been identified as
important determinants of transition state binding affinity. Mutagenesis
demonstrates that the total amount of energy available to bind the altered
substrate in the transition state, attained by summing the contributions of
individual active site interactions, exceeds 45 kcal/mol (Fig. 6). This far sur-
passes the binding energy (~31 kcal/mol) needed to explain the high level of
catalytic proficiency displayed by ODCase. The phosphoribosyl group of
substrate OMP appears to anchor the substrate in the ODCase active site,
thereby supplying a vast quantity of the intrinsic binding energy necessary
for decarboxylation to occur. This group also appears to be a major feature
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Fig. 6 Schematic representation of the yeast ODCase active site, depicting the effects on
transition state binding affinity of replacing individual active site residues with alanine.
Free energy contributions (AAG) of individual interactions were calculated from the de-
crease in catalytic efficiency (kc./K) produced upon mutation to alanine. The sum of
individual mutations totals more than 45 kcal/mol of binding free energy
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by which the enzyme distinguishes the substrate in the ground state from
the altered substrate in the transition state.

Further mechanistic descriptions of the ODCase reaction await the eluci-
dation of ODCase-ligand structures that more closely mimic the structure
of the Michaelis complex. In this regard, two particularly pertinent complex-
es whose structures remain undetermined include ODCase bound to 5,6-di-
hydroorotidine 5’-phosphate, and 6-thiocarboxamidouridine 5’-phosphate
(Fig. 2). Both of these ligands contain groups at the C-6 position that closely
resemble either the charge or geometry of the carboxylate group of substrate
OMP. Thus, the structure of ODCase in complex with either ligand promises
to reveal active site conformations that are specific to the ground state ES
complex. In addition, 5,6-dihydroOMP appears to approximate the structure
of an intermediate formed during the electrophilic substitution mechanism
proposed by Appleby and associates (Fig. 3d). Although this ligand does not
appear to function as a substrate for decarboxylation, 5,6-dihydroOMP does
act as a competitive inhibitor, binding to the yeast enzyme with an affinity
near that of OMP [46].

The structure of ODCase complexed to 6-thiocarboxamidoUMP is of in-
terest because this ligand binds 10°-fold more tightly to the yeast enzyme
than does its oxygen containing counterpart 6-carboxamidoUMP [47]. The
hydrophobicities of these two molecules are not expected to differ greatly,
however the difference in polarizability between sulfur and oxygen atoms
has been well documented in the literature [48, 49]. To understand the large
difference in affinity between the sulfur- and oxygen-containing inhibitors,
it is helpful to examine the electronic differences between the oxygen- and
sulfur-containing functional groups. Figure 7 shows the three main reso-
nance hybrid structures for the side chains of 6-carboxamidoUMP and
6-thiocarboxamidoUMP. For the sulfur derivative, species II and III are ex-
pected to contribute significantly to the overall structure of the thio com-
pound, since the orbital overlap between carbon and the bulky sulfur atom

R .S RD.sC R._.sO
NHo NH, ®NH,
1l 1l
R\ //O 6 @
c R\%),O R. O
1 1]
NH2 NH, ONH,

Fig. 7 Major resonance hybrid structures of 6-thiocarboxamidoUMP and 6-carboxami-
doUMP
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in the C=S bond is inefficient [48]. In contrast, the analogous species for the
oxy derivative should not contribute as significantly to the overall structure,
since orbital overlap between carbon and the smaller oxygen atom is quite
favorable. Thus, thiocarboxamidoUMP is expected to contain more localized
anionic character at the C-6 position than is carboxamidoUMP. The large
difference in binding affinity produced by this minor difference in charge
distribution may reflect the ability of the enzyme to distinguish small
changes in electron density at the C-6 position during decarboxylation.

8
Concluding Remarks

To achieve catalysis, an enzyme must bind the altered substrate in the tran-
sition state orders of magnitude more tightly than it binds the substrate in
the ground state. For the ODCase reaction, this task is complicated by the
fact that both the substrate and the transition state contain negative charge
at the site of chemical transformation. How does the active site architecture
of ODCase provide for the level of discrimination observed between the
binding of the substrate in the ground state (K;=10"7 M) and the binding of
the altered substrate in the transition state (K,=10"2* M)? To achieve prefer-
ential binding of the transition state, the enzyme must prevent favorable in-
teractions in the ground state complex [50]. In particular, the enzyme must
prevent formation of a hydrogen bond between Lys-93 and the reactive car-
boxyl group of substrate OMP. Upon substrate binding Lys-93 can, in princi-
ple, interact with either the carboxyl group of OMP or with a different hy-
drogen bonding partner within the active site. Which partner Lys-93 choos-
es depends upon which interaction is more energetically favorable. In the
apo and BMP-liganded yeast ODCase crystal structures, Lys-93 is positioned
between two negatively charged aspartate residues (Asp-91 and Asp-96).
These interactions probably raise the pK, value of Lys-93 above that of a ly-
sine side chain in aqueous solutions (~10.5). The elevation of this pK, value
likely minimizes the strength of contacts between the slightly basic carboxyl-
ate group of OMP (pK,~0.4) and the slightly acidic lysine side chain. Given
the weakness of this potential interaction, it seems probable that Lys-93
moves away from the reactive carboxylate group in the ground state to form
a more favorable hydrogen bond with another enzyme functional group.
Upon approach to the highly charged transition state, however, the lysine
side chain sacrifices its ground state, enzyme-based contact for a more fa-
vorable interaction with the developing carbanion at C-6. At this same mo-
ment, the strength of enzyme contacts with the substrate’s phosphoryl group
are increasing in intensity. The realization of binding energy associated with
the newly formed carbanion-lysine contact, in combination with a tighten-



Insight into the Catalytic Mechanism of Orotidine 5'-Phosphate Decarboxylase 61

ing of interactions involving the substrate’s phosphoryl group, produces the
differential binding affinity upon which catalysis relies.
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Abstract OMP decarboxylase (ODCase) has been the subject of enzymological, structural,
and theoretical studies for several decades, yet its highly proficient rate of decarboxyla-
tion remains mechanistically unclear. This review summarizes the enzymological and
model studies carried out with ODCase and its substrate analogs. The original mecha-
nism involving protonation of O2 of the substrate OMP by an enzyme functional group
has gained some experimental support, including the measurement of isotope effects,
affinities of various inhibitors, and catalytic activity or inactivity toward alternate sub-
strates. A lysine residue of the yeast enzyme, Lys93, invariant in all known sequences and
situated within a region of the sequence that is highly similar throughout all sequences,
has been proposed to be the active site proton donor. However, the crystal structures of
ODCase in complex with various inhibitors show the 5,6 side of the pyrimidine of the
inhibitors in proximity with the active site lysine side chain, with O2 turned away from
the lysine. The enzymological data is reconciled with the structural data in this review
with the proposal that the nearly symmetrical inhibitors bind in an orientation that is re-
versed from that of the substrate, with the glycosidic bond rotated roughly 180° from that
projected for the substrate.

Keywords OMP decarboxylase - Isotope effects - Alternate substrate - Enzyme inhibition -
Enzyme structure/function

Abbreviations

6-azaUMP 6-Azauridine-5'-monophosphate

BMP 1-(5'-Phospho-f-d-ribofuranosyl)barbituric acid
OMP Orotidine-5'-monophosphate

2-thioOMP  2-Thioorotidine-5-monophosphate
UMP Uridine-5'-monophosphate
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1
Introduction

OMP decarboxylase (ODCase) catalyzes the decarboxylation of OMP to
UMP, a decarboxylation that must necessarily be mechanistically different
from the groups of decarboxylations that occur throughout metabolism [1].
The structure of the substrate does not lend itself to decarboxylation mecha-
nisms involving pyridoxal phosphate (typical of amino acid decarboxylases
[2]), thiamine pyrophosphate (typical of a-keto acid decarboxylases [3]), or
metal ions (typical of B-keto acid decarboxylases [4]); although the presence
of Zn*? ions has been detected in some preparations of ODCase [5, 6], the
enzyme clearly does not require Zn*? for catalytic activity [7].

Despite various mechanistic studies over several decades and the recent
crystal structures of ODCases from four microbial species in the presence of
various inhibitors, the mechanism by which ODCase catalyzes decarboxyla-
tion of OMP remains unclear. At least five mechanisms for the generation of
a more reactive intermediate have been proposed on the basis of different
experimental and theoretical approaches (Fig. 1). In this review, the enzy-
mological and model chemistry experiments designed to illuminate the
nature of the more reactive ODCase intermediate will be surveyed.
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Fig. 1 Five proposed enzyme-catalyzed pre-decarboxylation reactions for the activation
of OMP to a more reactive intermediate by ODCase. I O2 protonation mechanism, origi-
nally proposed in [8]. 2 Direct protonation of C6 during decarboxylation [9, 10, 11].
3 Protonation at C5 [12]. 4 Nucleophilic attachment at C5 [13]. 5 Protonation at 04 [14]
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2
The Uncatalyzed Decarboxylation of OMP Analogs

Beak and Siegel [8] presented a thorough study of the decarboxylation of
1,3-dimethylorotate and analogs in non-aqueous solvents. The decarboxyla-
tion of 1,3-dimethylorotic acid was found to be first order, and slightly faster
with the anion 1,3-dimethylorotate than with the acid, indicating a decar-
boxylation of the carboxylate without general acid catalysis (Fig. 2).

By comparing the rates of decarboxylation of various analogs, the authors
concluded that the mechanism of the uncatalyzed decarboxylation of 1,3-
dimethylorotate likely involves formation of a dipole stabilized carbanion,
with charges distributed around the resonance-stabilized heterocycle and an
exocyclic oxygen bearing negative charge. Analogs of 1,3-dimethylorotate
incapable of forming an analogous decarboxylated product generally had
lower or unmeasurable rates of decarboxylation. A dimethoxypyrimidine
carboxylate with a permanent positive charge distributed around the hetero-
cycle underwent decarboxylation at a rate 107 times faster than 1,3-dimethy-
lorotate, when corrected for temperature difference. The authors postulated
that the role of ODCase might be to shift the equilibrium of OMP toward the
formation of a protonated intermediate, resembling the permanently posi-
tive charged model compound, and suggested O2 as the likely site of proto-
nation.

Radzicka and Wolfenden [15] extended the Beak and Siegel approach to
include the decarboxylation of 1-methylorotate in water, which required re-
actions at approximately 200 °C under pressure. The decarboxylation in wa-
ter is highly temperature-dependent, and the Arrhenius analysis yielded a
rate constant of 3x107'¢ s7! when extrapolated to 25 °C. Using this compari-
son, ODCase, with k=40 s™!, must therefore accelerate the decarboxylation
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Fig. 2 Proposed mechanism for non-enzymatic decarboxylation of 1,3-dimethylorotic
acid, in the absence (upper route) or presence (lower route) of added base. From [8]
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reaction by 10"7-fold. Interestingly, the authors also observed no rate change
between pH 3 and 11, indicating that the mechanism of decarboxylation in
aqueous solution at neutral pH is independent of protonation, which is in
accord with the lower path of Fig. 2, beginning with the carboxylate. How-
ever, protonation as a mechanistic step by ODCase could occur using a high-
ly organized enzyme active site where the localized [H*] is much higher
than that attainable in solution, which could resemble the upper path of
Fig. 2 (or any H*-dependent mechanism in Fig. 1) and represent a subtle
departure from the reaction in aqueous solution.

3
Enhanced Affinity of Nucleotide Inhibitors with Anionic Nitrogenous Rings

The Westheimer group, noting the inhibition of ODCase by 6-azaUMP, syn-
thesized a custom affinity column with 6-azaUMP appended to a stationary
phase [16]. With this column, ODCase could be purified by a remarkable
3,200-fold in one purification step. With the availability of highly-purified
enzyme, this group measured inhibition constants for UMP, 6-azaUMP and
“barbituric acid ribonucleotide”, or BMP [17].

The measured inhibition constants of UMP and 6-azaUMP are 4.6x
10™* M and 5.1x1077 M at pH 6.0 [17]. Why would such structurally similar
nucleotides have such different inhibition constants? The Westheimer group
noted that UMP and 6-azaUMP differ primarily in the ionization constants
of the nitrogenous rings: the uracil ring of UMP has a pK, of 9.5, and the
6-azauracil ring of 6-azaUMP has a pK, of 7.0. With the assumption that the
anionic form of each inhibitor was the predominant form binding to the
ODCase active site, the intrinsic dissociation constants of the anionic forms
were calculated to be 1.5x1077 M and 0.46x1077 M, very similar values for
nearly identical inhibitors. Nearly identical inhibition constants were later
found for UMP and 2-thioUMP, when correcting for predominant inhibition
by the anionic pyrimidine [18].

BMP has a lower pK, of 4.5 and remains predominantly anionic at neutral
pH levels. This inhibitor has a remarkably strong affinity for ODCase, with
a near-stoichiometric binding constant of 9x107' M [17]. However, BMP
possesses a structural twist: with the substituent ionized oxygen at C6, the
pyrimidine ring, now nearly symmetrical, bears the negative charge on the
C4-C6 side of the ring, unlike ionized UMP and 6-azaUMP with the charge
delocalized on the C2-C4 side.

Suspecting that the preference of ODCase for anionic inhibitors might in-
dicate the presence of a cationic active site amino acid residue, perhaps act-
ing as a general acid in catalysis, Smiley and Jones sought to identify critical
amino acid residues by site-directed mutagenesis, with particular attention
to lysine residues [19]. By the late 1980s, quite a few ODCase sequences had
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been determined [20, 21], owing to the ease in isolation of this gene by mi-
crobial complementation. Lys93 of the yeast sequence was found to be pres-
ent within a highly conserved region and was itself invariant in every single
sequence, and its replacement with any of 15 other amino acids led to di-
minished activity [19]. The mutant ODCase K93C was studied in detail, and
its activity was undetectable, with no more than 2x1078 the activity of the
wild type protein. Furthermore, the mutant ODCase had lowered affinity
for 6-azaUMP. Chemical modification of K93C ODCase with 2-bro-
moethylamine—but not with 2-bromoethanol, 2-bromoacetamide, or (2-
bromoethyl)trimethylammonium—Ied to partial restoration of activity, indi-
cating a need at the active site for an amino group that none of the other
functional groups could satisfy. A role for Lys93 as a proton donor in
ODCase activity, and a role of attracting the anionic pyrimidine inhibitors,
was proposed.

4
Isotope Effects in the ODCase Reaction

The Wolfenden and Jones groups addressed the possibility of an ODCase
mechanism involving covalent attachment at C5 (mechanism 4, Fig. 1) [22],
previously proposed on the basis of model chemistry studies [13]. Such a
mechanism would be likely to display a kinetic isotope effect with [*H5]
OMP as the substrate, since this labeled substrate would involve an sp? to sp’
hybridization change at C5 and a secondary kinetic isotope effect in the pro-
posed pre-decarboxylation covalent step [23]. The measured isotope effect
was essentially unity, 1.00£0.06, which would be diagnostic of a mechanism
involving no significant chemistry at C5 except for the possibility that the
enzyme was using a mechanism with a large forward fractionation factor,
i.e., a “sticky” substrate that nearly always proceeded toward catalysis upon
binding to the active site. A large forward fractionation factor would mask
the observation of a secondary hydrogen isotope effect in this mechanism.

The Jones and O’Leary groups then measured the carbon isotope effects
at the substrate carboxylate under a number of different conditions [24]. If
ODCase were using a mechanism where the substrate is sticky, the carbon
isotope effects would also be near unity. However, under some conditions,
the observed isotope effect approached the expected value of the intrinsic
isotope effect (the isotope effect on the individual C-C bond-breaking step).
The ODCase reaction is thus necessarily one in which substrate binding is
freely reversible, and only small contributions to the overall rate are made
by pre-decarboxylation steps.

In their discussion, the authors used a mathematical analysis to address
the C5 covalent mechanism using the available isotope effect data. The sec-
ondary hydrogen isotope effect was an effect on the kinetic constant V/K, in-
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dicated using conventional terminology [25, 26] as P(V/K), and is defined as
follows:

P(V/K) = [PK+ (ks /ka) (Pks + ks /k2) | /(1 + (ks /ks) (1+ k3 /k2)] (1)

where PK is the equilibrium isotope effect on the ES=ES" pre-decarboxyla-
tion equilibrium, (ks/ky)(1+ks/k,) is the fractionation factor, and Pk; is the
kinetic isotope effect on the proposed deuterium-sensitive individual step
preceding decarboxylation. Using estimated values from model reactions
and the calculated fractionation factor, the following equations are obtained:

1.00(£0.06) = [0.87 + (ks /k4) (°ks + k3 /k;)] /1.84 (2)

0.97 = (ks /ks) (Pks + k3 /k;) (3)

When the value for the fractionation factor 0.84=(ks/k,)(1+ks/k;) is used
with Eq. 3, one obtains:

1.15= (Pks+ ks /kz) /(1 + k3 /kz) (4)

Since ks/k, cannot be zero or negative, the only possible values for Pk; are
greater than 1.15, which is contrary to the expectation in this mechanism
(i.e., a secondary kinetic hydrogen isotope effect for sp? to sp*> conversion
should be less than 1). This analysis can only yield a reasonable value for
Pk; if the values inserted into Eq. 1 are unreasonable. This analysis did not
take into account the possibility that the proposed nucleophile added to C5
might dissociate concomitant with decarboxylation [27], in which case the
proposed sp® to sp? re-hybridization would likely add another isotope-sensi-
tive step to the analysis. However, the observed ODCase carbon isotope
effect rises to 1.05 at low pH, making decarboxylation almost entirely rate-
determining, and it would be difficult to envision how a pre-decarboxylation
covalent step could occur with a carbon isotope effect approaching the ex-
pected intrinsic value. (By comparison, amino acid decarboxylases using
covalent attachment by pyridoxal phosphate display observed carbon iso-
tope effects distinctly lower than the intrinsic value.)

The pattern of carbon isotope effects with changing pH suggested the
presence of a kinetically discernable proton-sensitive pre-decarboxylation
step [24]. The observed carbon isotope effect did not rise to the level of the
intrinsic isotope effect at the high pH extremes, but reached a maximum of
about 1.035. This data is consistent with a mechanistic model in which
ODCase protonates OMP, forming a kinetically observable intermediate, and
the protonating enzyme functional group is titrated at high pH. This model,
which includes the possible mechanisms involving proton transfer, was
further supported by the later finding that D,O as solvent for the E. coli
ODCase reaction lowers the observed carbon isotope effect [28], a finding
that was also made for the yeast enzyme [29].
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Rishavy and Cleland [30] addressed the possibility of nitrogen isotope
effects on the ODCase reaction, with attention to N1 and any possible mech-
anism involving a secondary nitrogen isotope effect, such as mechanism 1
in Fig. 1. A kinetic equation describing this mechanistic model would be as
follows:

k; ks ks
E-+S—ES=ES” = E+P+CO; (a)
where ES represents the Michaelis complex between ODCase and the sub-
strate OMP, and ES” represents the complex upon proton transfer from the
enzyme to O2 of the substrate.

In this proposed mechanism, the protonation/deprotonation of 02 (k; and
ks) would be slightly kinetically sensitive to isotopic substitution at N1,
as would the decarboxylation step (ks). The equation relating the observed
enzymatic °N isotope effect, 1>(V/K), with the isotope effects on the individ-
ual kinetic steps and pre-decarboxylation equilibrium is as follows:

15(V/K) = [(PK) ("ks) + (ks /ka) (Pks + k3 /k2) | /[1 + (ks /ka) (1 + k3 / k3)]
(5)

where °K is the N equilibrium isotope effect on the ES to ES’ proton trans-
fer equilibrium, and '3ks and '°k; are >N kinetic isotope effects on the indi-
vidual steps in the reaction.

If ODCase in fact uses the O2 protonation mechanism, a solution of Eq. 5
must yield plausible values for the individual kinetic constants. Specifically,
the values for >(V/K), K, ks and (ks/ks)(1+ks/k,), the commitment factor
(cf) for enzyme catalysis, obtained by direct measurement or comparison
with model reactions, must yield a value of °k; slightly less than 1, a pre-
dictable value for what would be an inverse secondary °N kinetic isotope
effect on protonation at O2.

The authors [30] measured the nitrogen (N1) isotope effect '3(V/K) for
the ODCase reaction to be 1.0036 at pH 6.5, estimated ¢=0.885 at pH 6.5
from previous °C isotope effect studies, and used model reactions for values
of °K and ks. °K for protonation of pyridine (determined previously by
Kurz et al. [31] to be 0.9793), was used to estimate '°K for the ODCase reac-
tion. A value of °ks=1.007, the value experimentally determined for decar-
boxylation of N-methylpicolinic acid, was used to estimate '°ks for the OD-
Case reaction. Using these values in Eq. 5 yields:

1.0036 = [(0.979)(1.007) + (ks /ks) (ks + k3 /k;)] /[1 +0.885] (6)
906 = (ks /ks) (ks + ks /k) (7)

From Eq. 7, and with ci=(ks/k,)(1+ks/k,)=0.885, °k; is necessarily greater
than 1, an illogical result since protonation of 02 of OMP should be slightly
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Fig. 3 a Proposed mechanism of ODCase-catalyzed decarboxylation of OMP by O2 proto-
nation. Both the protonation and decarboxylation steps would be expected to be slightly
sensitive to isotopic substitution at N1. b Model reactions used to assess the feasibility of
the O2 protonation mechanism, or any mechanism with a pre-decarboxylation step that
is isotopically sensitive at N1, and the measured N1 equilibrium and kinetic isotope
effects. a Data from [31]. b Data from [30]. ¢ Model reactions for which N1 equilibrium
and kinetic isotope effects were determined using computational approaches, and the
computed values [32]

faster with the heavier isotope '°N present at N1. The authors reasoned that
a mechanistic model with a pre-decarboxylation step insensitive to '°N sub-
stitution more precisely fit the available data. In such a model, BK=1, and
solving Eq. 5 for °k; with '®K=1 and the estimated value for ks yields
k3=1.000, as would be expected. This analysis was provided as evidence
against any mechanism sensitive to N1 isotopic substitution, including the
02 protonation mechanism for ODCase.

Comparison of the model reactions used to those proposed for the OD-
Case reaction (Fig. 3) suggests that the model reactions are not ideal. With
regard to '°K, pyridine in solution is protonated directly at the nitrogen
atom for which the isotope effect is being measured, but OMP at the enzyme
active site (in the proposed mechanism 1 in Fig. 1) is not. '°K for protona-
tion of a heterocycle directly at N should be more substantial (i.e., lower,
and farther from unity) than an analogous °K for protonation at an exocy-
clic site, since an important new, high-energy vibrational mode would be in-
troduced by direct protonation of N. An assumed value of °K that is less
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than the actual value would lead to a solution of Eq. 5 for mechanism 1 pro-
posed in Fig. 1 giving possible solutions for °k; that are artificially high.

Phillips and Lee [32] used computational methods to obtain a value of
0.997 for the equilibrium nitrogen isotope effect at N1 for the O2 protona-
tion of 1-methylorotate and a value of 1.004 for the kinetic nitrogen isotope
effect at N1 for the decarboxylation of the proposed O2 protonated inter-
mediate. Including these values in Eq. 5 yields:

1.0036 = [(0.997)(1.004) + (ks /ks) (ks + k3 /k;)] /[1 +0.885] (8)

891 = (ks /ks) (ks + ks /k,) (9)

With c=(ks/kq)(1+ks/k,)=0.885, a solution for °k3<1 is possible if the
values for *(V/K), P°K, ks and c; are extended to reasonable limits of error,
and is dependent on the exact values inserted into Eq. 5 to the third deci-
mal place for confirmation or refutation. An attempted confirmation of
°k;=1.000 for a mechanism involving an N1-independent pre-decarboxyla-
tion step is also dependent on exact kinetic values. Using nitrogen isotope
effects to discriminate between an O2-protonation pre-decarboxylation step
with °K=0.997 and an Nl-independent pre-decarboxylation step with
®K=1.000 would seem to be a formidable task.

5
Alternate Substrates for ODCase

Alteration of enzyme substrates and observation of the enzyme’s activity to-
ward the altered substrate has been a widespread enzymological approach.
Shostak and Jones [33] synthesized a series of OMP analogs, primarily de-
signed to address the possibility of the O2-protonation mechanism. Thio
substitution for a carbonyl oxygen often renders the altered substrate inca-
pable, or poorly capable, of undergoing enzyme catalysis when the enzyme
makes a critical contact with the carbonyl; for example, acetyldithio-coen-
zyme A is a poor substrate for citrate synthase [34]. With this pretext,
Shostak and Jones found 4-thioOMP to be an ODCase substrate with kinetic
values relatively unchanged from those for OMP. The UV absorbance change
in this decarboxylation, using a wavelength higher than that for the absor-
bance of total protein, provided a novel spectroscopic assay for ODCase
[35]. By contrast, this group’s preparation of 2-thioOMP appeared not to be
decarboxylated by ODCase, and showed a modest degree of inhibition.

The substrate utilization of 2-thioOMP was re-examined with the intent
of determining whether a small extent of decarboxylation by ODCase might
be detectable with an assay more sensitive than the spectroscopic assay pre-
viously utilized [36]. An amount of 2-thioUMP that would have been present
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if 2-thioOMP were decarboxylated at a rate 1077 times that of the normal
substrate was undetectable. Additionally, the new preparation of 50 uM
2-thioOMP did not inhibit the ODCase reaction toward OMP, revealing that
thio substitution at the 2-carbonyl position of OMP essentially eliminates
binding of the altered substrate. This finding was especially curious in light
of the observation that 2-thio substitution of UMP does not appreciably alter
the dissociation constant of the product [18].

5-FluoroOMP was found to be decarboxylated by ODCase with kinetic
constants comparable to those for OMP [33]; in fact, the kg for 5-fluo-
roOMP was measured to be 30 times greater than that for OMP. If ODCase
uses an electrophilic substitution mechanism, protonating the substrate
somewhere along the 5,6 double bond (Fig. 1, mechanism 2 or 3), an electro-
philic substitution pre-decarboxylation step would almost certainly be sub-
stantially slower with 5-fluoroOMP. In order to compensate for this slower
pre-decarboxylation step and yield an overall catalytic mechanism with an
increased k., the decarboxylation step would apparently have to be several
orders of magnitude faster with 5-fluoroOMP.

The contributions of the substrate phosphoryl group and phosphoribosyl
group were measured for the human and yeast enzymes [37, 38]. ODCase
demonstrates measurable but highly reduced activity toward orotidine and
orotate, indicating substantial contributions to catalysis made by the phos-
phoryl group and phosphoribosyl group, respectively. The contribution of
the phosphoryl group in accelerating the progress from E-S to E-TS by the
human enzyme can be assessed by comparing the k., values for OMP and
orotidine; k., for OMP is greater than that for orotidine by a factor of 10°.
With the assumption that kync, is the same for OMP and orotidine, this
comparison can be expressed as a comparison of ratios of K,/Krs. (Compar-
ison of Krtg alone for OMP and orotidine would be a comparison of the affin-
ity of free ODCase for the transition states of decarboxylation for these two
substrates, a slightly different comparison.)

Removal of the phosphoryl group from an enzyme’s substrate and obser-
vation of diminished kinetics has been seen with other enzymes, notably
with triose phosphate isomerase (TIM) [39]. The k¢, for TIM using glyceral-
dehyde as substrate is diminished by a factor of approximately 10% the rate
of catalysis for the dephosphorylated substrate is comparable to the rate of
the uncatalyzed reaction. The phosphoryl groups of TIM ligands contribute
to the structure of the active site: the phosphoryl group of the inhibitor
phosphoglycolohydroxamate is bridged to a water molecule and subsequent-
ly to Lys12 of the yeast enzyme, which in turn contacts O2 of the triose
phosphate during catalysis [40]. The decrease in k.,; for ODCase from phos-
phorylated to dephosphorylated substrates is not as large as that for TIM,
but is still suggestive of a direct role for the phosphoryl group in catalysis.
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6
Reconciling Enzymological Data with Structural Data:
Is ODCase a Two-faced Enzyme?

ODCase experienced its most tumultuous period of popularity in 2000, with
the nearly simultaneous publication of four crystal structures [9, 10, 11, 41]
and a five-page article in C&E News [42]. The structures of ODCases from
four microbial sources are quite similar and suggest identical mechanisms.
The amino group of Lys93 of the yeast enzyme [41] (corresponding to Lys62
of the B. subtilis enzyme [9], Lys72 of the M. thermoautotrophicum enzyme
[10] and Lys73 of the E. coli enzyme [11]) is seen in the crystal structures to
be in close proximity with O6 of the ligand BMP (Fig. 4a). (In other struc-
tures with UMP or 6-azaUMP, the amino group of the active site lysine is in
close proximity with C6 or N6.) By superimposing the structure of OMP
onto the structures of the ligands, a binding orientation for OMP with the
substrate carboxylate proximal to the catalytic lysine was inferred. New
mechanisms for ODCase activity, most notably mechanism 2 (Fig. 1), were
proposed and included the possibility of substrate destabilization by Asp91
and Asp96 (the latter from the second monomer in the dimer), or their cor-
responding positions in the bacterial enzymes. Most of the recent computa-
tional studies on the possible mechanisms of ODCase [10, 43, 44, 45] have
been based on this binding orientation. The structures of ODCase in com-
plex with inhibitors would seem to eliminate the mechanism involving
Lys93 protonation of 02, since the pyrimidine rings are turned with the O4'-
C1’-N1-C2 dihedral angle in a configuration opposite from that needed to
bring together 02 and Lys93.

The symmetry of the pyrimidine ring of BMP, and its consequences for
binding to ODCase, had been noted previously [17, 19]. Regardless of the
binding orientation of OMP, if an active site cation were present within
ODCase, contacting any side of the OMP pyrimidine ring during catalysis,
the anionic C4-Cé6 side of BMP would be expected to have a more favorable
contact with that cationic functional group than would the C2-C4 side. Simi-
larly, UMP and 6-azaUMP, without the steric consideration of the carboxyl-
ate of OMP, could presumably fit into an active site for OMP either with the
ring atoms superimposed, or with the glycosidic bond rotated from that
structure by about 180°.

If the structure of ODCase complexed with BMP in Fig. 4a is modified by
substituting a carboxyl group for the ionized hydroxyl at C6, BMP would be
replaced with OMP (Fig. 4b). In this structure, there are no close active site
contacts with 02; GIn215, highlighted at left, is the only close contact, yet its
removal by mutagenesis does not affect ODCase activity [46]. This possible
active site structure for OMP binding, which has not been optimized, does
not provide an apparent explanation for the inactivity of ODCase toward
2-thioOMP. Substitution of the carbonyl 02 in UMP with S predictably does
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not alter the affinity of ODCase for the altered ligand, since there is no close
contact of O2 or S2, but substitution of the carbonyl O2 in OMP with S
essentially eliminates binding. The Q215A ODCase mutant is also inactive
toward 2-thioOMP (B. G. Miller and R. Wolfenden, personal communica-
tion), so the possibility that GIn215 obstructs 2-thioOMP binding does not
seem satisfactory.

If the above modification of Fig. 4a includes the further modification of
rotating the O4’-C1’-N1-C2 dihedral angle by 180°, a binding model (Fig. 4c)
emerges that seems to account for much of the enzymological data. Lys93
would be within protonation distance of 02, which could lead to the forma-
tion of a kinetically discernable protonated intermediate, as suggested by
the isotope effect data. Substitution of sulfur for oxygen at 02 could result
in unacceptable contacts between the enzyme and the alternate substrate, in
agreement with the enzymological data. Lys93 and Asp91 are within 3 A of
02, and substitution of 02 with sulfur might not allow the altered substrate
to bind due to these close contacts. The carboxylate group, removed during
catalysis, is within proximity of the substrate phosphoryl group. The oxygen
atoms of the carboxylate could be within 3-5 A of the phosphoryl oxygens;
this is similar to the charge repulsion contacts inferred between the sub-
strate carboxylate and an enzyme glutamyl side chain in the pyruvoyl-de-
pendent histidine decarboxylase [47]. The role of the phosphoryl group in
catalysis could be to assist in promoting electron flow off the carboxylate to
liberate CO,, in accord with the diminished activity of ODCase toward oroti-
dine. The necessary protonation states of Lys93 and the substrate phospho-
ryl group inferred from this model—Lys93 must be protonated below its
pK, and the phosphoryl group would likely be dianionic—are consistent
with kinetic measurements of the pH dependence [48]. The source of the ap-
parently lowered pK, for Lys93 from a usual value of about 10 and its pro-

<

Fig. 4a—c Images of the yeast ODCase crystal structure in complex with BMP, imported
from the Protein Data Bank file 1DQX using the Molecular Operating Environment
(MOE)1, version 2002.03, Chemical Computing Group, Montreal, QC. BMP and the side
chains of residues GIn215 (left) and Lys93 (right) have been highlighted. Leu213 and
1le97 (B subunit) have been deleted for clarity. a Unaltered structure of ODCase-BMP,
showing proximity of O6 to the amino group of Lys93. b Structure of ODCase-BMP al-
tered by changing 06 of BMP to a carboxylate; the dihedral angle of the C6-carboxyl
bond was arbitrarily set at 0° using MOE. Alteration of the ligand results in the hypothet-
ical construction of OMP at the active site with C6 and the carboxylate oriented toward
the amino group of Lys93. ¢ Structure of ODCase-BMP altered by changing O6 of BMP to
a carboxylate and rotating the glycosidic bond by 180°; the dihedral angle of the C6-car-
boxyl bond was arbitrarily set at 0° using MOE. Alteration of the ligand results in the hy-
pothetical construction of OMP at the active site with O2 oriented toward the amino
group of Lys93
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Fig. 5 Results of molecular docking simulations of UMP (upper left), BMP (lower left),
OMP (lower right), and 2-thioOMP (upper right) at the active site of yeast ODCase, with
reference to Lys93, using MOE

posed ability to protonate the weakly basic O2 of the substrate still need ex-
plaining.

Preliminary data from molecular modeling studies (A. R. Lawrence and J.
A. Smiley, in preparation) indicate that OMP binds to ODCase with O2 in
close proximity with Lys93 of the yeast enzyme (Fig. 5), with the pyrimidine
ring rotated at the glycosidic bond essentially 180° from that seen with UMP
and BMP. In this analysis, all calculations were performed using the Molecu-
lar Operating Environment (MOE) 1, version 2002.03, available from Chemi-
cal Computing Group, Montreal, QC. The crystal structure 1DQX for yeast
ODCase [41] complexed to BMP was imported into MOE and the associated
BMP ligands were removed. Using MOE-Dock, a docking box of dimension
44x44x44 A with 0.375 A grid spacing was centered at the active site in
1DQX.A. Amino acid residues from 1DQX.B that contribute to the “A” active
site were included in this docking box. Free UMP, BMP, OMP, and 2-
thioOMP were docked into the fixed receptor using a Tabu Search global
search algorithm (which prevents re-visitation of previously encountered
forbidden structures). In each experiment, 25 runs were performed with
1,000 steps per run. The docking results were examined and the structure
with the lowest calculated total energy of interaction was brought into the
receptor.

Figure 5 shows modeling results consistent with the mechanism involving
Lys93 protonation of 02, and consistent with enzymological data. UMP and
BMP are projected to approach Lys93 of the active site with a binding orien-
tation consistent with that seen in the crystal structures. By contrast, OMP is
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predicted by this analysis to bind with the glycosidic bond rotated by rough-
ly 180°, and with O2 within 3.4 A of the Lys93 amino group. The projected
binding of 2-thioOMP is contorted, especially with respect to the ribosyl
and phosphoryl groups, suggesting that this substrate analog does not bind
well to the ODCase active site, in accord with the lack of activity of ODCase
toward 2-thioOMP and the lack of 2-thioOMP inhibition of ODCase activity
toward the natural substrate.

Alternate binding orientations for nearly or even vaguely symmetrical
heterocycles at enzyme active sites is not uncommon in enzymology. An in-
triguing example is found in the active site of UDP-galactose-4-epimerase,
which catalyzes the isomerization of UDP-galactose and UDP-glucose [49].
Not only is it proposed that the hexose moiety rotates during transient oxi-
dation and reduction, but also that the enzyme bound to its non-dissociat-
ing nicotinamide co-factor orients the NAD* form in the syn conformation
and the NADH form in the anti conformation. The model for ODCase catal-
ysis involving Lys93 protonation of O2 of OMP does not include rotating the
pyrimidine ring during or after catalysis, but simply proposes that UMP is
generated by decarboxylation of OMP with O2 facing Lys93, dissociates from
this conformation, and binds in a reverse pyrimidine orientation when in-
troduced back into the active site as an inhibitor.

Support for this model or others is currently being sought with a combi-
nation of spectroscopic and kinetic studies using various inhibitors and
substrates.
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Abstract The catalytic mechanism of orotidine monophosphate decarboxylase (ODCase)
has been modeled using density functional theory with the B3LYP functional. Barriers
for three different mechanisms have been calculated using large QM and QM/MM mod-
els. A concerted protonation mechanism where TS stabilization is provided only by the
positive Lys93 has a high barrier around 35 kcal/mol. QM/MM calculations confirm the
results obtained using QM models. For a base protonation mechanism, O2 protonation
gives a barrier for decarboxylation of 26 kcal/mol. Extensions to this QM model indicate
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that the cost of protonation may be underestimated and the support for the base proto-
nation mechanism is uncertain. An initial QM/MM investigation of a stepwise mecha-
nism, where water molecules seem to play an important role for TS stabilization, gives
the most promising results with an estimated barrier of 22 kcal/mol.

Keywords Enzymatic mechanism - Active site - ODCase - Density functional theory -
QM/MM

Abbreviations

DFT Density functional theory

MM Molecular mechanics

oMP Orotidine 5'-monophosphate

ODCase Orotidine 5'-monophosphate decarboxylase
QM Quantum mechanics

QM/MM Quantum mechanics/molecular mechanics
TS Transition state

1

Introduction

Enzymes catalyze many reactions far better than man-made catalysts. The
goal of theoretical studies of enzyme mechanisms is to understand how they
achieve their amazing catalytic power. In this respect, orotidine 5'-mono-
phosphate decarboxylase (ODCase) is one of the most fascinating enzymes.
It increases the rate of decarboxylation of its substrate orotidine 5'-mono-
phosphate (OMP) (see Fig. 1) by 17 orders of magnitude. This rate accelera-
tion is unmatched by other known enzymes [1]. Analyzing the mechanism
of ODCase can therefore be an important step in understanding enzyme
catalysis on a more general level.

Mechanisms of enzyme catalysis can be attacked by theoretical methods.
However, the complexity of enzymes puts severe requirements on the theo-
retical modeling. There are practical limits as to the size of the models and
it can be quite difficult to design the models to be used. A successful model

O (0}
3 5 E H*
HN | HN | + CO,
221 )8 o PN
O 0 N C/ ODCase [e) o N H
POy 4° PO
O 3o (6]
HO OH HO OH
Orotidine 5'-monophosphate Uridine 5'monophosphate
(OMP) (UMP)

Fig. 1 General scheme of the substrate reaction in ODCase
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has to include all effects relevant for the mechanism of the enzyme with suf-
ficient accuracy. At present, some computational methods give the required
accuracy but can only treat a very small part of the enzyme. Other methods
can treat the entire enzyme, but these methods are in general not accurate
enough. Despite these difficulties, different theoretical approaches have been
applied to the study of enzyme mechanisms with considerable success. The
present review will describe one specific computational approach, an accu-
rate quantum mechanical modeling of the enzyme active site, and will dis-
cuss how this approach can be used to learn more about the catalytic power
of the ODCase enzyme.

1.1
Mechanisms Proposed for the Enzymatic Decarboxylation in ODCase

As can be seen in Fig. 1 one main event of the substrate reaction in ODCase
is that the carboxylate group attached to the pyrimidine ring leaves to form
carbon dioxide. During this reaction, the negative charge of the carboxylate
is transferred to the pyrimidine ring. In other known decarboxylations, this
negative charge is stabilized by delocalization either into a 7-system or by a
cofactor present at the active site, but this is not the case in ODCase [2, 3,
4]. The main task of a computational study of ODCase is therefore to under-
stand by which means this enzyme accomplishes the stabilization of the
negative charge.

The other main event of the substrate reaction is that a proton replaces
the carboxylate on C6 of the pyrimidine ring, see Fig. 1. This proton can ap-
proach the substrate either before, during or after the C-C bond is cleaved,
and it will contribute to the charge stabilization to different degrees in the
different cases. The three alternatives for the protonation step give rise to
three different classes of reaction mechanisms for the ODCase enzyme,
which will be discussed below in a separate section for each type of mecha-
nism. The first mechanism discussed is the one where the proton attacks C6
at the same time as the C-C bond cleaves. This mechanism is referred to as
the concerted mechanism, and in this case it is the incoming proton that sta-
bilizes the negative charge on the pyrimidine ring. The second alternative is
that a proton is already attached to the pyrimidine ring of the substrate be-
fore the C-C bond starts to cleave. Several different alternatives for the site
of protonation on the pyrimidine ring have been proposed, the 02, 04 and
C5 positions (for atomic labels see Fig. 1), [5, 6, 7]. These proposals will be
referred to as the base protonation mechanisms. The third alternative is that
a proton comes in only after the C-C bond is more or less cleaved. In this
case, the stabilization of the negative charge on the pyrimidine ring during
the reaction has to use other means than a single proton. The three mecha-
nisms are schematically shown in Fig. 2 and this review will discuss all three
classes of mechanisms, although the focus will be on the first two.
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Concerted prot.
mechanism

Fig. 2 Schematic illustration of the three different mechanisms treated in this review. The
base protonation mechanism treats protonation of O2 as well as all other sites of the
pyrimidine ring

1.2
Modeling Enzymatic Reactions Using Accurate QM Models

How can a theoretical method decide between proposed mechanisms, and
how can the origin of the enzymatic power be identified? This review will
try to answer these questions for one particular theoretical approach, the
one where an active site model is treated by accurate quantum mechanical
(QM) methods. The main idea in the QM active site approach is to make
sure that the computational results have the required accuracy. During the
last decade the accuracy of density functional methods (DFT) has been dra-
matically improved, and in particular the hybrid B3LYP functional has
achieved a remarkable accuracy [8, 9]. The use of DFT has also made it pos-
sible to treat dramatically larger molecular systems than can be done with
conventional wave-function methods of similar accuracy. In spite of this im-
portant development, DFT models have usually been limited to 50-60 atoms,
but more recently systems with more than 100 atoms have been treated effi-
ciently. Still, even 100 atoms is a very small part of the total number of 8,300
atoms in yeast ODCase, not counting hydrogens or surrounding water mole-
cules. Thus a very severe selection has to be made when the enzyme model
is set up, and an important task is to select the residues required to solve the
mechanism and to analyze all important contributions.

One assumption in the QM modeling is that the active site is the only im-
portant part for the substrate reaction. From experimental data it is known
that most invariant amino acids are located very close to the active site of
the enzyme. Out of the eight invariant amino acids in ODCase [10], six make
direct contact with the substrate and Asp91 (yeast enzyme numbering is
used throughout this contribution) binds to two other invariant amino acids
[11, 12, 13, 14]. Asp9l is part of a network of four invariant and charged
amino acids: Lys59, Asp91, Lys93, and Asp96B. This network is located close
to the leaving carboxylate (see Fig. 3) and mutation experiments show that
they are important for enzyme activity [15]. Mutation studies have also
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Fig. 3 Picture of the active site in ODCase showing only selected amino acids. The geom-
etry of the active site is taken from the X-ray structure 1DQX and the carboxylate group
has been added to the inhibitor BMP. Selected residues have either been shown to be im-
portant for catalysis or play important roles in the computational models of this review.
No hydrogens are included in the figure

shown effects of highly conserved amino acids in the active site, e.g., Thr100
[16]. Unfortunately, including all invariant and highly conserved amino
acids in a single model is not manageable. For ODCase, the model would
consist of more than 200 atoms. A selection is required.

Such a selection cannot be accomplished without a hypothesis for how
the reaction proceeds and which amino acids are most important for the
mechanism. This hypothesis should be based on known experimental data,
and should include structures for the reactant, the product, possible inter-
mediates, and transition states. Amino acids from the enzyme should be
included if they are expected to have any type of differential effects on the
different structures. Every hypothesis is tested by a comparison between
computational and experimental results. The most important computational
result is the energy diagram for the stationary points on the potential energy
surface. This energy surface is compared to key experimental data, e.g.,
turnover rates and observed intermediates. In the case of ODCase k., is
20 s7! [17], which by transition state theory corresponds to a reaction barri-
er of 15 kcal/mol. This means that the highest barrier on the potential ener-
gy surface should be about 15 kcal/mol, for a mechanism to be valid. There
is no experimental data regarding intermediates. In solution, the measured
reaction barrier for decarboxylation of the same substrate is 38 kcal/mol.
Thus, the enzyme manages to lower the barrier by an amazing 23 kcal/mol.
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If a QM model of the active site reproduces the barrier and other experi-
mental observations, it is likely that the reaction actually proceeds via this
particular mechanism. An important aspect of a theoretical modeling of en-
zyme mechanisms is that a model that turns out to give a successful descrip-
tion of the reaction can later be decomposed to identify which amino acids
make the critical contributions to the catalytic power of the enzyme. The
appeal of the limited active site model is that if the effect of the enzyme is
reproduced, it can be argued that no other important effects are required.
As the accuracy is believed to be sufficient, a correct barrier does not leave
any room for any other effects. If the model fails to reproduce the enzymatic
effect there are two alternative interpretations: either the suggested mecha-
nism is actually not feasible, or the model does not include all important
effects, and therefore has to be extended or modified.

The present methodology, using accurate QM models that treat only a
rather small part of the active site, has met considerable success during the
last few years. The authors of the present review have used the method
mainly for metalloenzymes [18, 19, 20] but have also applied the methodol-
ogy to ODCase [21]. That study treated the concerted reaction mechanism
and the base protonation mechanism with O2 as protonation site. The pres-
ent review includes those results but also presents significant extensions to
the modeling of these mechanisms. In addition, results from investigations
of other base protonation mechanisms, and the mechanism where the C-C
bond is cleaved prior to protonation are also presented.

1.3
Adding the Surrounding Protein to an Accurate QM Model

The parts of the enzyme that are excluded from the QM model can still be
treated in this approach, although in a more approximate way. A common
and simple method is to use a homogenous dielectric medium, which intends
to mimic the polarizability of the surroundings. Also, steric effects of the
surrounding protein can be treated in a simple way by keeping some atoms
frozen in their positions in the X-ray structure. A more advanced way to in-
clude polarizability and steric effects of the surrounding protein is to actually
include the atoms excluded in the QM model and treat them at a lower level
of theory, e.g., molecular mechanics (MM). The total treatment is then a
combined quantum mechanics/molecular mechanics (QM/MM) method.
This treatment can mimic the inhomogeneous properties of the enzyme and
describe possible long-range electrostatic effects. In principle, it can also give
better estimates of possible steric effects on the reaction barrier. What re-
mains to be seen is whether these effects are important in the case of OD-
Case. The drawback of QM/MM methods is the increased computational
effort and the risk of introducing artificial effects from the MM part. Due to
the size of the MM part, these effects can be difficult to monitor and avoid.
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This contribution reviews computational results for three classes of reac-
tion mechanisms proposed for ODCase. Firstly, the mechanism that assumes
protonation of C6 concerted with decarboxylation is described. Secondly,
the base protonation mechanisms are reviewed. Finally, a shorter treatment
is given of a reaction mechanism where the C-C bond is broken before the
proton attaches to the base. All values in the review are obtained by the use
of QM models of the active site. Effects of different residues on the reaction
barrier are analyzed when going from small to large QM models. A QM/MM
treatment is applied to each mechanism to see whether this treatment has
any major effect on the calculated results. The goal of the review is to pro-
vide information regarding the activity of ODCase and to shed light on the
requirements on QM models that are applied to enzymatic systems.

2
Computational Details

In the introduction, it was stated that accuracy is a key factor in the use of
QM active site models. In this review, all calculations are made using the
DFT hybrid functional B3LYP [8, 9]. The accuracy of the B3LYP method has
been estimated using a benchmark test, the extended G3 set (376 entries).
Including only the 301 entries that are most relevant for enzymatic reac-
tions, where only a few bonds are formed or broken, the B3LYP functional
has an average error of 3.29 kcal/mol [22]. To further estimate the accuracy
of the calculated B3LYP barriers in the ODCase mechanisms, accurate G2MS
calculations [23] were performed on two small models. Compared to the
G2MS calculations, B3LYP gives a 4 kcal/mol lower barrier for a concerted
TS (concerted protonation mechanism) and a 1 kcal/mol lower barrier for
cleavage of the C6-carboxylate bond without proton transfer. The errors are
in the range of a few kcal/mol and the B3LYP treatment is therefore accept-
able for the kind of problems investigated in this review.

After the model has been selected for each problem, the coordinates of
the residues are extracted from the PDB-structure 1DQX (yeast enzyme)
[12]. Since the X-ray structure is only available with an inhibitor instead of
the real substrate, the carboxylate group is simply added to the inhibitor
BMP (6-hydroxyuridine 5 phosphate) in the X-ray structure. The long amino
acid side chains are usually removed from the model since they do not have
any important effects on the calculated barriers [24]. Starting from these
structures, the calculations are performed in several steps.

Geometries are first optimized using a double zeta basis set, usually the
d95 basis set [25]. Optimizing with a small basis set is sufficient since the
final energy is rather insensitive to the quality of the geometry optimization
[26]. To check the influence of the neglect of polarization functions in the
optimization, a reaction barrier was calculated following optimization with
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the 6-31G(d,p) basis set instead of the d95 basis set. Only a minor change in
the barrier height (—0.2 kcal/mol) was found. The d95 basis set is used also
for the Hessian calculations, i.e., second derivatives of the energy with re-
spect to the nuclear coordinates. Optimized equilibrium structures are ac-
cepted if the Hessian only has positive eigenvalues. Transition states (TS)
are also obtained by full optimizations and are characterized by a single
negative eigenvalue in the Hessian. The Hessians are also used to estimate
zero-point, thermal, and entropy effects on the relative energies. Following a
geometry optimization, the electronic energy is calculated using a larger ba-
sis set with polarization functions added to all atoms and diffuse functions
added to the heavy atoms (d95+(2d,2p), d95+(d,p), and 6-311+G(d,p) have
all been used). QM calculations in this review are performed with the pro-
grams Jaguar [27] or Gaussian98 [28].

The part of the protein that is not explicitly included in the model is
treated as a homogenous medium with a dielectric constant of 4.0. Correc-
tions for solvent effects are calculated using either SCIPCM [29, 30] or
CPCM polarizable conductor model (Cosmo) [31, 32] or the Poisson-
Boltzman solver in Jaguar [33]. In some models, the position of one atom in
each residue is frozen to keep the residues close to the positions they have in
the X-ray structure of the protein. Whenever any atom is kept frozen during
the geometry optimization, this is indicated in the figure illustrating the
model. In models with frozen atoms it is generally not possible to get accu-
rate thermal corrections from the Hessians, and the energies reported for
these models either do not include thermal corrections at all or use relevant
values from smaller models without frozen coordinates.

An alternative way to treat the surrounding protein is by including it in a
MM description. All QM/MM calculations in this review are made with the
program Qsite [34, 35, 36]. In this program the QM/MM interface is built by
frozen localized molecular orbitals. Only predefined cuts between MM and
QM parts are allowed. The QM parts of the QM/MM models therefore in-
clude the entire residue side chains. The MM part in a Qsite approach is
treated with the OPLS-AA force field [37]. A dimer of the yeast enzyme con-
sists of more than 8,000 atoms, which is the maximum number of atoms that
Qsite can handle. To reduce the size of the MM part below this limit, parts
of the second chain (B) that are more than 10 A away from the substrate are
removed as well as the entire C and D chains. To keep the overall structure
of the enzyme, approximately 40 atoms located close to the surface are kept
frozen during the optimizations. The QM/MM treatment does not include
dynamics and minima are located by optimizations starting from the X-ray
structure.

Solvation calculations for the QM/MM treatment did not converge. The
comparison between QM and QM/MM barriers therefore neglect solvent ef-
fects for both treatments. This means that adding MM is not considered as
solvation. Contributions to the dielectric constant of the protein come from
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surrounding water molecules, electronic polarization of the residues, and
possible movements of the residues. Of these, electronic polarization outside
the QM part is not accounted for, and the effect of the surrounding water
molecules is totally neglected in the present treatment. The only polarization
effect that remains is the movement of the MM part but these effects are
quite small when similar MM minima are used for the two structures.

3
Concerted Protonation Mechanism

3.1
QM Model with Lys93 as Proton Donator

From the X-ray structure of ODCase it is expected that a lysine residue
(Lys93) should be particularly important for catalysis since it interacts di-
rectly with the carboxylate. One possibility for decarboxylation is a single
step reaction where C6 of the pyrimidine ring is protonated by Lys93 con-
certed with cleavage of the bond between C6 and the carboxylate. In this
mechanism, the negative charge developing on the ring is directly stabilized
by the positive lysine. The first group to propose this possibility was Apple-
by et al. [11].

In the introduction it was stressed that two keys to successful QM model-
ing is model selection and formulation of reaction hypothesis. In the con-
certed reaction mechanism, the hypothesis is simple and straightforward.
The smallest model that can treat the concerted reaction consists of just
Lys93 and the relevant parts of the substrate (Model 1 in Fig. 4). In Model 1,
both the lysine and the substrate are neutral. There is no important differ-
ence between this model and a model with a protonated lysine and a depro-

H-bond ° ¥
donor] o—G, Water oS,
H—bond “’%/k%
Q@

donor

Model 1 Model 2 Model 3
Barrier: 37 kcal/mol Barrier: 36 kcal/mol Barrier: 33 kcal/mol

Fig. 4 QM models used for investigations of the concerted reaction mechanism where
Lys93 protonates C6. This series of models shows the effects of hydrogen bonds to O2.
Extensions made to a previous model in the series are shaded to facilitate comparison be-
tween models. Note that the structures are not always consistent with the X-ray structure
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tonated substrate. The energy difference between the two structures is very
small. If the model is optimized in a solvent environment, a protonated
lysine and a deprotonated substrate appear in the reactant, but there is no
effect on the barrier compared to optimization in gas phase. The computed
barrier for decarboxylation with this model is 37 kcal/mol, which is more
than 20 kcal/mol higher than the barrier in the enzyme. The calculated
barrier is in fact quite similar to the uncatalyzed reaction barrier. A single
lysine thus has no catalytic effect on this reaction.

3.2
Effects of Hydrogen Bonds to 02 and 04

Starting with the small model, it is possible to make additions that can help
stabilize the TS. As discussed above, a negative charge is transferred to the
ring when the C-C bond is cleaved. This means that the two carbonyl oxy-
gens 02 and 04 become more negative as the length of the C-C bond in-
creases. Hydrogen bonds to these two oxygens will therefore increase in
strength when going from reactant to TS and should therefore reduce the ac-
tivation barrier. In three of the X-ray structures, O2 accepts a hydrogen
bond from the invariant GIn215. O4 accepts a hydrogen bond from the back-
bone in all structures. A single hydrogen bond to 02 (Model 2 in Fig. 4) or
04 lowers the barrier, but only by 1 kcal/mol. In these calculations, formic
acid is used as a general hydrogen bond donor. The most significant stabili-
zation was obtained by forming a hydrogen bond chain between Lys93 and
02 (or O4), via one water molecule and a formic acid (Model 3 in Fig. 4).
This configuration lowers the barrier by 4 kcal/mol for O2 and 6 kcal/mol
for O4. However, the arrangement of amino acids in Models 2 and 3 does
not correspond to the X-ray structure, and the 6 kcal/mol value should
rather be taken as an upper limit for this hydrogen bond effect. It has been
found experimentally that substituting O4 for sulfur decreases the reaction
rate by 50% [2]. Assuming that this largely depends on loss of hydrogen
bonding with sulfur instead of oxygen, this value corresponds to a relative
change in hydrogen bond strength of 1 kcal/mol rather than 6 kcal/mol.

3.3
Including the Network of Charged and Invariant Amino Acids

Returning to the carboxylate side, one reason for the high barrier is the
strong interaction between Lys93 and the carboxylate group in the reactant.
As carbon dioxide is being formed, this interaction decreases in strength,
which contributes to the high barrier. One way to decrease the attractive in-
teraction between Lys93 and carboxylate in the reactant is to add the nearest
negative aspartate (Asp91) to the model (Model 4 in Fig. 5). As mentioned
in the introduction, Asp91 and Lys93 are both parts of a network of charged
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Fig. 5 QM models used for investigations of the concerted reaction mechanism where
Lys93 protonates C6. This series of models shows the effects of residues close to the
carboxylate. Extensions made to a previous model in the series are shaded to facilitate
comparison between models. Note that despite the increase in the size of the models, the
barrier is stable and high. Model 6 contains atoms that are kept frozen during the opti-
mization and each of these atoms is marked with an asterisk (*)

invariant amino acids. Adding the aspartate leads to a weaker electrostatic
attraction between the carboxylate and the lysine, as can be seen from an in-
crease in the hydrogen bond distance from 1.4 A to 1.7 A. At the same time,
the proton going to C6 is more reluctant to leave the lysine. In total, this
leads to a very small effect on the reaction barrier (—1 kcal/mol).

As the invariant network of charged amino acids from mutation experi-
ments is known to be very important for the enzymatic reaction [15], the
computational models were extended with the other two invariant amino ac-
ids in this network, Lys59 and Asp96B. They were added stepwise in differ-
ent configurations but at the end it was decided to keep the hydrogen bond-
ing pattern from the X-ray structure. From the X-ray structure it is known
that Lys59 and Asp96B are hydrogen bonded to 3'OH and 2'OH of the ribose
ring, respectively. The substrate model was therefore extended to accommo-
date these details. If the structures are optimized in several steps with a
gradual removal of the restrictions on the amino acids, it is possible to find
local minima for reactant and TS that are structurally similar to the initial
structure (Model 5 in Fig. 5). The hydrogen bond distance between Lys93
and carboxylate in the reactant is 1.65 A, not far from the value in the Lys-
Asp model (Model 4). The calculated barrier for this model including the
entire network of charged amino acids is very high, 35 kcal/mol. Indeed,
there is almost no difference between the result of this extended model and
the simplest model with only one lysine (Model 1). In spite of the large vari-
ations between the models used, the calculated barrier is remarkably stable.
Any effect on the interaction between the positive lysine and the carboxylate
in the reactant seems to have a similar effect on the ability of the lysine to
donate a proton in the TS. Lys93 is not the optimal residue for TS stabiliza-
tion since it already interacts with two negative aspartates. An attractive
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solution would be a weak interaction between Lys93 and the carboxylate at
the same time as other molecules are available to stabilize C6. In the X-ray
structure, there are no other molecules available, but in another section of
this review, structures with several weakly bound water molecules have been
used in the calculations.

3.4
Effects of Long-Range Electrostatics

In the introduction it was stated that the eventual failure of a theoretical
model to explain the catalytic effect of an enzyme could either be due to an
incorrect reaction mechanism or to an incomplete model. To further investi-
gate the latter case, attempts were made to look for possible effects outside
the present model. How does the protein matrix influence the active site?
One possibility is that an inhomogeneous charge distribution in the protein
could have a large effect on the barrier since the charge distribution of the
active site is different in reactant and TS. This type of electrostatic effect
works over considerable distances since it decreases only slowly with dis-
tance. In order to investigate if charges outside the large QM model (Model 5)
have a significant effect on the calculated barrier, all aspartate, glutamate,
histidine, lysine, and arginine residues within 12 A from the substrate in the
yeast enzyme were added as point charges (Mulliken charge populations
with d95 basis set) to the QM model. The point charges were placed at the
same positions as they have relative to the phosphate group in the PDB-
structure. Single point energies were then calculated for the reactant as well
as for the TS and the influence of the point charges was noted. In what is
considered as the most likely protonation state (Asp, Glu ,and phosphate
negative, His neutral, Lys and Arg positive) the reaction barrier did de-
crease, but only by 3 kcal/mol. By varying the protonation states of the ami-
no acids, effects on the reaction barrier from —3 to +4 kcal/mol were found.
This is a rather primitive method and the results are not considered very
reliable but they do indicate that these charges do not have any important
effects on the barrier.

3.5
Analyzing the Influence of Protein Strain

Another possible effect of the protein matrix is to restrict the movements of
the active site residues. Two different proposals for how ODCase achieves its
catalytic power both require that the amino acid side chains are not com-
pletely free to move. In one QM/MM study, ground state destabilization was
claimed to be the origin of the extreme catalytic activity of the ODCase en-
zyme [13]. This mechanism requires a strong repulsion between the negative
carboxylate and Asp91 in the ground state (reactant). In the TS, this repul-
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sion decreases as the carboxylate moves away from the active site. Another
proposal for the enzymatic activity in ODCase includes the concept of pre-
organization, which means that the enzyme should be aligned in a configu-
ration that is already complementary to the TS. Before the reactant binds
there should already be an electrostatic stress in the protein that is released
when the structure reaches the TS [38]. Repulsion effects and electrostatic
stress cannot exist unless the protein matrix keeps the active site in a rather
firm grip. The results reviewed above originate from models where the resi-
dues are totally free to move. In those models, the calculated TS should have
the lowest possible energy but the lack of strain may result in an artificially
low energy of the reactant.

The implications of the electrostatic stress hypothesis were investigated
separately using the Asp91-Lys93-Asp96B complex, which includes the ami-
no acids found by to be the most important ones for catalysis [38]. The in-
teraction energy of the amino acids was calculated quantum mechanically
for the X-ray structure (1IDQW) [12], and for the presently optimized TS
and reactant structures for Model 5. Comparing the amino acid interaction
energy in the optimized TS with that of the X-ray structure, the quantum
mechanical calculations give a difference of only 2 kcal/mol, with a stronger
interaction for the optimized TS. An interpretation of these results is that
they support the hypothesis that the protein structure is optimized to stabi-
lize the TS since the X-ray and optimized structures have similar interaction
energies. On the other hand, comparing the interaction energy in the opti-
mized reactant with that of the X-ray structure, the interaction energy of the
optimized reactant is only 5 kcal/mol larger, indicating that the maximum
electrostatic stress that could be introduced for the reactant is of this order
of magnitude.

A very simple way to introduce strain from the protein in a way that po-
tentially can include both ground state destabilization and electrostatic
stress is to freeze atoms in the residue side chains. In this treatment, one
atom in each side chain is frozen in its position in the X-ray structure. How-
ever, using this procedure for the large model (Model 5) described above is
not possible since a rather large movement of the lysine is required. In the
reactant it interacts with the carboxylate and in the TS it reaches all the way
to C6. To allow for this movement, an increased part of the carbon side
chain is included for each of the four amino acids (Model 6 in Fig. 5). Two
atoms in the substrate are frozen to keep the substrate in the binding pocket.
The carboxylate is then added, a procedure that brings it close to the en-
zyme residues. After optimization of the reactant, Lys93 and the carboxylate
hardly interact at all. Lys93 instead forms a hydrogen bond to 2'OH. In the
model with frozen atoms it is difficult to optimize a TS, therefore the C-C
distance between C6 and the carboxylate was frozen at 2.88 A and the C-H
bond between C6 and Lys93 was frozen at 1.76 A. These values were taken
directly from the geometry of the fully optimized TS in Model 5. Despite the
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large additions to the model, the restrictions on the active site and the dif-
ferent binding in the reactant, there was no significant effect on the reaction
barrier. It decreased by only 1 kcal/mol compared to Model 5 with complete-
ly free residues. If there still are any important effects of strain, this proce-
dure did not show any sign of them.

3.6
Developing a QM/MM Treatment of the Concerted Mechanism

None of the investigations of the basic QM active site model (Model 5) indi-
cate any major error in the treatment of this reaction. In spite of this, further
extensions of the model were made. The next step was to extend the model
with a more elaborate description of the surrounding protein, by including
the protein outside the QM model in an MM description. A QM/MM treat-
ment is expected to better treat the type of strain and long-range electrostat-
ic effects that have been discussed. It should also be able to incorporate the
idea that the TS induces a lower energy conformation of the protein than the
reactant. This could lead to a lower barrier for the QM/MM system com-
pared to the bare QM models.

No new search for a TS was made for the QM/MM models. Instead the
energy of an optimized QM/MM structure with frozen a C-C bond distance
of 2.88 A (which corresponds to the TS geometry of Model 5) is compared
to the fully optimized QM/MM reactant. QM/MM energies are obtained after
a scan of the C-C distance from reactant to the assumed TS geometry in
steps of 0.2-0.4 A. This procedure is used to allow relaxation of the protein
matrix after each minor change in the QM geometry. All QM/MM energies
are calculated at the small basis set level and solvation effects are not includ-
ed. The value of this relative energy between QM/MM reactant and TS is
compared to the energy barrier for the corresponding QM model at its TS.
From this comparison, the effect of the MM part is calculated. QM/MM bar-
riers reported in Fig. 6 are derived from the free energy barriers of the QM
models, adding the effect of the MM part.

Two QM/MM models with different sizes of the QM parts were used in
this investigation. The small QM/MM model includes only Lys93 and the
substrate in the QM part while the rest of the enzyme is treated with MM
(Model 7 in Fig. 6). This model can be compared to the first QM model
(Model 1) including the same residues as the QM part. A larger QM/MM
model with substrate and the four charged amino acids treated as QM
(Model 8) was designed for comparison to the corresponding QM model
(Model 6).

First looking at the QM and QM/MM models with the small QM part
(Models 1 and 7), an initial scan of the C-C distance in the QM/MM model
resulted in a drop in the barrier height by over 10 kcal/mol. Analyzing the
origin of this apparent TS stabilization, it appeared that the MM part of the
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Fig. 6 Comparison of QM and QM/MM models used in the investigation of the concerted
reaction mechanism where Lys93 protonates C6. For the QM/MM models, labeled atoms
are included in the QM description. Hydrogen atoms in QM residues are not labeled and
hydrogen atoms in MM residues are not displayed. The picture does not display all resi-
dues that are included in the MM part

enzyme outside the active site had found a new low energy configuration for
the TS that had not been present in the reactant. In theory, this could be a
real and important effect, but further investigations showed that it was an
artifact. The low energy TS structure was allowed to relax and was followed
back towards the reactant. This new reactant turned out to be 14 kcal/mol
more stable than the first one and the apparent stabilization therefore disap-
peared if the TS was compared to the new reactant. This procedure was re-
peated until there was almost no change in energy between two consecutive-
ly optimized reactants. After four scans of the C-C distance and a difference
between the fourth and the fifth reactant of 0.7 kcal/mol the procedure was
stopped. The major structural difference between the QM model and the
QM part of the QM/MM model is the interaction between Lys93 and the
carboxylate. In the optimized QM/MM reactant the hydrogen bond distance
between lysine and the carboxylate is 2.1 A, which is a rather long distance
compared to 1.4 A in the model including lysine only, but this did not have
any significant effect on the barrier. After the iterative procedure was com-
pleted, the apparent lowering of the barrier when the enzyme was included
as MM disappeared. The final barrier, if compared to the energy of the TS of
Model 1, increased by 2 kcal/mol, which is a quite small effect. It can even
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be considered surprisingly small since the geometry of the substrate and the
active site changed significantly compared to the small QM model. The QM/
MM model also included several charged amino acids located very close to
the QM part (e.g., Lys59, Asp91, and Asp96B). However, it should be kept in
mind that these amino acids did not have any large effect when going from a
small to a large QM model (see Fig. 5).

The large QM/MM model (Model 8) includes over 100 QM atoms and
more than 4,600 MM atoms but, despite the size of the model, there was no
sign of any important enzymatic effects. The barrier actually increased by
4 kcal/mol when going from the large QM to the large QM/MM model. This
QM/MM treatment should be able to describe several of the most common
suggestions for how the protein matrix influences the reaction barrier.
Among the effects included are electrostatic effects, strain effects, and differ-
ent conformations in reactant and TS for the parts of the protein that are
not included in the QM model. Although the MM energies are not as accu-
rate as the QM energies, it would be an unlikely coincidence if errors in the
QM/MM treatment masked a real protein effect.

The results presented do not indicate any urgent need to use QM/MM in-
stead of QM models for this reaction with this QM model. In general, a QM/
MM treatment is preferable to a QM treatment, but only if it is carefully per-
formed and does not introduce erroneous effects. At the same time it in-
volves a considerable effort to perform the iterations over different MM
minima. If a significant effect is expected from the surrounding protein resi-
dues it can even be more efficient and accurate to extend the QM model to
incorporate this effect.

A possible source of a too-high barrier is that the truncated QM model
lacks molecules that are important for TS stabilization. A possibility is that
weakly bound molecules, e.g., water molecules, enter the active site during
the reaction and stabilize the TS. This suggestion cannot be investigated un-
less the water molecules are included in the QM model. However, the QM/
MM model includes all water molecules that are present in the X-ray struc-
ture but the possibility of TS stabilization does not show up in the QM/MM
calculations, probably because the optimizations only identify the minimum
closest to the X-ray structure. Other QM/MM models that include dynamics
(solvent equilibration) may be able to show these effects, as seen in the sec-
tion describing the reaction mechanism where the C-C bond is cleaved prior
to decarboxylation. Dynamics opens up new possibilities for reaction mech-
anisms by identifying mobile residues or molecules. This particular study
cannot definitively judge the importance of such treatments. Perhaps it
might still be possible to identify these possibilities and add the necessary
elements to the QM model.

In summary, this section shows that despite the use of many different
models for the concerted protonation mechanism, the calculated reaction
barrier for this mechanism is always considerably higher than the experi-
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mental barrier. The geometry of the active site changes considerably, exem-
plified by the hydrogen bond distance between Lys93 and carboxylate, but
these geometric changes do not have any major effect on the barrier. The
main problem seems to be that either the lysine interacts too strongly with
the carboxylate or it is too reluctant to donate a proton to C6. Stabilization
of the negative charge developing on C6 must apparently use other means
than Lys93.

4
Base Protonation Mechanisms

Early proposals for the reaction mechanism of ODCase favored mechanisms
where the pyrimidine ring is protonated prior to decarboxylation [5, 6].
Theoretical investigations have shown that a protonation of the pyrimidine
ring leads to a significant decrease in the strength of the C-C bond [39]. Fur-
thermore, kinetic studies indicating that the enzyme kinetics are governed
by two ionizations [17, 40] can be interpreted to favor a base protonation
mechanism. The first ionization could be the protonation of the base, and
the second one is likely to be the final proton donation to C6. On the basis
of another kinetic study, Rishavy et al. claimed that base protonation mecha-
nisms involving O2 or 04 do not match the measured kinetic isotope effects
[41], but later quantum chemical calculations showed that both base proto-
nation mechanisms and mechanisms without protonation are consistent
with the measured isotope effects [42]. From the X-ray structure it is clear
that there are no obvious proton donors close to any of the protonation
sites. This has been interpreted as evidence against a protonation mecha-
nism, but the only actual structural requirement is that there exists a possi-
ble proton pathway to reach the protonation site.

For the base protonation mechanism there are two major questions. The
first question is which site of the pyrimidine ring should be protonated. Over
the years, several suggestions have been made that favor specific pro-
tonation sites [2, 5, 6, 7, 21, 39]. Experimental results seemed to favor O2 pro-
tonation but at present the collected evidence seems inconclusive [2, 43, 44].
Since the strength of the C-C bond depends only weakly on the particular
site of protonation [39], it appears that the decisive factor should be the rela-
tive proton affinities of the different sites and this property is the first to be
investigated below. The second major question for the base protonation
mechanism concerns the energetics of the C-C bond cleavage. To estimate
the total barrier for the base protonation mechanism both the barrier for C-
C bond cleavage and the cost of protonating the base must be calculated. If
protonation is not spontaneous, the protonation cost must be added to the
energy required to cleave the C-C bond. The total barrier for these two steps
should be around 15 kcal/mol to match the experimental reaction barrier.
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4.1
Calculating Protonation Costs Using QM Models

The main challenge in the present type of quantum mechanical modeling is
to estimate the protonation cost. The proton needed for the substrate reac-
tion is ultimately provided by the solvent, a part that cannot be included in
the model. To be able to work with a limited model, it is assumed that the
resting state of the proton is the position of lowest energy in the quantum
chemical model. For most models this position turns out to be the carboxyl-
ate. This does not mean that the proton actually comes from the carboxylate
or that the mechanism requires that the carboxylate is protonated in the re-
actant. The procedure simply gives a lower limit for the energy required to
protonate the base.

To compare the proton affinities of different sites of the pyrimidine ring a
naked small substrate model (Model 9) was first used, for which earlier cal-
culations had already shown that O4 has a higher proton affinity than 02
[39]. Using this model, the proton affinities of all possible sites of the pyri-
midine ring were investigated. The results below are given in terms of the
cost to move a proton from the carboxylate group, rather than reporting
absolute proton affinities. The calculations confirmed that in the small sub-
strate model the carboxylate is the best site to protonate, followed by the O4
site with an energy level 15 kcal/mol higher. In this model, C5 and O2 are
much more costly to protonate (27 and 28 kcal/mol, respectively), while N3
is the worst candidate (cost of 42 kcal/mol). In their study, Kollman et al.
found that for a substrate model, the proton affinity of C5 is similar to the
proton affinity of O4 [7]. The origin of the different results for protonation
of C5 is not clear but a possibility may be a different treatment of solvation
effects, which are rather large for these models.

After the first investigation, the model was extended to include the full
substrate and a lysine at the carboxylate side (Model 10 in Fig. 7). In this
model, the carboxylate decreases its proton affinity due to the positive ly-
sine. At the same time O2 increases its proton affinity, both because the pro-
ton on O2 can form a hydrogen bond to the ribose ring, and because the
negative phosphate attracts the O2 proton. In this model, the O2 protonation
cost relative to the carboxylate is down to 11 kcal/mol, which is approxi-
mately the same value as for O4 in this model. A further extension of the
model is to include all residues that form hydrogen bonds with the pyrimi-
dine ring (Model 11 in Fig. 7). Amino acids that are hydrogen bond donors
to a protonation site will decrease the proton affinity of that site and these
are GIn215 to 02, a backbone amide proton from Ser154 to 04, and water to
the carboxylate. Amino acids that accept hydrogen bonds increase the pro-
ton affinity of the corresponding site. In this active site there is only Ser154
that accepts a hydrogen bond from N3. C5 is surrounded by hydrophobic
residues that are not included. In Model 11 the decrease of the proton affini-
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Fig. 7 QM models used to calculate the proton affinity of all protonation sites in the pyri-
midine ring. This series of models shows the effects of extensions to the substrate model
and of residues hydrogen bonding to the ring. Extensions made to a previous model in
the series are shaded to facilitate comparison between models. Models 10 and 11 contain
atoms that are kept frozen during the optimization and each of these atoms are marked
with an asterisk (*)

ty of O2 is smaller than the effect on the other sites, which makes O2 the
best protonation site, after the carboxylate, with a cost of only 6 kcal/mol
relative to the carboxylate. This is 7 kcal/mol lower than the cost of proto-
nating O4 and 15 kcal/mol lower than the cost of protonating C5.

As the carboxylate is the site with the highest proton affinity, it was first
investigated whether protonation of this site could actually lead to a low bar-
rier for the concerted mechanism discussed in the previous section. Harris
et al. suggested that such a proton would be located between the carboxylate
and Asp91, and that this could possibly assist in catalysis [14]. It seems rea-
sonable that an extra proton in this region would stabilize the negative
charge developing on C6, and therefore a proton was added to Model 4 that
includes Lys93 and Asp91. The addition of the proton turned out to increase
the barrier for decarboxylation by 8 kcal/mol in this model. The increase of
the barrier can be interpreted as the cost to break two strong hydrogen
bonds in the reactant rather than one in the original reactant, the one be-
tween the carboxylate and the protonated Asp91, and the one between the
carboxylate and Lys93. The conclusion is that the proton must be located at
some other place in the active site, if it should lower the barrier for decar-
boxylation.

The above results thus indicate that O2 is the most favorable protonation
site after the carboxylate. In the following investigations of the C-C bond
cleavage barrier, the O2 site is assumed to be protonated. It could be argued
that including the negative groups Asp91 and Asp96B would probably in-
crease the proton affinities of 04 and C5 closer to the value for 02, since
these protonation sites are closer to the negative residues. However, this
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effect of the model extension would also increase the cost of protonating
these sites relative to the carboxylate so there seems to be little point in in-
vestigating this possibility.

4.2
Calculating Reaction Barriers Using Improved Models of the Charged Network

What remains to be found is how improved models of the region around the
carboxylate will affect the strength of the C-C bond and if the proton affini-
ty of O2 can be further increased. The investigation of the barrier for C-C
bond cleavage with a protonated substrate started with a bare substrate
model (Model 9 in Fig. 8) used by Singleton et al. [39]. The strength of the
C-C bond is taken as the highest point on the free energy curve for the C-C
bond stretch. The electronic energy increases monotonically with the dis-
tance, but by adding the entropy contribution for each distance, a free
energy barrier of 20 kcal/mol is obtained for this model, at a C-C distance
of 2.4 A. When going to larger models, this C-C distance will be used to
probe the barrier height for the C-C bond cleavage. The calculated bond
strength of 20 kcal/mol for the protonated substrate (Model 9) is significant-
ly lower than for the unprotonated substrate (by approx. 20 kcal/mol), but if
the cost for the 02 protonation, 28 kcal/mol for this model, is added, the to-
tal barrier becomes as large as 48 kcal/mol. An interesting question is to
what extent this result can be modified by the introduction of enzyme resi-
dues in the quantum mechanical model. The same series of models as were
used for the concerted mechanisms will initially be discussed.

.

DIl
Model 9 Model 12 Model 13 Model 14

Prot. cost: 28 kcal/mol | Prot. cost: 11 kcal/mol Prot. cost: 18 kcal/mol | Prot. cost: 29 kcal/mol
C-C bond: 20 kcal/mol | C-C bond: 37 kcal/mol | C-C bond: 25 kcal/mol | C-C bond: 12 keal/mol
Barrier: 48 kcal/mol | Barrier: 48 kcal/mol  Barrier: 43 kcal/mol | Barrier: 41 kcal/mol

Fig. 8 QM models used to calculate the energy required to protonate O2 and the strength
of the C-C bond. The reaction barrier is calculated at a frozen C-C distance of 2.4 A. This
series of models shows the effects of residues close to the carboxylate. Extensions made
to a previous model in the series are shaded to facilitate comparison between models.
Model 14 contains atoms that are kept frozen during the optimization and each of these
atoms is marked with an asterisk (*)
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The first extension of the model is to add Lys93, which interacts directly
with the carboxylate (Model 12 in Fig. 8). This actually leads to an increase
in the C-C bond energy by 17 kcal/mol, giving a C-C bond cleavage barrier
of 37 kcal/mol. In this model the strong interaction between lysine and car-
boxylate in the reactant, discussed already in the section on the concerted
mechanism, is directly added to the barrier. When the carboxylate is on its
way to becoming carbon dioxide, this electrostatic interaction is drastically
reduced. However, at the same time the lysine decreases the proton affinity
of the carboxylate, and thereby the cost to protonate O2 is decreased to
11 kcal/mol, if the proton affinity of the carboxylate is used as reference.
The total barrier for decarboxylation in this model is thus 48 kcal/mol, the
same value as for the naked substrate model.

It is clear that if charged amino acid residues are included in the model,
and if there are oppositely charged residues in the vicinity, those should be
included as well. The next step is therefore to also add the nearest aspartate
to the model, which should decrease the harmful electrostatic attraction be-
tween the carboxylate and the lysine in the reactant (Model 13 in Fig. 8). For
this model the energy required to cleave the C-C bond decreases to 25 kcal/
mol, and the cost to protonate O2 increases to 18 kcal/mol, giving a total
barrier of 43 kcal/mol. The next extension of the model is to include all four
charged amino acids close to the carboxylate (Lys59, Asp91, Lys93, and
Asp96B) with the hydrogen bonding configuration taken from the X-ray
structure (Model 14 in Fig. 8). With this configuration, the barrier for decar-
boxylation decreases significantly and becomes 12 kcal/mol. Compared to
the bare substrate model (Model 9) with a barrier of 20 kcal/mol, there is
thus a significant catalytic effect on the C-C bond cleavage barrier from the
charged network of 8 kcal/mol. This is a much larger effect than was ob-
tained for the concerted decarboxylation mechanism, see Fig. 5. To obtain
this effect a specific configuration of the network of charged amino acids is
required. These comparisons give a nice illustration of how the influence
from particular enzyme residues can be quantified in this type of modeling.
It must be noted, however, that the O2 protonation cost for this model is as
large as 29 kcal/mol, yielding a total decarboxylation barrier of 41 kcal/mol.

43
Calculating Reaction Barriers Using Improved Models
of the Environment around 02

So far all models used for the base protonation mechanism have given total
barriers for decarboxylation of more than 40 kcal/mol. In all those models,
the amino acids added were chosen mainly to affect the C-C bond strength,
but a large fraction of the total barrier comes from the protonation cost. The
next step is therefore to discuss models that focus on the region around 02
and include residues that might affect the proton affinity of O2. In the X-ray
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structures only the invariant GIn215 interacts with O2. In most X-ray struc-
tures, this residue donates a hydrogen bond to 02, which should decrease
the proton affinity of O2. However, in one of the structures the interaction
between GIn215 and O2 is mediated by a water molecule [13]. One possibili-
ty is that in this structure, GIn215 instead accepts a hydrogen bond to its
carbonyl oxygen, mediated by the water molecule. This model ignores the
possibility that water and Gln215 already have several other hydrogen bonds
in the reactant and the proton affinity of O2 in this model can be taken as an
upper limit. If this configuration is used in the model (Model 15 in Fig. 9)
the cost to move the proton from the carboxylate to O2 is reduced by
12 kcal/mol compared to the naked substrate (Model 9). The stabilization of
the proton at O2 is due to the formation of a chain of strong hydrogen bonds
from the proton at O2 to the carbonyl oxygen on GIn215 mediated by the
water molecule. The C-C bond cleavage barrier is unchanged in this model,
leading to a total barrier for decarboxylation of 36 kcal/mol. This increase of
the model should be combined with the models where the carboxylate sur-
rounding is included, and therefore two models were designed with residues
on both sides of the substrate. The first of these models has only a lysine on
the carboxylate side, and a glutamine and water on the 02 side (Model 16).
In this model, protonation of 02 is actually favored compared to the carbox-
ylate, by 5 kcal/mol. However, from Model 12 (Fig. 8) it is known that this
model has a very strong C-C bond. Therefore, adding both the protonation
step and the C-C bond strength gives a decarboxylation barrier of 38 kcal/
mol.

The final combined model should be the most balanced one, and it adds
the O2 residues to Model 14, which has the charged network on the carbox-
ylate side. In this model (Model 17), O2 protonation costs only 7 kcal/mol.
This is surprisingly low, since by comparing the results for the Models 14

Model 16 Model 17

Prot. cost: -5 kcal/mol Prot. cost: 7 keal/mol
C-C bond: 38 kcal/mol C-C bond: 19 keal/mol
Barrier: 38 kcal/mol Barrier: 26 keal/mol

48 keal/mol |Barrier: 36 keal/mol

Fig. 9 QM models used to calculate the energy required to protonate O2 and the strength
of the C-C bond. The reaction barrier is calculated at a frozen C-C distance of 2.4 A. This
series of models shows the effects of residues close to O2 and the carboxylate. Extensions
made to a previous model in the series are shaded to facilitate comparison between mod-
els. Models 15-17 contain atoms that are kept frozen during the optimization and each of
these atoms is marked with an asterisk (*)
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(Fig. 8) and 15 (Fig. 9) a value of 17 kcal/mol is expected, if the effects from
the two sides were additive. On the other hand, the C-C bond cleavage bar-
rier has a corresponding unexpected effect in the opposite direction, with a
value of 19 kcal/mol. In fact this means that for the total decarboxylation
barrier, the effects from adding residues on both sides are essentially addi-
tive, and the total barrier becomes 26 kcal/mol. Thus the inclusion of the
amino acid residues in the model has brought down the barrier for decar-
boxylation according to the base protonation mechanism from 48 kcal/mol
in the naked substrate model (Model 9) to 26 kcal/mol in Model 17, indicat-
ing a catalytic effect of the enzyme of 22 kcal/mol, close to the experimental
value of 23 kcal/mol. Still, the height of the calculated barrier for O2 proto-
nation in the enzyme (26 kcal/mol) appears to be too far from the experi-
mental barrier of 15 kcal/mol to support the base protonation mechanism.

In an attempt to bring down the calculated barrier for O2 protonation
further below the value of 26 kcal/mol, a final model of the O2 side was de-
signed (Model 18 in Fig. 10). The phosphate, and groups interacting with
the phosphate, have been shown to have important effects on the rate of
catalysis (ke,) [45, 46]. Essentially the same structure that gave the low pro-
tonation barriers (Model 11) is used, but here more hydrogen bonding
possibilities are present. If a singly protonated phosphate is used as refer-
ence state instead of the carboxylate, the energy required to protonate O2 is
as high as 32 kcal/mol. In this extended model, GIn215 does not stabilize the
proton at O2. This indicates that the protonation cost of O2 calculated for
Models 15-17 could be underestimated.

The above results, using extended quantum mechanical models for the
active site of ODCase, indicate that the base protonation mechanism has a
decarboxylation barrier that is too high to be compatible with the experi-
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Model 18
Protonation cost: 32 kcal/mol

Fig. 10 QM model used to calculate the energy required to protonate O2. In this reaction,
the reference state is a proton at the phosphate group. This model contains atoms that
are kept frozen during the optimization and each of these atoms is marked with an
asterisk (*)
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mental rate of the enzyme. It should be noted, however, that to calculate the
barrier for that mechanism, proton affinities of different sites have to be
compared. As is also clear from the results above, proton affinities are ex-
tremely sensitive to the environment, and it could be argued that the models
used above are still too small to give a balanced description of the protona-
tion of different sites. This is apparent in the modeling of O2 protonation
where the orientations of water and GIn215 have a large influence on the
protonation cost. In one model, the cost to protonate O2 is significantly low-
er, 7 kcal/mol, but further extensions of the model around O2 indicate that
this value might be too low. Using 7 kcal/mol as protonation cost, the total
reaction barrier is still 26 kcal/mol. For the protonation sites O4 and C5, the
effect of the charged network at the carboxylate side (Model 14) should be
added to the effect of residues hydrogen bonding to the protonation sites
(Model 11). With this procedure, the cost to protonate O4 and C5 is around
25 kcal/mol, while the cost to protonate N3 is even higher.

4.4
Calculating Protonation Costs for the Pyrimidine Ring Using QW/MM Models

An alternative to adding effects from different models is to design a large
QM/MM model that includes all residues. Two models, differing in the size
of the QM model, were used to calculate the proton affinity of all different
sites in the pyrimidine ring (Models 19 and 20 in Fig. 11). The results from
these models affirm the conclusion drawn from the QM models that if the
cost of protonation is added to the C-C bond strength, the reaction barrier
is too high. A problem with the QM/MM models is that proton affinities for
sites that interact with MM residues are overestimated. When changing the
amino acids Leul53, Ser154, and GIn215 from MM to QM (i.e., going from

Small QM model Large QM model -

W Model 19

Fig. 11 QM/MM models used to calculate the proton affinity of all protonation sites in
the pyrimidine ring. Labeled atoms are included in the QM description. Hydrogen atoms
in QM residues are not labeled and hydrogen atoms in MM residues are not displayed.
The picture does not display all residues that are included in the MM part
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the small to the large QM/MM model) the calculated proton affinities go
down by an average of 17 kcal/mol. There is a similar effect for the carboxyl-
ate but it shows up in both the small and the large QM/MM models since
the charged network (except Lys93) in both models is treated with MM. The
effect on the carboxylate was confirmed if the QM Model 14 (Fig. 8) was
treated with QM/MM, having all protein residues but Lys93 in the MM part.
It is important to be aware of this problem since small QM/MM models may
underestimate the cost of protonating the substrate.

Summarizing the treatment of the base protonation mechanism, it has
been shown that a certain configuration of the charged network is required
for cleaving the C-C bond with a reasonable barrier. This configuration ex-
actly mimics the one found in the X-ray structures of the enzyme. It is there-
fore likely that the enzymatic mechanism uses the charged network in the
way outlined for the base protonation mechanism. Still, the base protonation
mechanism cannot be supported in full. The problem with the base protona-
tion mechanism is that the proton affinities of all sites appear to be too low.
If the cost of protonation is added to the C-C bond strength, the reaction
barrier is too high.

5
C-C Bond Cleavage Prior to Proton Donation

The conclusion from the two previous sections is that the transition state
stabilization provided by protonation of the base or by the Lys93 proton is
not enough to give a low barrier for the decarboxylation reaction. An inter-
esting alternative is the stepwise mechanism proposed by Warshel et al., in
which the C-C bond is cleaved prior to protonation of C6 and where the
transition state stabilization is at least partly provided by water molecules
close to C6 [38]. In their study, the catalytic reaction was described using an
empirical valence bond potential energy surface, calibrated against quantum
mechanical calculations on the reaction in solution. Using this potential en-
ergy surface for the active site, and performing molecular dynamics simula-
tions on the enzyme, a reaction barrier of 17-24 kcal/mol was found, where
the precise value depends on the protonation states chosen for the nearby
amino acids. It was argued that the origin of the enzymatic activity of OD-
Case was mainly an effect of pre-organization, which means that the enzyme
from the beginning is aligned in a configuration that fits the transition state
structure of the substrate. When the reactant binds there is then an electro-
static stress in the protein, which is released when the substrate reaches the
transition state structure. These ideas are described in detail in references
[47, 48, 49].
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5.1
Reactant and Intermediate with a Restricted QM Model

In a previous paper the results obtained by Warshel et al. were analyzed us-
ing limited QM active site models, and the results from that study indicated
that the pre-organization energy could not provide the necessary TS stabili-
zation [21]. Recently, the structures resulting from the study of Warshel et
al. have been used as starting points for the type of QM modeling presented
in the present review. Two structures were provided to us from the authors,
one reactant structure, W-R, and one structure where the C-C bond is
cleaved, W-I, corresponding to an intermediate for their mechanism. Those
structures had been obtained by independent molecular dynamics simula-
tions for the reactant and TS regions, which means that there can be signifi-
cantly different configurations of the rest of the enzyme in these structures.
It could seem as if such a procedure would depend strongly on an accurate
description of the relative energies of different enzyme structures, but it
should be noted that the relative free energies are obtained by averaging
over many different configurations. This is a rather different approach than
the procedure followed in the QM modeling described above, where the
enzyme is kept in as similar configurations as possible for reactant and TS.

The structures W-R and W-I differ significantly in the active site region
from the X-ray structure of the yeast enzyme that was used in the QM mod-
eling described in the previous sections. An important aspect is that there
are three water molecules located close to the carboxylate, rather than one
as in the X-ray structure. The invariant network of four charged amino acids
is connected to Asp37, which forms a hydrogen bond to Lys59. Furthermore,
Asp96B no longer hydrogen bonds to 2'OH of the ribose ring. In total this
gives a hydrogen bonded network with a larger radius, which on average is
further away from the substrate than in the X-ray structure.

The QM models extracted from the structures W-R and W-I contain the
four charged amino acids Lys59, Asp91, Lys 93, and Asp96B as in previous
models, but now the three water molecules in the active site are also includ-
ed (Model 21). The reactant model and the intermediate state model are thus
constructed from different structures as described above, with the purpose
of computing the relative energy between them within the QM model. Entro-
py effects, which are not included here, are expected to lower the intermedi-
ate where the C-C bond is cleaved by a few kcal/mol, and therefore the com-
puted relative energy should be corrected by this energy. Initial bond dis-
tances and angles in the model constructed are far from optimal in a QM
description, and therefore these have to be optimized before an energetic
comparison can be done. To keep the overall geometries close to the starting
structures, several atoms were kept frozen during the optimizations as indi-
cated in Fig. 12. After optimization of the two structures, a relative energy of
only 15 kcal/mol was obtained, thermal and entropy effects not included.
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Model 21 Reactant Model 21 C-C bond cleaved
Relative energy: 15 keal/mol
Fig. 12 Reactant and intermediate structures for investigation of a stepwise mechanism
where the C-C bond is cleaved prior to protonation of C6. In the QM optimization of the
structures, the atoms marked with asterisks (*) were kept frozen, from the structures ob-

tained by molecular dynamics simulations. The relative energy reported does not include
thermal or entropy effects

This is a remarkable decrease from the high barrier of the concerted mecha-
nism. The geometry of the intermediate state, with water molecules interact-
ing with C6, indicates that the water molecules are important, and in this
mechanism they seem to provide an essential part of the stabilization of the
negative charge developing on C6. As mentioned above, these water mole-
cules were not included in the previous QM modeling studies. The way the
invariant network of charged amino acids is used in this mechanism resem-
bles the configuration that provided TS stabilization in the base protonation
mechanism (Model 14 in Fig. 8).

Comparing these two mechanisms, the origin of the stabilization of the
negative charge has changed from a proton on O2 to the weakly bound water
molecules that find their way to C6 of the substrate. The increase in vacant
space between the amino acid network and C6 of the substrate, which is the
result of the molecular dynamics treatment, might be necessary to allow
for the water molecules to approach the pyrimidine ring. However, the elec-
trostatic effects are well described by the rather small QM model and
there does not seem to be any need to describe any long-range electrostatic
effects.

The results described above, yielding a relative energy of only 15 kcal/
mol between the reactant and the intermediate state, are not fully conclusive,
since the structures in Fig. 12 are too severely constrained to be considered
as good models of the active site. However, if the structures are released,
there are large movements of the protein residues and the water molecules,
and the stabilization disappears. Either the constrained structures are too
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far from true minima or the QM model lacks important parts that force resi-
dues and water molecules to stay in the right conformation. The latter alter-
native can only be analyzed by extending the computational model, and
since the QM model already consists of 107 atoms, the only possibility is to
try a QM/MM treatment.

5.2
Reactant and TS with a QM/MM Model

The two structures W-R and W-I were used as starting points in a QM/MM
treatment. In a similar way as for the QM modeling above, the coordinates
are far from optimal in the Qsite QM/MM description and optimizations
have to be performed. After the optimizations, a very large energy difference
(120 kcal/mol) remains between reactant and intermediate. Since the origi-
nal structures were so far from any QM/MM minimum, it is possible that
the optimizations resulted in artificial conformations, which do not describe
the true difference between reactant and TS. The present conclusion is that
it is very hard to obtain realistic relative energies by performing QM/MM
calculations starting from the two different structures.

Instead, the regular procedure of directly connecting the reactant struc-
ture with a TS structure having a similar conformation of the protein was
applied. Starting from W-R, the C-C bond was increased in several steps of
QM/MM calculations, iterating back and forth between reactant and transi-
tion state to find a similar energy for two consecutive reactants. After four
iterations this procedure had still not converged but the energy required to
extend the C-C bond to 2.4 A was rather stable at 22-25 kcal/mol. In this
structure, two water molecules had found their way to C6 exactly as in the
W-I structure. The results include the effect of the total MM energy of the
two configurations as well as the effect of the MM part on the QM part.
However, since the iterative procedure produce two configurations that are
similar, the MM energies tend to be very similar for reactant and TS. Adding
thermal corrections from other calculations on the decarboxylation reaction,
the calculated relative energy corresponds to a barrier around 19-22 kcal/
mol, still not including solvent effects. Although this result does not perfect-
ly match the experimental barrier of 15 kcal/mol, there is a significant cata-
lytic effect. The result is in reasonable agreement with the 17-24 kcal/mol
obtained by Warshel et al. in their study of ODCase [38]. At this stage of the
investigation, this stepwise mechanism looks like the most promising one.

5.3
Reproducing the QM/MM Results with a QM Model

Finally, an attempt was made to design a QM model that would show the
same energetics for C-C bond cleavage as the above QM/MM calculations
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did. This model includes the five charged amino acids Asp37, Lys59, Asp91,
Lys93, Asp96B, and the three water molecules at the active site. Starting from
the most stable QM/MM reactant geometry the structure was optimized in
QM. Attempts were then made to start from this structure and search for a
low energy TS in the QM model, but these attempts failed. The amino acid
residues and the water molecules did not find the transition state positions
they did in the QM/MM model, and which gave a reasonably low barrier.

Although the investigation was in no way exhaustive, it seems like a QM/
MM treatment is advantageous in this case. In a QM/MM description all hy-
drogen bonds are saturated and the positions of the mobile water molecules
are much better defined. If there are a large number of unsaturated hydro-
gen bonds in the QM model, artificial changes in hydrogen bonding patterns
may destroy the computational results. This is well known, but in this mech-
anism it seems to be unusually critical due to the large amount of unbound
water molecules and mobile charged residues. The molecular dynamics
treatment also provided some new features that were not discovered in a
pure QM modeling. For example, those calculations gave the possibility to
find reactant and TS structures that did not correspond exactly to the X-ray
structure. An important feature is the appearance of three water molecules
in the active site, which change their positions significantly between reactant
and TS. In the X-ray structure used as starting point for all QM modeling,
except the one described above, there is only one water molecule close to
the carboxylate. This water molecule was not included in the QM models of
the concerted protonation mechanism, and in the QM/MM models it does
not move to C6 during decarboxylation.

6
Insights/Discussion

The computational results presented in this review give a clear picture re-
garding the concerted protonation mechanism for decarboxylation. For this
mechanism, where C6 is protonated by Lys93 simultaneously with the C-C
bond cleavage, the calculated barrier is simply too high compared to the ex-
perimental rate. A large variety of models have been used, ranging from
small QM models to large QM/MM models, and the results for the barrier
are quite stable at around 36 kcal/mol. The conclusion is that the energetics
of this mechanism are already well described by the smallest model, involv-
ing only the substrate and one protein residue, Lys93, and the inclusion of
the surrounding enzyme does not affect the barrier. This does not mean that
the enzyme is just a spectator; it only means that the energetic effects from
the enzyme are very similar for the reactant and the transition state of the
concerted mechanism. This is illustrated by the distance between Lys93 and
the substrate carboxylate, which changes from 1.4 A in a small model in-
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cluding only Lys93 (Model 1) to 2.1 A in a larger model including the entire
enzyme in a QM/MM description (Model 8). Despite this large change in hy-
drogen bond distance, the reaction barrier for decarboxylation only changed
by 1 kcal/mol. Models that give weak interactions between Lys93 and the
substrate carboxylate in the reactant also make Lys93 a weak proton donor
in the transition state, and vice versa. The failure to find any enzymatic ef-
fect when including parts of the enzyme in the computational model shows
that the concerted mechanism is not the one employed by the enzyme. In
general, there is of course a large difference in reaction barrier when model-
ing the substrate reaction with or without enzyme. However, if the mecha-
nism is correctly described, relatively small QM models can catch the impor-
tant electrostatic effects, assuming that the models are properly selected.

It has been suggested that the ODCase enzyme works through a ground
state destabilization mechanism, in which electrostatic repulsion between
the substrate carboxylate and Asp91 should raise the energy of the reactant
compared to the transition state. No such effect could be found from the
modeling performed. It could be argued that the QM models used have too
little strain from the surrounding protein to describe such an effect, but if
there had been any significant repulsion between Asp91 and the substrate
carboxylate this would have appeared in the QM/MM calculations. Repulsion
between these two negative groups would also have resulted in a significant
increase in the proton affinity of the carboxylate, but no such effect could be
found. When going from the bare substrate model (Model 9) to a model in-
cluding the network of charged amino acids (Model 14), the proton affinity
of the carboxylate did not change. This indicates that the nearby Lys93 effec-
tively cancels any repulsion. Other arguments against ground state destabi-
lization have been put forward by other groups [38, 50, 51].

For the base protonation mechanisms, i.e., where the pyrimidine base is
protonated prior to decarboxylation, the calculations also indicate that the
barrier is too high to be consistent with the rate of the enzyme. In this case
the energetics of two different steps have to be summarized to give the final
decarboxylation barrier. The first step is the cost of protonating the base,
and the second step is the actual barrier for C-C bond cleavage when the
base is protonated. In contrast to the picture for the concerted mechanism,
the calculations show that both steps of the base protonation mechanism
are quite sensitive to the model used. This model sensitivity is particularly
pronounced for the first step, the protonation cost, which is an essential part
of the total barrier. Since the immediate source of the proton is not known,
the protonation cost is calculated relative to the carboxylate group, which
has the largest proton affinity in most models used. Thus, relative proton
affinities have been calculated, and the protonation cost is found to vary be-
tween —5 and +29 kcal/mol, depending on the model. For some of those re-
sults it is obvious that the model used is unbalanced between different sites,
but it is clear that the QM model that is required to obtain accurate esti-
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mates of the proton affinity on all protonation sites simultaneously would be
too large to be handled effectively. The barrier for the entire decarboxylation
reaction according to this mechanism is somewhat less sensitive to the mod-
el than the individual steps. The lowest total barrier obtained is 26 kcal/mol,
but comparisons of proton affinities between different models, all treating
the environment around 02, indicate that this value might be an underesti-
mation of the true barrier. Therefore, it is concluded that this type of mech-
anism is not very likely.

An option when encountering a need for very large models is to include a
part of the system in a MM description. The results obtained when trying to
do this for the relative proton affinities show that this is not straightforward.
The proton affinity of a particular site change by 15-18 kcal/mol depending
on whether it interacts with a QM or a MM residue. This means that to ob-
tain a balanced description of different proton affinities all important resi-
dues still would have to be included in the QM part.

An important result from the modeling of the base protonation mecha-
nism is that a certain configuration of the invariant network of charged ami-
no acids results in a significant TS stabilization for cleavage of the C-C
bond. If C6 is stabilized by other means than Lys93, this positive residue can
keep its positive charge and form better interactions with the negative resi-
dues Asp91 and Asp96B. In total, when all effects of solvation have been in-
cluded, this conformation leads to a barrier 8 kcal/mol lower than the model
without enzyme residues.

For the remaining reaction mechanism, where the C-C bond is complete-
ly cleaved before the protonation occurs, only initial investigations have
been done so far. This turns out to be the mechanism that appears most
promising. A somewhat different procedure was followed for this mecha-
nism. For the other mechanisms investigated the starting structures for the
QM or QM/MM models were taken from the X-ray structure. For the investi-
gation of this mechanism the starting structures were obtained from molec-
ular dynamics treatments of the X-ray structure [38]. The best calculated
barrier for this mechanism is obtained from QM/MM calculations, and is in
the range 19-22 kcal/mol, which is in reasonable agreement with the experi-
mental barrier of 15 kcal/mol, in particular considering the preliminary na-
ture of the investigations. The origin of one part of the TS stabilization in
this mechanism are the weakly bound water molecules that electrostatically
interact with C6 at the TS. At the same time, Lys93 can keep the configura-
tion that was shown for the base protonation mechanism to be advanta-
geous. So far, it has not been possible to describe this mechanism using a
pure QM model. As it turns out, in a QM modeling it is difficult to get the
water molecules into their favorable C6 stabilizing positions in the transition
state. One difference between QM and QM/MM models is the way weakly
bound water molecules are treated. A truncated QM model runs the risk of
introducing artificial hydrogen bonding positions that are already occupied
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in the enzyme. This problem can be treated by constraining the movement
of the residues, as is done in Model 21, but at the risk of including other ar-
tificial effects if the restrictions are too severe.

All calculations in this study are made by direct optimization from X-ray
structures or other protein structures provided. This means that stationary
points are only detected if they are sufficiently close to the initial guesses. It
also means that dynamic effects are neglected. Treatments including dynam-
ics have been applied to ODCase [7, 38, 52] but the results are not consistent
when it comes to the origin of the catalytic effect. The effect of dynamics on
the present models cannot be easily estimated. However, it seems like a mo-
lecular dynamics treatment might be required to get the right structures for
the stepwise mechanism with cleavage of the C-C bond without protona-
tion.

The elucidation of the catalytic reaction mechanism of ODCase has proven
to be the most difficult mechanistic problem so far encountered, even com-
pared to a large number of metalloenzymes. In metalloenzymes the origin of
the catalytic power is to a large extent the metal site, and the structure of the
active site is more stable in many metalloenzymes than in ODCase. In OD-
Case there is no cofactor, so it is not obvious from which part of the active
site the catalytic effect comes. The most likely mediator of the catalytic effect
is the network of charged residues, also involving some water molecules. This
might also be the source of the difficulties in describing the mechanism of
ODCase, since the interactions between these groups are strong and the ener-
gy of different conformations must be reproduced accurately.
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Abstract An energy decomposition scheme is presented to elucidate the importance of
the change of protein conformation substates to the reduction of activation barrier in
an enzyme-catalyzed reaction. The analysis is illustrated by the reaction of orotidine
5'-monophosphate decarboxylase (ODCase), in which the catalyzed reaction is at least
10" faster than the spontaneous reaction. Analysis reveals that the enzyme conformation
is more distorted in the reactant state than in the transition state. The energy released
from conformational relaxation of the protein is the main source of the rate enhance-
ment. The proposed mechanism is consistent with results from site-directed mutagenesis
where mutations remote from the reaction center affect k., but not K.

Abbreviations

AMI Austin Model 1

EVB Empirical valence bond

FEP Free energy perturbation

MM Molecular mechanics

ODCase Orotidine 5'-monophosphate decarboxylase

OMP Orotidine 5'-monophosphate

PMF Potential of mean force

QM Quantum mechanics

QM/MM Combined quantum mechanical and molecular mechanical

TS Transition state
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1
Introduction

The ability of enzymes to accelerate reactions has been quantified by
comparison with the rate of the corresponding uncatalyzed process. The ex-
ample provided by orotidine 5-monophosphate (OMP) decarboxylase
(ODCase) is especially dramatic. In a classic study, Radzicka and Wolfenden
showed that the rate enhancement (kcu/kqq) of the decarboxylation of OMP
by ODCase is more than 10'7 times compared to the decarboxylation of the
model provided by N-methyl orotate (NMO) in water [1]. Although even
greater rate enhancements have been observed in other enzyme systems [2],
ODCase distinguishes itself from other enzymes by the fact that there is no
direct participation of cofactors or metal ions, nor formation of a covalent
intermediate with a group on the protein. Numerous experimental and com-
putational studies have been carried out, aimed at understanding the cata-
lytic process of ODCase. Yet, much is still to be learned about the catalytic
power of ODCase. In this article, we present a view of ODCase catalysis on
the basis of molecular dynamics free energy simulations. This model, which
follows the idea of the Circe effect proposed by Jencks [3], is illustrated by
an analysis of energy contributions due to the dynamical change of internal
conformations of the enzyme along the reaction pathway in the active site of
ODCase.

More than fifty years ago, in the absence of structural information, Paul-
ing proposed that enzymes catalyze chemical reactions by specifically bind-
ing the transition state more strongly than binding the reactant state, conse-
quently lowering the free energy of activation [4]. This remains the main
concept in our understanding of enzyme catalysis today. With the develop-
ment of modern transition state theory, the advent of computer simulation
methods, and the availability of three-dimensional structures of enzymes
and enzyme-substrate complexes, detailed energy calculations can now be
carried out to provide an analysis of the specific means by which the activa-
tion barrier is lowered. Although much discussion has focused on transition
state (TS) stabilization [5], dynamic fluctuations and internal motions of the
enzyme are integral to its function and activity [6] and their contribution to
catalysis remains to be fully appreciated.

Numerous experimental and theoretical studies have documented the
direct correlation between internal motions of an enzyme and its activity.
For example, the catalytic activities of many enzymes are closely associated
with loop motions, which open and close the active site and also position
key residues into contact with the substrate [7, 8]. X-ray crystal structures of
ligand-bound and free enzymes show that substantial conformational
changes can be induced by ligand binding and by chemical transformation
during an enzymatic reaction [9, 10]. The reaction catalyzed by thymidylate
synthase has been shown to couple directly with the protein’s conformation-
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al changes along the multi-step reaction pathway [11, 12]. There is also a re-
markable non-additive effect in enzyme activity from double mutations
[13]. Such a non-additive effect on rate also occurs as a result of altering the
structure of the substrate in ODCase [14]. In this article, we describe a com-
putational approach to determine protein conformational energetic contri-
butions to catalysis.

The comparison of non-enzymatic and enzymatic reactions can be cali-
brated in many ways. The calibration of ODCase provides a unique insight
and sets the stage for remarkable progress in understanding the role of the
protein. OMP is highly resistant to decarboxylation. In this case, no cofactor
or any other small molecule (or protein side chain) has an ordinary catalytic
role in the primary acceleration provided by the enzyme. Attempts to find
ways in which the enzyme would use the addition of a nucleophile, or a con-
ventional acid or base, led to mechanisms that were subsequently disproved.
From the currently available X-ray structures of this enzyme it is clear that
the catalysis is provided by the protein’s ability to provide a specific envi-
ronment that factors binding energy into components that drive the sub-
strate toward the transition state. This form of catalysis takes advantage of
the complexity, stability, and flexibility of the tertiary structure of the pro-
tein—the fundamental forces that were the subject of the original questions
as to whether a pure protein could be a catalyst, which was settled in 1926
by Sumner’s crystallization of urease. The methods of modern theoretical
chemistry provide a unique opportunity to test the revelations of the crystal
structure and the role of the protein.

There have been extensive studies of the ODCase reaction. Crystal struc-
tures of the enzyme complexes with several inhibitors from four different
species show a remarkable similarity in the active site [15, 16, 17, 18], which
consists of a network of charged residues (Lys42-Asp70-Lys72-Asp75b; we
use the thermoautotropicum ODCase numbering throughout this paper) that
are strictly conserved over 80 species [19]. Site-directed mutagenesis experi-
ments by Wolfenden and coworkers showed that replacement of any of these
charged residues essentially abolishes the enzyme’s activity [20]. Moreover,
mutations of residues that are far from the reactive site also significantly re-
duce the catalytic activity [14]. Several crystal structures of mutant ODCases
have also been determined and they are not very different from the wild-
type enzyme in the sense of small root-mean-square deviations [21, 22].
Mechanisms that involve formation of a zwitterion by protonation at the C2
carbonyl group [23], a carbene intermediate as a result of protonation at the
C4 carbonyl group [24], and protonation or nucleophilic addition to C5 of
the pyrimidine ring [25, 26], are unlikely because of a lack of acidic residues
that could serve as proton donors or nucleophiles near C5 [27]. On the other
hand, the hydrogen-bonding network in the active site appears to focus a
negative charge in the vicinity of the substrate’s carboxylate group, a stress-
ful situation that could promote the required departure as a consequence of
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the Circe effect. Molecular dynamics simulations based on the structure of
the thermoautotropicumm ODCase, using a combined quantum mechanical
and molecular mechanical (QM/MM) potential [16], and, in another work,
using the empirical valence bond model [28], reproduced the experimental
free energies of activation for the decarboxylation of OMP (or NMO) in the
enzyme and in water. However, interpretation of these results has led to dif-
ferent conclusions on some aspects.

In order to focus on the factors that contribute catalysis, we present a free
energy decomposition analysis and define energy terms. The theory is then
applied to the reaction of ODCase to arrive at the origins of the observed
catalysis in this remarkable enzyme. The article concludes with a summary
of major findings.

2
Free Energy Decomposition

We begin by considering the following thermodynamic cycle, which relates
the experimentally determined free energies of activation for the uncat-
alyzed reaction in water (Aijq) and the catalyzed reaction in enzyme
(AGZZt , the binding free energy of the substrate to form the Michaelis com-
plex (AGL(E'S)), and the apparent binding free energy for the transition state
(AGH(E"S)).

AGH
E+S — E+S§t
AGH(E'S) | | AGy(E'sY) (a)
aGH

cat

Es — E'st

AAG” = AG, — AG], = AG, (E'S”) — AGy(E'S) (1)

In this scheme, E and S represent the enzyme and substrate, respectively,
whereas E’ and E” indicate different conformational substates of the enzyme
induced by “binding” of the substrate and the distorted structure of the sub-
strate in the transition state. In the Michaelis-Menten mechanism, the bind-
ing free energy of the substrate AG,(E'S) can be related to Ky by
AGy(E'S)=—RTIn(1/Ky). It is important to note that AG,(E"” $7) in Eqg. lis an
apparent binding free energy of the species corresponding to the transition
state (TS) of the enzymatic reaction, which is not directly measurable but is
always inferred from (kca/Ku)/kaq. Although it is often convenient to use the
term of transition state binding, the activated complex E’S” created along
the enzymatic reaction pathway may differ from the actual species produced
by binding of S from solution. In the latter case, the protein conformation
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and the presence of water molecules in the active site may be markedly dif-
ferent than the former, as seen in X-ray crystal structures of enzymes to
which substrates and transition state analogs are bound [29, 30]. Therefore,
the reduction of the activation barrier in the enzymatic pathway cannot be
simply rationalized by the difference in the “binding” of the TS and the re-
actant substrate.

In other words, AAG” in Eq. 1 is the energetic definition of enzyme catal-
ysis, which represents the difference in free energy of activation between the
catalyzed reaction and an equivalent, uncatalyzed model reaction, which is
related to the ratio of the rate constants of the catalyzed and the uncatalyzed
reactions (kcai/kaq). This definition has been used by many workers in nu-
merous studies [31, 32, 33]. Often, the uncatalyzed reaction in aqueous solu-
tion is used as the reference state, although it is important to study the same
reaction in the gas phase to gain an understanding of solvation effects and
the intrinsic reactivity of the model reaction. Interestingly, since, by defini-
tion, AAG” <0 for the catalyzed reaction, Eq. 1 can always be interpreted in
terms of TS stabilization [5]. Thus, modern computational approaches must
go beyond the statement of transition state stabilization by elucidating the
specific means by which such a stabilization is achieved [28, 34]. It is impor-
tant to identify specific energy terms that contribute to the lowering of the
free energy of activation in the enzymatic environment that give rise to a
greater apparent binding affinity for the TS than the reactant substrate.

One can readily identify three main factors that contribute to the free
energy change AAG” in Eq. 1. First is transition state stabilization, where
the enzyme provides greater stabilizing interactions with the distorted struc-
ture of the substrate in the transition state than solvent water does. The
second and third effects can both be thought of as ground state destabiliza-
tion, in which the substrate and the enzyme, respectively, adopt more dis-
torted conformational substates in the Michaelis complex than they do sepa-
rately in water [10, 35]. An example of the substrate’s conformational distor-
tion is the Claisen rearrangement of chorismate, which assumes a diaxial
conformation in the active site of chorismate mutase.This is about 5-6 kcal/
mol less stable than the diequatorial conformation favored in solution [36,
37, 38]. The distortion of the enzyme itself, induced by binding of the sub-
strate, whose energy is subsequently released in the enzymatic transition
state, is illustrated here for the decarboxylation reaction of ODCase.

To distinguish contributions between transition state stabilization and
enzyme conformational change, these energy terms must be defined and
computed (see below), which requires the separation of the overall barrier
reduction AAG” into specific components. To achieve this goal, we partition
the binding free energy of the substrate AG,(E'S) into two terms, as shown
in Fig. 1. The first term is protein distortion energy, AGp(E'), resulting from
conformational changes in going from the unbound enzyme, E, to that in
the Michaelis complex, E/, that is induced by substrate binding. Since the
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E'+ S

AG(E'S)

Free Energy

AGH(E'S)
E'S

Reaction Coordinate

Fig. 1 Schematic representation of binding free energy decomposition used in the analy-
sis discussion in this paper

unbound free enzyme in solution is necessarily a more stable state, the term
AGp(E') must be positive. The interaction between the substrate and the
distorted enzyme is defined as the intrinsic binding free energy AG;(E'S).
Therefore, the observed free energy of binding is the sum of the two contri-
butions (Fig. 1):

AGy(E'S) = AGp(E') + AGi(E'S) (2)

A similar decomposition can be made for the apparent binding free ener-
gy of the transition state species:

AGy(E"S”) = AGp(E") + AG;(E"S7) (3)

where the notation E” specifies the enzyme conformation substate at the TS
of the substrate-protein complex. Consequently, the change in free energy
of activation (Eq. 1) in the enzyme originates from two important factors:

AAG? = AAG]s + AAG), (4)

where AAG?S and AAG?P are, respectively, the difference in intrinsic binding
free energy between the TS and the reactant state, and the difference in pro-
tein distortion energy. They are defined below:

AAGjs=AG;(E'S”) — AGi(E'S) (5)

AAG}, = AGp(E") — AGp(E)) (6)

The term AAG?S in Eq. 5 is concerned with the differential effects of the
solvent and the enzyme environment on the transition state and reactant
state. If the enzyme provides stronger stabilizing interactions to the transi-
tion state than the reactant state relative to the difference in water, such an
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effect i i defined as TS stabilization, and it corresponds to a negative value
inAAGF,. Although, in principle, Eq. 6 can include another term that speci-

fies the energy difference due to the change in substrate conformation upon
binding, this term is not significant in the ODCase reaction, and, thus, for
clarity in the present discussion, we only list in Eq. 6 the conformational
energy change of the protein in gomg from the Michaelis complex to the
transition state. The value of AAGPP can be either positive or negative de-
pending on the relative distortion of the enzyme when the substrate is in the
reactant state or at the transition state. Since this free energy term is not
directly associated with protein-substrate interactions, it cannot be classi-
fied as “transition state stabilization”, although Eq. 6 still makes contribu-
tions to the reduction of the activation barrier.

Furthermore, because both terms on the right-hand side of Eq. 6 are pos-
itive quantities by definition, their contributions to enzyme catalysis are de-
fined as ground state destabilization. If the distortion of the enzyme is great-
er in the Michaelis complex than that in the transition state, relaxation of
the enzyme conformation along the reaction coordinate leads to lowering in
the overall activation energy. Obviously, the enzyme could have an even
more distorted conformation at the transition state, induced by greater in-
teractlons between the enzyme and the transition state. In this case, the
AAGPP term makes “anti-catalytic” contribution and is positive.

It should be noted that the term of ground state destabilization does not
simply refer to the situation where the total free energy of the enzyme-sub-
strate complex is higher than that of the apo-enzyme and free substrate in
solution. Ground state destabilization describes the case that part of the sys-
tem, either the substrate or the protein, is more distorted, and hence has
higher energy than the free, unbound state. The overall free energy of the
Michaelis complex is still lower than the unbound state (note that the bind-
ing constant is dependent on the choice of the standard state). In some dis-
cussions [28, 34, 39], this difference was not clearly distinguished and the
specific energy terms were not computed, leading to the incomplete impres-
sion that ground state destabilization must raise the overall energy of the
Michaelis complex without changing the energy of the transition state (see
Fig. 6 of [39]) . An analysis of the energy component is necessary to under-
stand specific contributions to the overall reduction of the activation free
energy.

At this point, we return to the discussion of the significance of enzyme
conformational change in catalysis, which has long been recognized [40].
Jencks proposed that through the Circe effect [3] part of the intrinsic bind-
ing energy can be used to compensate for destabilizing interactions in the
“reactive part” of the substrate that is enforced by binding of the entire sub-
strate. The analysis we present is an extension of this proposal in that a frac-
tion of the intrinsic binding energy is stored in the form of conformational
distortion energy of the protein in the Michaelis complex. This energy is



120 J. Gao et al.

then released at the transition state of the enzyme-substrate complex, re-
sulting in the reduction of the activation barrier. This mechanism is differ-
ent than the induced fit proposal, which is concerned with the change of
enzyme conformation to better fit and bind the substrate so that protein—
substrate interactions are enhanced [40].

3
Computational Approach

It would be very difficult to determine experimentally the free energy terms
of Egs. 5 and 6, but this can be done by free energy calculations. To ensure
computational accuracy, both the potential energy surface and the simula-
tion method must be validated.

3.1
Potential Energy Function

A prerequisite for computational study of enzymatic reactions is an accurate
description of the potential energy surface that involves the breaking and
forming of chemical bonds. In principle, the most accurate approach is
quantum mechanics, and a computationally feasible model is the combina-
tion of quantum mechanics (QM) with molecular mechanics (MM) [41, 42],
in which the active site is represented by QM and the remainder of the pro-
tein/solvent system is approximated by MM. Thus, the effective Hamiltonian
for a hybrid QM and MM system is given as follows:

I:Ie]ff = I:Iqm + I:Iqm/mm + I:Imm (7)

where qu is the Hamiltonian for an isolated QM region in the gas phase,
Hgim/mm is the interaction Hamiltonian between the QM and MM regions,
and Hy,, molecular mechanics energy of the MM region. Both H, qm and
Hgp/mm contain electronic degrees of freedom, whereas H,um does not in-
clude electrons explicitly. The total potential energy of the system is given in
Eq. 8:

Epor =< \P|I:Ieff|‘}’> (8)

where ¥ is the wave-function of the system.

Although the idea of combining quantum mechanics with force fields to
study enzyme reactions has been described as early as 1976 by Warshel and
Levitt, the use of combined QM/MM potentials in molecular dynamics and
Monte Carlo simulations was not carried out until about the 1990s [42, 43,
44], largely because its validity was not thoroughly tested up to that time
[42, 45, 46]. Warshel and coworkers later developed a useful, empirical va-
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lence bond (EVB) model [31], employing MM force fields to increase com-
putational speed and to make it convenient for parameter calibration. Never-
theless, combined QM/MM methods have the advantage of computational
accuracy by treating the reactive part of the system explicitly with quantum
mechanics, and computational efficiency by approximating the much larger
part of the system with a force field. Furthermore, the electronic polariza-
tion of the active site is naturally included in QM calculations. In fact, com-
bined QM/MM methods have emerged as the best approach for studying
enzymatic reactions [47].

In the empirical valence bond model [31], the potential energy surface is
typically non-linearly related to two model states, called effective diabatic
states corresponding to the reactant and the product bonding characters,
Eq. 9. Although additional diabatic states, important for describing the tran-
sition state, can be included and have often been discussed, the computa-
tional complexity makes it difficult in practical use for the study of enzyme
reactions.

Epvg = % { (Er+Ep) — \/ (Bx — Bp)? + 48{2} (9)

In Eq. 9, Eg and Ep are energies for the reactant and product states, which
are represented by Morse potentials for the dissociating bonds plus MM
terms for the rest of system, and ¢, is the electronic coupling, which is typi-
cally treated as a constant or a simple exponential function of some geomet-
rical variables. As can be seen, an important feature of the EVB model is the
mixture of the diabatic states, which is analogous to the valence bond treat-
ment of the hydrogen molecule using the expression of Eq. 9, a flavor of
quantum mechanics. Nevertheless, electronic structure is not explicitly
treated (i.e., no wave-functions) in contrast to combined QM/MM potentials.
Although empirical, the EVB method strives for accuracy by fitting three
key parameters in the Hamiltonian (two diagonal and one off-diagonal ma-
trix elements) to three experimental observables, corresponding to the dis-
sociation energies of the reactant and product states and the free energy of
activation. These parameters are often calibrated to reproduce experimental
activation energy for the model reaction in water, and then, they are used in
enzyme calculations without further adjustments [31].

Before we proceed, it is important to clarify the procedure of parameter
fitting, and its validation. The quantity to be compared in analyzing the ori-
gin of enzyme catalysis is the change in free energy of activation in the en-
zyme relative to an equivalent, uncatalyzed reaction in water. Therefore, it is
reasonable to assume that the computational model that is parameterized
for the aqueous reaction and can reproduce the reduction of free energy
barrier in the enzyme can yield insights on enzyme catalysis. Nevertheless,
we emphasize that it is equally critical to validate the computational model
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for the model reaction in the gas phase to shed light on the intrinsic proper-
ties on structure and energy along the entire reaction coordinate by compar-
ison with gas phase experimental and high-level ab initio results. Thus, only
after the performance of the computational model is validated on gas-phase
properties, can one proceed to examine condensed phase effects on the reac-
tion barrier, in particular, the aqueous solvation effect. The final step is to
model the enzymatic process using exactly the same model that is used to
describe the gas phase and aqueous reactions.

The semi-empirical AM1 model that we use has been validated for several
decarboxylation reactions [16, 48, 49, 50] and for solute-solvent and ligand-
protein interactions by considering bimolecular complexes and free energies
of solvation [42, 46, 49]. It is also important to point out that combined QM/
MM models, even at the semi-empirical level, provide a good description of
the effects of solvation and protein environment on the substrate’s reactivity
because charge polarization by the environment is explicitly treated by QM
calculations [51, 52, 53]. This is in contrast to empirical functions in which
atomic partial charges are typically fixed throughout the calculation without
responding to the dynamic fluctuations of the enzyme and solvent of the
condensed phase system (of course, fixed charge approximation is not a lim-
itation of the EVB model, but a polarizable EVB has rarely been applied to
enzyme reactions) [28].

3.2
Potential of Mean Force

The starting point to understand enzyme catalysis using computational
methods is to determine the potentials of mean force (PMF) along a prede-
fined reaction coordinate for both the catalyzed and uncatalyzed reactions
in water. The PMF yields the free energy of activation, which provides vali-
dation to the potential energy function used to describe the chemical pro-
cess and the interactions with the environment (solvent and/or enzyme). For
the OMP decarboxylation by ODCase, the reaction coordinate is convenient-
ly defined as the distance between the C6 atom of the pyrimidine moiety
and the carbon atom of the carboxylate group of OMP substrate [16]. Al-
though there are two main approaches in free energy simulations, namely
the free energy perturbation method and the umbrella sampling technique
[54], we employ the latter approach in our studies of enzymatic reactions to
obtain the PMF, which is related to the probability density p(R.) at a given
value of the reaction coordinate, R

W(R.) = —RTInp(R.)+C (10)

where C is an arbitrary normalization constant, R is the gas constant, and T
is temperature. In practice, the umbrella sampling calculation is carried out
by modifying the potential energy surface with the addition of a biasing
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potential, which ideally is the negative of the PMF, W(R,) [55]. Therefore,
protein conformations at high energy regions including the transition state
can be adequately sampled in molecular dynamics simulations. It is impor-
tant to note that W(R,) is the free energy of the system that includes both
protein internal energy and protein-substrate interaction energy.

33
Free Energy Decomposition Analysis

The intrinsic binding free energy of the substrate corresponds to the free en-
ergy of transfer from water into the enzyme active site, which is related to
the free energies of “solvation” of the substrate in these two environments.
Here, we use the generic term “solvation” to describe the free energy of
transfer from the gas phase into a specific environment. Computationally,
the free energy perturbation (FEP) method has been established as an ideal
approach for these calculations [54]:

AGY ' = —RTIn< e (V1= Vo)/RT & 0 (11)

sol

where AGY ! is the free energy difference between state 0 and 1, V, and V;
are potential energies of the two states, and the brackets <...>y, indicates the
ensemble average over the potential surface of state 0. Typically, the calcula-
tion of solvation free energy is divided into two steps, first by electrostatic
charge annihilation, followed by a “mutation” of the van der Waals spheres
of atoms into nothing [54]. The latter term is often related to the free energy
of cavitation, and it makes relatively small contributions to the total free en-
ergy of solvation for an ionic molecule. The difference in van der Waals con-
tribution for the substrate in water and in the enzyme would be even smaller
and is considered to have minor effects on the rate acceleration of ODCase
catalysis.

4
Results

4.1
Potential of Mean Force

We have computed the potentials of mean force for the decarboxylation of
N-methyl orotate (NMO) ion in water, which was used by Wolfenden as the
reference reaction, and OMP substrate in ODCase using a combined QM/
MM method in Monte Carlo and molecular dynamics simulations (Fig. 2)
[16]. A separate calculation has been performed for the reaction of OMP in
the gas phase, which yielded a reaction profile similar to that of NMO in the
gas phase, indicating that there is no self-catalysis by the auxiliary phospho-



124 J. Gao et al.

PMF for the Orotate Decarboxylation Reaction
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Fig.2 Computed potential of mean force for the decarboxylation reaction of OMP in
water and in the wild-type enzyme ODCase

ribosyl group, consistent with experiment [56]. The QM method used in
these calculations is the semi-empirical Austin Model 1 (AM1) [57], which
yields an energy of reaction of 35.5 kcal/mol in the gas phase, in excellent
agreement with a value obtained at the MP2/6-31+G(d) level of theory
(36.4 kcal/mol) [24]. In water, the calculated AGf‘fq is 37.2 kcal/mol, com-

pared with the experiment value of 38.5 kcal/mol [1]. Interestingly, there is
little solvent effect on the decarboxylation reaction, which has also been no-
ticed in the work of Lee and Houk using a continuum salvation model in ab
initio calculations [24].

The free energy of activation for the decarboxylation of OMP in ODCase
was estimated to be 14.8 kcal/mol, a reduction of 22.4 kcal/mol relative to
the uncatalyzed reaction in water, which is in agreement with experiment
(15.2 kcal/mol from k.,) [1]. This corresponds to a computed rate enhance-
ment of keu/kaq=2.6x10'%, which may be compared with the experimental
value of 1.7x10". Thus, combined QM/MM simulations yield results in
agreement with ab initio or experimental data for the decarboxylation reac-
tion in the gas phase, in water, and in the enzyme ODCase, and thus, we can
proceed to analyze the computational results to gain insights into the origin
of catalysis [16].

Using the EVB approach, which was calibrated to the aqueous reaction
[28], Warshel et al. also reproduced the experimental free energy of activa-
tion for the catalyzed (OMP) reaction in ODCase. The EVB energy profile
and barrier for the decarboxylation reaction in the gas phase was not report-
ed. Although the computed barrier heights for the enzyme reaction are sim-
ilar in the two computational studies [16, 28], a major difference is that the
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PMF of ODCase D70A-Mutant Reaction
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Fig. 3 Computed potentials of mean force for the decarboxylation reaction of OMP in the
Asp70Ala mutant with and without a chloride ion in the active site

product, the C6-deprotonated UMP, is strongly stabilized by the enzyme to
a free energy similar to that of the reactant state (OMP-ODCase complex) in
the work of Warshel et al. [28], whereas this anion is not stable and is essen-
tially the transition state of the decarboxylation reaction [16]. Early calcula-
tions show that the anion of the decarboxylation reaction is not a stable in-
termediate [16, 24]. Warshel [28] made an important contribution to the
study of the ODCase reaction by analyzing the ionization states of various
charged residues in and near the active site, using a model analogous to a
continuum dielectric representation of the system and the theory of linear-
response approximation (PDLD/s-LRA). In particular, it was found that the
substrate OMP, Asp20, Glu25, Lys42, Asp70, Lys72, Asp75b, Glu78b, Lys82b,
His98, and Arg203 are all ionized, confirming the same ionization state used
in [16] on the bases of examination of interactions in the X-ray structure
and available experiment information [16].

We have carried out two additional calculations: the first is the Asp70Ala
mutant, and the second is the same mutant, but with the inclusion of a chlo-
ride ion in the active site (Fig. 3). The chloride ion was discovered in the
Asp90Ala mutant crystal structure at the site where the Asp70 carboxylate
would reside [21]. Further, it was found that incubation of OMP substrate in
the crystal resulted in the conversion to UMP product during the X-ray dif-
fraction study [21]. Based on these experimental findings, these two simula-
tions were designed and the computed potentials of mean force are dis-
played in Fig. 3. The computed free energy of activation for the OMP decar-
boxylation in the Asp70Ala ODCase mutant is 30.2 kcal/mol, and the inclu-
sion of a chloride ion in the active site of this mutant lowers the free energy
barrier to 21.0 kcal/mol. Recall that the free energies of activation for the
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wild-type enzyme and the uncatalyzed reaction in water are computed to be
14.8 and 37.2 kcal/mol, respectively. Thus, we have a system that encompass-
es a gradual lowering of the free energy of activation by adjusting the elec-
trostatic environment of the active site.

4.2
Intrinsic Binding Free Energy and Enzyme Conformational Energy

The electrostatic component of AAG?S was obtained by computing the elec-
trostatic free energies of “solvation” for the substrate and its corresponding
transition state species in water and in the enzyme through FEP 51mulat10ns
[16]. Table 1 summarizes the results, which reveal that the AAG s term only
lowers the free energy barrier by —2.2 kcal/mol for the enzymatlc reaction
compared to the uncatalyzed reaction in water, which is far from the total
barrier reduction (—22.4 kcal/mol). We note that this does not contradict the
concept of overall transition state stabilization in the catalyzed reaction rela-
tive to the uncatalyzed process because there is 31gn1ﬁcant contribution
from the AAG 7p term. It has been suggested that AAGES must reproduce the
entire catalytic effect [28], but, in fact, it would be surprising if AAG is
identical to AAG7, which implies that the protein does not undergo confor-
mational change, or has the same energies during the reaction. The small
computed value of AAGES indicates that the largest contribution to the re-
duction of the free energy barrier in ODCase is not due to enhanced electro-
static stabilization at the TS. Instead, it originates from the relaxation of
the enzyme conformation from a highly distorted state in the Michaelis
complex to a less distorted conformation in the transition state. Rearranging
Eq. 4, we obtain an estimate of the contribution from enzyme conformation
energy:

AAG}p = AAG” — AAGlg = —22.4 — (—2.2) = —20.2kcal /mol (12)

Table 1 Computed electrostatic free energies (kcal/mol) of transfer for the orotate group in
water (w) and in the enzyme ODCase (p) from the gas phase (g). AAG? is obtained from
potentials of mean force calculations (Fig. 2) and relative free energies are given with re-
spect to the reactant state energy

Reactant State Transition State
AGf;W —66.7 -57.5
AGE —48.9 -41.9
AAG:“UTP 17.8 15.6
AAG;;S 0.0 -2.2
AAGT 0.0 -22.4

AAG}, 0.0 -20.2
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Note that the van der Waals interactions are not included in the AAG?S
term; however, they are expected to be small in going from the reactant to
the transition state in the ODCase reaction because of the relatively small
changes in the substrate’s structure, other than along the C-C distance of
the reaction coordinate [28].

It is important to note that AAGPP is not computed directly. However,
both AAG” and AAG are well-defined and can be computed accurately
[54, 58]. Even if each of the computed AAG” and AAGES terms has an error
of 5 kcal/mol, which is very unlikely [54, 58], it is clear that changes in the
protein’s conformation from a more distorted reactant state to a less desta-
bilized transition state will make major contributions to the reduction of
the activation barrier. This is especially significant in understanding the
ODCase mechanism.

5
The Mechanism of the ODCase Reaction

In analyzing the origin of enzyme catalysis, Warshel and others have advo-
cated the importance of comparing the enzymatic reaction with a reference
reaction in water [32]. In addition, it is also necessary to study the reference
reaction in the gas phase in order to understand the intrinsic reactivity and
the effect of solvation. Thus, to understand enzyme catalysis fully, we must
compare results for the same reaction in the gas phase (intrinsic reactivity),
in aqueous solution (solvation effects), and in the enzyme (catalysis). This is
not possible when there is no model reaction for the uncatalyzed process in
the gas phase and in water, or if the uncatalyzed reaction is a bimolecular
process as opposed to a unimolecular reaction in the enzyme active site.
None of these problems apply to the ODCase reaction. Furthermore, OMP
decarboxylation is a unimolecular process, both in water and the enzyme,
providing an excellent opportunity to compare directly the computed free
energies of activation [1]; this is the approach that we have undertaken [16].
Warshel et al. used an ammonium ion-orotate ion pair fixed at distances of
2.8 or 3.5 A as the reference reaction in water to mimic an active site lysine
residue [32].

Can a ground state destabilization mechanism be possible in ODCase? To
answer this question, we first examine the possibility of TS stabilization,
which can be achieved in many enzymes by changing electrostatic forces
and hydrogen bonding between the substrate and the enzyme along the re-
action path [33, 59]. In the case of the OMP decarboxylation, the change of
the electrostatic feature is a shift of the anionic charge from the C6-carbox-
ylate group to a rather delocalized C6 carbenium ion of the pyrimidine ring.
In order to stabilize the TS, a cationic residue must somehow specifically in-
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teract with the C6 carbenium ion rather than the carboxylate ion. Lys72 is a
likely candidate, which in fact migrates by about 2 A from a hydrogen-bond-
ing position to the 2’-hydroxy group of the ribose to interact with the C6 an-
ion. There are also other changes including Asp70 and Asp75b, to which
Lys72 forms two other hydrogen bonds. If a stron§ electrostatic stabilizing
effect is present, a very negative value in the AAGL¢ term would have been
obtained. Yet, we obtained a value of only —2.2 kcal/mol.

We compared the structures obtained from molecular dynamics QM/MM
simulations with that of the X-ray structure complexed with 6-aza-OMP
transition state analog [16]. When doing calculations of enzymatic reac-
tions, we took great care to make sure that the structures from the computa-
tional model are consistent with those reported in the crystal. The tests pro-
vided by such controls give us a high degree of confidence in the results and
conclusions we are able to draw. In Fig. 4, the computed structures have
been superimposed with the X-ray structure by matching the backbone
atom positions of residues 30-200. The transition state configuration from
the QM/MM simulation closely resembles that of the X-ray structure, where-
as there is greater conformational distortion of the enzyme in the reactant
state (Michaelis complex). Most significant are changes of the side-chain po-
sitions of residues Lys72, Asp70, and Asp75b among others, in a range of 1.5
to 2 A. It is interesting to notice that the phosphoribosyl group is found es-
sentially superimposed with the X-ray structure for both the reactant and
transition state, although they are not included as part of the least square fit
in making the structure superposition. In the reactant state (Fig. 4a), the
orotate ring extrudes forward to minimize electrostatic repulsion with
Asp70. Lys72 forms three hydrogen bonds with Asp72, Asp75b, and the
2'-hydroxy group (Fig. 5). The last hydrogen bond is replaced by interac-
tions with the C6 carbanion in the TS as a result of 2 A conformation change
(Fig. 6). The distance between the side-chain N atom of Lys72 and the car-
bonyl group of the substrate is about 4.5 A in the reactant state and 2.8 A to
the C6 anion in the TS. Similar changes have been found in molecular dy-
namics simulations by Hur et al. [27]

The change in protein conformation illustrated for the reaction has im-
portant implications in the reduction of the observed free energy barrier. In
fact, it is a key to understanding the mechanism of the ODCase reaction.
Figure 7 shows the free energy components indicated by arrows, depicting
the protein distortion energy and intrinsic binding energy. The sum of the
two contributions gives the experimental binding free energy (shown in
blue). The decomposition analysis was done for both the reactant state and
for the transition state for comparison. The computed free energies are
given in Table 1. The formation of the Michaelis complex has an observed
binding free energy of about 8 kcal/mol (from experimental Ky) [1], which
has two contributing factors: (1) the intrinsic binding free energy, and (2)
the protein conformational distortion energy. The intrinsic binding free en-
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A. Michaelis
Complex

B. Transition
State

Fig. 4a,b Comparison of the structures of the Michaelis complex (a) and transition state
complex (b) from molecular dynamics QM/MM simulations of Wu et al. with the X-ray
structure (gray) of ODCase complexed with 6-aza-OMP [16]. Both simulation structures,
which were a snapshot of the system after at least 200 ps molecular dynamics simula-
tions, were superimposed with the X-ray structure on the basis of optimal fit of backbone
atoms for residues from 30 through 200. a Seen in the reactant state are significant side-
chain conformational change, distorted away from the X-ray structure, while the sub-
strate also experience conformational stress. The distortion is widespread, away from
and close to the reactive orotate group. Two water molecules were found to form hydro-
gen bonds with the carboxylate group of OMP in the simulation. b The simulated struc-
ture for the transition state is in remarkable agreement with the X-ray configuration both
for the enzyme and the substrate, suggesting that the protein is less stressed. The two
water molecules noted above diffuse away by more than 5 angstroms
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Reactant State
H-bonding interactions

Fig. 5 Hydrogen bonding interactions for the reactant state. Distances are given in ang-
stroms

ergy of the orotate group was obtained from free energy perturbation calcu-
lations for the reactant and transition state (Table 1). The protein distortion
free energy cannot be computed directly, but its change can be derived from
the computed free energies of activation using Eq. 4. At the TS, the intrinsic
E"S” interaction is enhanced by —2.2 kcal/mol relative to the E'-$ state

Asp70

H-Bonding interactions
for the transition/product state

Fig. 6 Hydrogen bonding interactions for the transition state. Distances are given in ang-
stroms
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Fig. 7 Schematic illustration of the origin of catalysis by the enzyme ODCase. Arrows in-
dicate the free energy decomposition of Eqs. 2 and 3 that separate the binding free energy
into a protein distortion term and an intrinsic substrate-protein interaction component.
The figure shows that the protein has a smaller distortion energy than that in the reactant
state, so the change in protein conformational energy provides the predominant contri-
bution to the lowering of the activation free energy of the catalyzed reaction

(Table 1). At the same time, the protein becomes more relaxed with a much
smaller distortion free energy (about 20 kcal/mol) than that in the E’ state.
Figure 7 also illustrates a mechanism in which the reactant state of the pro-
tein is more destabilized in the Michaelis complex than the transition state.
The destabilization energy at the reactant state is subsequently released dur-
ing the chemical step through protein conformation change to give the re-
markable apparent binding affinity for the transition state.

We attribute the large protein distortion in the reactant state to local elec-
trostatic repulsions of the carboxylate group of orotate and Asp70, and the
hydrophobic environment of the binding pocket surrounding the orotate
moiety (Fig. 8). Clearly, this is not the sole source of electrostatic effects.
This, however, should not be confused by the argument that such repulsive
interactions would have led to protonation of one of the carboxylate groups
at equilibrium [28]. This statement would have been correct if there were no
other interactions in the active site. What such an argument overlooks is
that there is a delicate balance of electrostatic interactions that also provides
stabilization of the anions by a network of ionic interactions in the active
site (Lys42-Asp70-Lys72-Asp75b). Specifically, the two lysine residues (Lys42
and Lys72) provide stabilizing contributions to compensate repulsive inter-
actions. The repulsion from the carboxylate groups pushes Asp70 along with
Lys72 away from the equilibrium positions in the X-ray structure (with the
6-aza-UMP transition state analog) by about 1.5 to 2 A (Figs. 4-6). This re-
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Fig. 8 Electrostatic potentials over the van der Waals surface of the active site environ-
ment for the reactant state. Electrostatic potentials are represented in red for negative po-
tentials, in blue for positive potentials , and in white for neutral potentials. We thank
Ning Wu for making this figure using GRASP

sults in the formation of a third hydrogen bond to the 2’-hydoxyl group from
Lys72. This is absent in the X-ray structure.

The interactions of the ribosyl 2’-hydoxyl on catalysis has been implicat-
ed in experiments with a deoxy-OMP substrate (see below) [60]. The orotate
carboxylate group does not form an ion pair either with Lys72 or Lys42 be-
cause the former would have brought three carboxylate groups to close
proximity causing repulsions to dominate. Lys42 is hydrogen bonded to the
ribosyl 3’-hydroxyl group in the opposite site (Fig. 5). It is this delicate
balance of electrostatic and hydrophobic environment in the orotate binding
site that creates a highly reactive conformational substate of the enzyme that
facilitates the decarboxylation reaction. Clearly, any mutation of these
charged residues will disrupt this critical electrostatic balance in the active
site.

This mechanism is consistent with the computational results listed in
Fig. 3 for the Asp70Ala mutant. The lowering of 7.5 kcal/mol in the free
energy barrier in the Asp70Ala mutant is probably due to electrostatic stabi-
lization in the enzyme active site. The inclusion of a chloride ion in the loca-
tion normally occupied by the Asp70 residue partially restores the electro-
static features of the wild-type enzyme and introduces electrostatic stress
due to interactions between this ion and the substrate carboxylate ion. This
electrostatic stress induces conformational changes with increased protein
distortion energy in the Michaelis complex, contributing a reduction of the
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activation barrier by about 10 kcal/mol [21]. Interestingly, the Asp70Ala
mutant does not show a significant increase in substrate binding affinity be-
cause the active site is rescued by a small ion to maintain the electrostatic
and hydrogen bonding network. The wild-type enzyme introduces addition-
al cooperative interactions by covalently connecting the anionic charge to
the Asp residue, further lowering the free energy of activation by 6.2 kcal/
mol.

It is important to distinguish clearly between the notions of observed and
intrinsic free energies of binding. For similar values of observed free energy
of binding by wild-type and mutant enzymes, their origins in protein distor-
tion and intrinsic binding can be very different. The idea that a reactant
state destabilization mechanism requires very strong intrinsic binding is
nonetheless consistent with a much smaller observed binding free energy.
This is because the observed binding energy is a sum of the intrinsic bind-
ing energy and the protein distortion energy. Thus, one should not expect
that a reactant state destabilization mechanism necessarily requires a very
large observed binding affinity for the substrate [28].

The involvement of protein conformational energy in ODCase catalysis is
reflected by experimental studies cited by Miller and Wolfenden [56]. They
found that ~15 kcal/mol can result from cooperative interactions between
the phosphoribosyl group and the orotate group simply by disconnecting
these two groups [56]. If the enzyme environment were rigid or if interac-
tions within the protein did not contribute to the observed binding energy
and catalytic reaction barrier, there would have not been such large cooper-
ative effects.

One test of a proposed catalytic mechanism is its ability to be applied to
the results of site-directed mutagenesis. In the present case, the effect of
altering any one of the four charged residues (Asp70, Asp75b, Lys42, and
Lys72) can be understood because these changes affect the stability and in-
teractions in the active site so dramatically that the enzyme’s activity is lost
[20]. Furthermore, the catalytic activity could be partially restored by ap-
propriate small ions. What is intriguing is that mutations in the phosphate
binding pocket have large effects on k., but produce only small changes in
Ku. For example, the mutation of Tyr217Ala (yeast ODCase numbering in
the mutation study) increases the barrier height by 4.7 kcal/mol, whereas
the change in binding affinity is about 1 kcal/mol [14]. In fact, Tyr217 is at
least 8 A from the reactive orotate group, making it difficult to argue for a
transition state stabilization mechanism. On the basis of enzyme reactant
state destabilization, the Tyr217Ala mutation reduces hydrogen bonding in-
teractions with the phosphate group. At the same time, it also induces small-
er protein distortion than in the wild-type enzyme. Consequently, these two
factors cancel, giving rise to a small change in K);. However, since the en-
zyme is less distorted in the reactant state, there is less energy released from
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protein relaxation during the chemical transformation, giving rise to greater
reduction in the observed k4 value.

It was predicted that the rate would be decreased if the OMP substrate is
replaced by 2'-deoxyOMP substrate because the hydroxyl group plays an im-
portant role in interacting with Lys72 to stabilize the distorted reactant state
[16]. This was confirmed by the work of Wolfenden and coworkers who
showed that decarboxylation barrier of 2’-deoxyOMP is 4.6 kcal/mol higher
than that of OMP with small binding contributions [60]. In contrast, in a TS
stabilization mechanism this alteration would be expected to increase Ky
significantly with little effect on k., as the loss of hydrogen bonding interac-
tions remains the same both in the reactant and transition state.

6
Conclusions

In this article, we present a reactant state destabilization mechanism that
arises from enzyme conformational distortion induced upon binding of the
substrate. This can account for the remarkable rate increase in the decar-
boxylaiton reaction catalyzed by ODCase. Large protein distortions can re-
sult from unfavorable electrostatic interactions between the enzyme and a
small part of the substrate, although the overall binding interaction is still
favorable. As the decarboxylation of OMP proceeds in ODCase, the protein
conformation becomes less distorted at the transition state in response to
the charge reorganization of the substrate, releasing the reactant state elec-
trostatic stress. Although the reactant is not particularly more stabilized at
the transition state by the enzyme than is the reactant state, the change of
protein conformational energy helps to reduce the overall free energy of
activation. This mechanism is consistent with observations that mutations
away from the active site can have large effects on k., but not on Ky because
of the compensating factors of protein distortion and intrinsic substrate
binding interactions.
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