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Abstract The mechanism of orotidine 5-monophosphate
decarboxylase (ODCase) has been modeled using
hybrid Density Functional Theory (B3LY P functional).
The main goal of the present study was to investigate if
much larger quantum chemical models of the active site
than previously used could shed new light on the mech-
anism. The models used include the five conserved
amino acids expected to be the most important ones for
catalysis. One result of this model is that a mechanism
involving a direct cleavage of the C—C bond followed
by a protonation of C6 by Lys93 appears unlikely, with
a barrier for decarboxylation 20 kcal mol-1 too high.
Additional effects like electrostatic stress and ground-
state destabilization have been estimated to have only a
minor influence on the reaction barrier. The conclusion
from the calculations is that the negative charge devel-
oping on the substrate during decarboxylation must be
stabilized by a protonation of the carbonyl O2 of the
substrate. For this mechanism, the addition of the cata-
lytic amino acids decreases the reaction barrier by
25 kcal mol-1, but full agreement with experimental
results has still not been reached. Further modifications
of this mechanism are discussed. Electronic supplemen-
tary material to this paper can be obtained by using the
Springer LINK server located a http://dx.doi.org/10.1007/
s00894-002-0080-2.
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Introduction

Orotidine 5 -monophosphate decarboxylase (ODCase,
4.1.1.23) catalyzes the decarboxylation of orotidine
5’-monophosphate (OMP) to uridine 5 -monophosphate
(UMP) (Fig. 1). [1] Thisisthe sixth and final step in the
de novo biosynthesis of UMP, which is a major precursor
in the formation of the pyrimidine nucleotides cytosine,
C and thymine, T. ODCase increases the rate of decar-
boxylation by 17 orders of magnitude, [2] thus showing
a remarkable catalytic proficiency. In addition to its pro-
ficiency, the enzyme is also unique in that the lone-pair
of the carbanion generated by loss of carbon dioxide is
localized in an sp? orhital of the o-system of the pyrimi-
dine ring. In other known decarboxylations, the electron
pair remaining after breakage of the carbon—carbon bond
can be stabilized by delocalization either into a 1t orbital
or by a covaently attached cofactor. ODCase contains
no cofactor or metal ion. [3, 4, 5]

Kinetic studies have shown that decarboxylation occurs
in the enzyme at a rate of tens of turnovers per second.
[3, 6, 7, 8] Transition State Theory gives a free energy
barrier of 15 kcal mol-1 for a reaction rate of 14 s1.
K.o/Ky, is around 1.65x107 M-1 s1, [8] An Arrhenius
plot of the enzymatic reaction kinetics gives an enthalpy
of activation AH* z of 11 kcal mol-L. [9] TAS' is then
approximately —4 kcal mol-1 at room temperature.

Porter and Short found [8], in agreement with previous
studies [10] that the enzyme kinetics is governed by two
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Fig. 1 Reaction catalyzed by ODCase
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ionizations (e.g. proton transfers). The first at pH=6.1
(for OMP) depends on substrate and is argued to be a
complex function of ionizations in the purinyl ring and
the phosphate group. The second at pH=7.7 is attributed
to an interacting group on the enzyme. They also found
that the enzyme removes a proton from the solvent when
the product is released. The rate of the catalyzed reaction
is not exceptiond, it is the slowness of the uncatalyzed
reaction that leads to the large rate increase in ODCase.
In a physiological buffer, the substrate has a half-life of
78 million years. The uncatalyzed reaction has an
enthalpy of activation AH*=44 kcal mol-1 (derived from
an Arrhenius plot). The entropy of activation (TAS) is
+6 kcal mol-1, [2] which is in the opposite direction
compared to the enzymatic reaction.

Several proposals have been put forward in attempts
to explain the catalyzing power of ODCase. An early
suggestion was a covalent mechanism involving a nucle-
ophilic attack on C5 of the substrate [11] (for the num-
bering of the atoms, see Fig. 1). However, NMR data,
[12] kinetic isotope effects [10, 12] and inhibitor studies
[3] did not support a covalent mechanism.

Beak and Siegel [13] proposed a protonation of a
carbonyl oxygen (O2) to form a zwitterion that would
stabilize the negative charge developing on C6. Such a
mechanism, referred to as the O2 mechanism, appears
consistent with the experiments discussed above. [3, 10,
12] Experiments with 2-thioOMP (where O2 has been
substituted by S) show that this compound is not a
substrate, [3] while at the same time the corresponding
product, 2-thioUMP, is a mixed inhibitor of the active
site. [14] These observations have been explained by a
severely decreased binding affinity for the substituted
substrate. [15] There is no direct evidence of O2
involvement in the catalytic reaction, but the results
described above imply that O2 has an important role,
either in substrate binding or in both binding and catalysis.
On the other hand, reactions with 4-thioOMP proceed
without significant decrease in rate, [3] which is a strong
argument against decarboxylation via a protonated O4
intermediate.

The O2 mechanism was favored until Lee and Houk,
[16] on the basis of quantum mechanical calculations on
the substrate, showed that protonation of O4 is more
favorable than protonation of O2. Later calculations [17]
showed that O4 protonation does not give a viable decar-
boxylation mechanism, having a barrier of 34 kcal mol-1.
At the same time the barrier for decarboxylation via pro-
tonated O2 was shown to be even higher, 51 kcal mol-1,
and these calculations therefore seemed to rule out both
the O2 and the O4 mechanisms. Four different X-ray
structures with different inhibitors have been published.
[18, 19, 20, 21] In these structures, there are no obvious
proton donors close to O2 or O4. The Lys93 (yeast
enzyme numbering) that was earlier shown to be essential
for catalysis [22] islocated in a perfect position to stabilize
negative charge developing on C6 and to donate a proton
to this atom during the reaction. Lys93 is, together with
Lys59, Asp9l and Asp96, part of a charged network that
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Fig. 2 X-ray structure of ODCase with a bound inhibitor (BMP).
Only selected amino acids are shown. A and B denote different
subunits

isinvariant in all species. [23] Asp96 forms a hydrogen
bond to 22OH of the ribose ring and Lys59 binds to
3'OH (Fig. 2). Substitutions of any of these four charged
amino acids for alanine give undetectable activity, except
for the L59A mutant enzyme, where k. is reduced by a
factor of 130. [24]

Other invariant amino acids at the active site are
GIn215 (hydrogen bonding to O2 and phosphate),
Arg235 (hydrogen bonding to phosphate), Asp37 (hydro-
gen bonding to 3' OH) and Thr100 (hydrogen bonding to
2'0OH). [23] Mutation studies have shown that Q215A
does not affect the reaction kinetics [24] while the muta-
tions R235A, D37A and T100A have a significant effect
on both K, and k.. [25, 26]

The interactions with the phosphate group are inter-
esting since Miller et a. have shown that k., decreases
by 5 orders of magnitude for orotidine (without the phos-
phate group) compared to orotidine 5'P. k /K, decreases
by seven orders of magnitude. [27] The contribution to
the binding affinity generated by the phosphate group
changes with substrate. It is largest for the proposed TS
analogue BMP (6-hydroxyuridine 5" phosphate). [28] This
implies that the phosphate group assists in the differential
binding of reactant and transition state.

The appearance of X-ray structures triggered new
mechanistic proposals. None of the structures were crys-
tallized with a carboxylated substrate so the position of
the carboxylate group is not well determined. By addi-
tion of a carboxylate group to C6 of the BMP inhibitor,
this negative group comes within 2.4 A of the negatively
charged Asp91l. [21] This observation made three groups
suggest that the enzyme works by electrostatic destabili-
zation of the reactant. [18, 20, 21] The repulsion
between carboxylate and Asp91 should then be relieved
by a decarboxylation that transfers negative charge to
C6. Wu et al. [20] also carried out QM/MM calculations
and claim that substrate destabilization is the significant
catalytic effect. Ground state destabilization has also
been proposed previously by other groups. [16, 29]

Warshel and Floridn argue against ground state desta-
bilization on general grounds. [30] For an enzyme working



in subsaturating conditions, a ground state destabiliza-
tion would not increase k.,/K,, which is the important
kinetic factor for an enzyme. Specifically for ODCase,
Warshel et a. clam that calculations with the EVB
method show that the effect of ground state destabiliza-
tion is not very important. [31] On the basis of the calcu-
lations they suggest a mechanism where C6 is protonated
directly by Lys93, and that the important catalytic effect
comes from a reduction of the protein—protein reorgani-
zation energy.

Different studies of kinetic isotope effects have been
made, trying to resolve the mechanistic questions of OD-
Case. Smiley et al. studied 13C kinetic isotope effects and
found that decarboxylation is at least partly rate deter-
mining. [10] Using 13C and deuterium solvent studies,
Ehrlich et a. found evidence for a stepwise mechanism
where a protonation step precedes decarboxylation. [32]
This first protonation step could involve O2 and be the
first of the two ionizations that Porter and Short
observed. [8] It has, however, been argued that the
observed isotope effect could arise from substrate binding
or from protein conformational changes rather than O2
protonation. [18, 33] Rishavy and Cleland carried out
studies with N1 and compared the kinetic isotope
effects for orotidine 5 -monophosphate with those for
N-methy! picolinic acid. Their conclusion is that no bond
order change occurs at N1 during the reaction, [33]
which seems to be required in the O2 mechanism. How-
ever, in a recent paper, Phillips and Lee show, using
computational methods, that the 15N1 kinetic isotope
effect is consistent with both O2 and O4 protonation. [34]

In summary, there is no general agreement regarding
the mechanism of ODCase. Experimental results alone
cannot at this stage determine the reaction mechanism.
Important contributions can be made from further com-
putational studies. The main purpose of the present study
is to investigate whether larger quantum mechanical
models can resolve some of the issues concerning the
mechanism. Previous studies have indicated a particularly
important role for the charged aspartate and lysine
groups at the active site, but so far no theoretical study
has incorporated these into the quantum chemical part of
the model. Asit turns out, the present calculations do not
support the direct protonation mechanism involving an
electrostatic stabilization of the transition state suggested
previously. Therefore, the alternative O2 and O4 mecha-
nisms were also reinvestigated, using larger models than
in previous studies, and also incorporating information
from the X-ray structures that appeared after the previous
studies.

Computational details

All calculations are performed using the DFT hybrid
functional B3LY P [35, 36] as implemented in Gaussian98.
[37] The calculations are done in severa steps. Geome-
tries are first optimized using the d95 basis set, which is
a double zeta basis set. [38] The same basis set is used

121

also for the Hessian calculations, i.e. second derivatives
of the energy with respect to the nuclear coordinates.
Optimized structures are accepted if the Hessian only has
positive eigenvalues. The Hessians are also used to
estimate zero-point, thermal and entropy effects on the
relative energies, applying the harmonic approximation.
If not stated otherwise, the results in the paper are free
energies, which include corrections for solvent and
thermal effects.

Transition states (TS) are obtained by full optimiza-
tions. The energy surface close to the TS is investigated
by scanning one or more bond distances. The Hessian
from a reasonable guess structure is used to locate the
TS. TSs are characterized by a single negative eigenvaue
in the Hessian. In one of the reaction models, there is no
energy barrier on the energy surface and a barrier can
only be found by separately adding the entropy contribu-
tion. The free energy of the reaction has then been studied
by freezing the reaction coordinate at different points
between reactant and product.

Following the geometry optimization, the energy is
calculated using d95+(2d,2p), with polarization func-
tions added to all atoms and diffuse functions added to
the heavy atoms. Optimizing with a small basis set is
sufficient since the final energy is rather insensitive to
the quality of the geometry optimization. [39] To check
the influence of the choice of basis set in the optimiza-
tion, a reaction barrier was calculated following optimi-
zation with the 6-31G(d,p) basis set. Only a minor
change in the barrier height (—0.3 kcal mol-1) was found.
The inherent accuracy of the B3LYP method has been
estimated using the extended G3 benchmark set. [40]
Excluding the set of 75 enthalpies of formation for large
molecules, which are not very relevant when studying
reaction mechanisms where only a few bonds are formed
or broken, the B3LYP functiona has an error of
3.29 kcal mol-1 (301 entries). To estimate the accuracy
of the calculated B3LY P barriers for the present system,
accurate G2M S calculations [41] were performed on two
small models. G2MS calculations gives a 4 kcal mol-1
higher barrier for a TS involving proton transfer (direct
protonation mechanism below) but only a 1 kcal mol-1
higher barrier for unconcerted cleavage of the C6-car-
boxylate bond (02 mechanism).

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. Corrections for solvent effects
are caculated using the CPCM polarizable conductor
model (Cosmo). [42, 43] The radii of the solvent mole-
cules are taken from the parameters for water.

As further described below, several different models
of the active site are used in the calculations. The sub-
strate orotidine is generally modeled as deprotonated
1-methylorotorate. In some calculations, parts of the
ribose ring have been added. Lysine residues are modeled
by methylamine while methylamide has been used for
glutamine. Aspartates are generally modeled as formate
ions.
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Fig. 3 Schematic drawing of the three major reaction mechanisms
proposed for ODCase. Note that the O2 and O4 mechanisms
require a shift of a proton from the hydroxyl group to C6 in order
to complete the reaction

Results

Three major groups of reaction mechanisms have been
proposed for ODCase as illustrated in Fig. 3. The upper
mechanism is the one (with different modifications) that
is at present favored by most researchers in the field.
[20, 21, 44, 45] In this mechanism, which will be termed
the direct protonation mechanism, Lys93 donates a pro-
ton to C6 of the orotidine ring concerted with (or after)
cleavage of the C—C bond between the ring and the car-
boxylate. In the second major group of mechanisms, the
middle one in Fig. 3, akey step is a protonation of O2 of
the orotidine ring which triggers the loss of the carboxylate
at the C6 position. This mechanism will be termed the
02 mechanism. Finaly, in the third group of mecha-
nisms, the lower onein Fig. 3, protonation of O4 leads to
the loss of the carboxylate. The O4 mechanism appears
to be the one used in the uncatalyzed reaction. [17]
Experiments indicate that this mechanism is less likely
for the enzyme. [3] A summary of the most important
models used in the present study is shown in Table 1.

The direct protonation reaction mechanism

A large number of models, differing in size and charge,
were used to study the direct protonation mechanism,
shown uppermost in Fig. 3. In the first and simplest
model (Model 1 in Table 1), only the deprotonated sub-
strate and the protonated Lys93 were included, see
Fig. 4. The calculated barrier for this model is as high as
37 kcal mol-L, rather close to the uncatalyzed reaction
with 38 kcal mol-1, [2] and much higher than the experi-
mental value of 15 kcal mol-1 for the enzyme. In the gas
phase optimization, lysine donates its proton to the car-
boxylate in the reactant. If the structures are optimized in
a low-dielectric medium, the substrate stays negatively
charged and the barrier decreases by 2 kcal mol- to
35 kcal mol-1. For more elaborate models the effect of

Reactant
(0 kcal mol 1)
Fig. 4 Reactant and TS in the simple model with Lys93 (Model 1).
The number 1.40 is the N-H bond distance (in A) in the reactant.

The numbers 2.08 and 1.51 are the C—C and C—H bond distances
(inA)atthe TS

the surrounding would probably be smaller. The result
from the gas phase optimization (37 kcal mol-1) agrees
well with that obtained for a similar model by Warshel et
al. [31] (around 38 kcal mol-1).

In this simple model, the strong interaction in the
reactant between Lys93 and the carboxylate group is one
reason for the large barrier. When carbon dioxide is
formed in the product, this interaction energy will be
essentially zero. One way to decrease this attractive
interaction in the reactant is to add the nearest negative
aspartate (Asp91) to the model (Model 2). Indeed, this
leads to a weaker electrostatic attraction between the
carboxylate and the lysine with a hydrogen bond in the
reactant being weaker (the bond length increases from
1.4 A without the aspartate to 1.7 A), but there is only a
minor effect on the reaction barrier (-2 kcal mol-1).

In the next set of models, the conserved amino acids
Lys59 and Asp96 were added in different steps and in
different configurations but no TS lower than 35 kcal mol-1
could be found.

One problem with the above models was to correctly
describe the hydrogen bonding pattern. The specific
arrangement of the charged network might be an important
feature of the enzyme. It is known from the X-ray struc-
ture that Lys59 and Asp96 have hydrogen bonds to 3' OH
and 2'OH of the ribose ring, respectively. To obtain a
stable charged network, a new model was designed
where 2’0OH and 3'OH in the ribose ring were included
together with the four conserved amino acids (Model 3).
A starting geometry for this optimization was constructed
using the coordinates from the pdb-file 1DQX. [19]
There is no structure available with the substrate present,
so the carboxylate group was simply added to the BMP
(6-hydroxyuridine 5'phosphate) inhibitor in this pdb-
structure. It is in such an unoptimized structure that the
carboxylate comes very close to Asp9l, causing some
authors to propose a destabilization mechanism. [18, 20,
21] In order to keep the general structure from the X-ray,
an initial optimization with restrictions was performed.
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Table1 Summary of model

size and AG? for the most Model  Amino acids Charge  AGH Comments
important models (keal mol-)
Direct protonation mechanism
1 Lys93 Neutral ~ +37
2 Asp9l, Lys93 -1 +35
3 Lys59, Agp9l, Lys93, Asp96 -1 +35 2'- and 3'-OH included
4a Lys93, Asp, water Neutra  +32 Hydrogen bond to O2
4b Lys93, Asp, water Neutra  +31 Hydrogen bond to O4
5 Asp91, Lys93 Neutral  +45 Substrate protonated
02 mechanism
6 No amino acids Neutra  +50 Substrate protonated
7 Lys59, Asp9l, Lys93, Asp96  Neutral — +42 Substrate protonated, 2’ -
and 3'-OH included
8 Lys59, Asp9l, Lys93, Asp96,  Neutral +26 Substrate protonated, 2’ -
and 3'-OH included
GIn215, water
9 Lys93, GIn215, water +1 +37 O2 protonated, concerted TS
04 mechanism
10 Lys59, Asp9l, Lys93, Asp96  Neutral 50 (small basis)  Substrate protonated, 2’ -

and 3'-OH included

The outer carbon atoms on the amino acid models were
frozen with respect to each other, to an atom in the oroti-
dine ring (N3 hydrogen) and to 3'C of the ribose. To get
asimilar flexibility for the lysine and aspartate residues,
aspartate is modeled as acetate instead of formate in this
extended model. The restrictions were then released to
find a fully optimized minimum (Fig. 5). A fully opti-
mized TS structure was found using the methods
described in the computational section. The calculated
barrier for this reaction is 35 kcal mol-1, which is much
higher than the experimental value of 15 kcal mol-1.
Indeed, there is almost no difference between the result
of this extended modédl, including al the nearest conserved
and charged amino acids, compared to the results for the
simplest model with only one lysine (Model 1). In spite
of the large variations in the models used, the barrier is
thus remarkably stable.

Before proceeding to other models, a few remarks can
be made on the TS structure in Fig. 5. It can, for example,
be noted that the C—C bond is stretched to 2.88 A when
the proton is transferred. Thisisin contradiction with the
interpretation of Kinetic isotope effects made by Singleton
et al. who state that in the catalyzed process in the
enzyme the CO, loss should occur earlier than in the
uncatalyzed reaction (where it is estimated to occur at
2.4 R). [17] The energy of the TS shows that Lys93 does
not significantly affect the C—C bond stretch in this TS.
When comparing with the 1-methylorotorate substrate
only, the energy cost to stretch the C—C bond to 2.88 A,
isthe same as for Model 3.

As the conserved charged network did not have a sig-
nificant stabilizing effect on the TS in the investigated
models, other effects were sought. A viable alternative
for stabilizing the negative charge on the substrate is to
provide protons to the carbonyl oxygens as previously
suggested. [13, 16] Hydrogen bonds to either O2 or O4
would aso improve the situation since they would be
stronger in the TS compared to the reactant. A single
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Lys59 -

Reactant
(0 keal mol ™)

Fig. 5 Reactant and TS for the extended model with an intact
charged network with Lys59, Afgl, Lys93 and Asp96 (Model 3).
At the TS the C—C bond is 2.88 A and the C-H bond is 1.76 A

hydrogen bond to a glutamine or a protonated aspartate
did not lower the barrier by more than 1 kcal mol-1. The
most significant effect was obtained by forming hydro-
gen bonded chains between Lys93 and O2 (Model 4a) or
O4 (Model 4b), via an aspartate (formic acid) and one
water (Fig. 6), which lowered the barrier by up to
6 kcal mol-1. However, this arrangement does not corre-
spond to the X-ray structure, but can be taken as an
upper limit for this type of effect.

Harris et al. suggested that the assumed proximity
between two negative groups could make them a probable
site for protonation. [21] A very strong hydrogen bond
would then be formed between carboxylate and Asp91,
which is argued to assist in catalysis. Since the UMP
product has one extra proton compared to the OMP
reactant, it is obvious that this extra proton has to be
supplied to the active site during the catalytic cycle. At
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Fig. 6 TSfor amodel with a hydrogen bonding link to O2 (Model
4a). Numbers represent bond distancesin A

first it seems reasonable that the negative charge devel-
oping on C6 would be stabilized if the extra proton is
available at the TS. To investigate this possibility a
neutral model with a protonated substrate, one protonated
lysine and one deprotonated aspartate was used (Model
5). The addition of a proton turned out to increase the
barrier for decarboxylation by 8 kcal mol-1, which is
opposite to the suggestion made. The increase of the
barrier is interpreted as the cost to break two strong
hydrogen bonds in the reactant, between carboxyl-
ate-Asp91 and between carboxylate-Lys93. Several
other positively charged models were tried but none
showed a reaction barrier lower than 37 kcal mol-1. The
results indicate that protonation of the active site
impedes the decarboxylation reaction.

In conclusion, a large number of models of the direct
protonation reaction mechanism, where C6 is protonated
by Lys93, have been studied. In the largest model, al the
amino acids in the charged network on the carboxylate
side (Lys59, Asp91, Lys93 and Asp96) were included in
the correct hydrogen bonding configuration. However,
even in this model a much too high reaction barrier of
35 kcal mol-! was found. In the modeling of this reac-
tion, it furthermore seems that the conserved charged
network has no significant effect on the reaction barrier,
which is a quite astonishing result. The lowest barrier
found for this mechanism is 31 kca mol-%, including
strong hydrogen bonding chains from Lys93 to O2 or
04, but these chains have no support from the X-ray
structure. The conclusion drawn at this stage is that the
true reaction probably differs significantly from the
models described above.

Electrostatic stress and geometric strain

The present results for the direct protonation mechanism
disagree with results from previous calculations by
Warshel et al. [31] The final barrier obtained for the
direct protonation mechanism in the present calculations
is too high, 35 kcal mol-1, while the lowest barrier
obtained by Warshel et a. is only 19 kcal mol-L, in
reasonable agreement with the experimental value of
15 kcal mol-. The barrier calculated without taking the
surrounding protein into account, using an orotidine plus
lysine model only, is in fact similar in the two studies,
37-38 kcal mol-1, and therefore the discrepancy between
the two investigations seems to come from the treatment
of the protein, which indeed is very different. In this
section these differences are analyzed.

The major differences between the models used by
Warshel et a. and the present Model 3 can be described
as follows. In the present model both the substrate and a
significant portion of the active site amino acid residues
are treated quantum mechanically, while the rest of the
protein is described simply as a dielectric medium. In the
model used by Warshel et a. only the substrate and one
lysine are treated quantum mechanically. On the other
hand, the whole protein is described explicitly, although
only at a classical level. Furthermore, Warshel et al.
argue that the enzyme acts mainly through electrostatic
effects, which in their modeling are described by ionizing
certain amino acids in the vicinity of the active site. The
most important ionized residues are the Asp9l and
Asp96, and in a model having only these two amino
acids charged (described classicaly), and using a quantum
chemical model including only the orotidine substrate
and Lys93, Warshel et al. obtained a barrier of
24 kcal mol-1. A further decrease down to 19 kcal mol-2,
in close agreement with the experimental value of
15 kca mol-1, was obtained by adding additional
charged amino acids in their calculations. At this point it
should be noted that the main electrostatic effects found
by Warshel et al., i.e. from the nearest aspartates, are
aready taken care of fully quantum mechanically in
Modd 3, see Fig. 5. Therefore, their result of 24 kcal mol-1
for the barrier for a model including only the aspartates
as charged residues is very puzzling, since the present
calculations give a quantum mechanical value of
35 kcal mol-2 for avery similar chemical model.

Severa alternatives have been proposed to explain
how enzymes decrease reaction barriers, among those
are destabilization of the reactant (by protein—substrate
interactions), destabilization of the protein in the reactant
(accomplished in the folding process) or pure TS stabili-
zation. Destabilization of the reactant (often referred to
as the ground state) by the protein as a mechanism for
catalysis has been a common suggestion for ODCase.
[16, 18, 20, 21, 29] Such a destabilization might be
accomplished either by electrostatic effects or by geo-
metric strain. In a first attempt to estimate possible
repulsive effects between the substrate and the protein,
the proton affinity of the orotidine carboxylate group,



with and without the surrounding enzyme residues was
calculated. If there is a significant repulsion between the
substrate carboxylate and a negative group in the enzyme
(Asp9l for example), the proton affinity of the carboxylate
would increase in the enzyme compared to OMP in a
water solvent. Several models were used, with and with-
out geometric constraints relative to the X-ray structure,
and the largest effect from the protein obtained on the
proton affinity is only 6 kcal mol-1, which is not enough
to support any significant repulsion between Asp91 and
the substrate carboxylate.

The reactant (ground state) destabilization mechanism
has previously been criticized by Warshel et a. [31] on a
similar basis as discussed above. It was argued that a posi-
tive lysine residue located in between negatively charged
groups effectively removes large repulsive effects. In
addition, if the system were to have a significantly
increased proton affinity due to repulsion, a negative group
could easily accept a proton from the protein to relieve
this repulsion. The reactant (ground state) destabilization
mechanism has aso been questioned by Miller et a. [24]
Their studies of substrate binding in mutated enzymes do
not show an increase in binding of OMP in the D91A
enzyme where the assumed repulsion has been removed.

The other type of effect for destabilizing the binding
of the reactant, geometric strain, is not properly modeled
in a free optimization procedure as used here. In general,
it is not considered that strain is an important catalytic
effect for enzymes, but here an upper limit of such an
effect is investigated. The maximal strain effect for
decreasing the barrier should be obtained by freezing the
amino acids in the positions they have in the TS. If the
reactant is bound to the protein with the amino acids
totally frozen from the TS structure, the binding energy
is lowered by 13 kcal mol-1 as compared to the fully
optimized structure. Such an extreme strain in the protein
cannot occur, of course, but a decrease of the barrier by
13 kcal mol-1 is still not enough to give agreement with
experiment. A more realistic estimate of a possible strain
effect israther that it isless than 5 kcal mol-1.

Warshel and coworkers argue that, instead of destabi-
lizing the reactant, the enzyme is preorganized to stabilize
the TS. [30, 46, 47] In asolvent like water, energy hasto
be invested to polarize the solvent in the TS, but this is
not necessary in the preorganized enzyme. This energy
contribution to catalysis comes from interaction between
charged enzyme residues, and is termed electrostatic
stress by Warshel et a. [31] Their calculations indicate
that, if the catalytic effect comes from electrostatic stress
in the protein, a large part of this stress should come
from the Asp91-Asp96 repulsion, and therefore the issue
of electrostatic stress should be possible to investigate
using Model 3.

An interesting difference between the present model
and the one used by Warshel et d. is that in the present
calculations the positions of the selected protein residues
are freely optimized for both the ground state and the
TS, while in the study by Warshel et al. arelaxed version
of the crystal structure is used. The hypothesis of electro-
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static stress should have two implications for the present
model. First, since the total energy for the TS cannot be
lowered by a less optimal structure of the protein, the
difference between the results indicates that the reactant
has been stabilized too much. The full optimization, asin
the present study, could give a reactant structure with too
small an electrostatic repulsion, i.e. too low in energy,
resulting in the too high barrier. Second, if the enzymeis
preorganized for the TS, the present fully optimized TS
model should give a structure in close resemblance with
the X-ray structure.

These implications of the electrostatic stress hypo-
thesis were investigated using the Asp91-Lys93-Asp96
complex, which includes the amino acids found by
Warshel et al. to be the most important ones. The interac-
tion energy of the amino acids was calculated quantum
mechanically for the X-ray structure (1DQW) [19], and
for the presently optimized TS and reactant structures.
The interaction energies were obtained by subtracting
the energy of the three individual amino acids from the
energy of the total system. A 6-311+(2d,2p) basis set
was used. For the X-ray structure hydrogen atoms have
to be added, and the exact positions of these were deter-
mined in a B3LYP/d95 geometry optimization keeping
the heavy atoms fixed.

Comparing the amino acid interaction energy in the op-
timized TS with that of the X-ray structure, the quantum
mechanical calculations give a difference of only
2 kcal mol-1, with a stronger interaction for the optimized
TS. This result thus supports the hypothesis that the pro-
tein structure is optimized to stabilize the TS. On the other
hand, comparing the interaction energy in the optimized
reactant with that of the X-ray structure, the interaction
energy of the optimized reactant is only 5 kcal mol-! larg-
er, indicating that the maximum electrostatic stress that
could be introduced for the reactant is of this order of
magnitude. This is much smaller than the effect of 14
(=38-24) kcal mol-1 obtained by Warshel et a. for the
model having only Asp91, Lys93 and Asp96 charged. [31]

A difference between the present investigation and
the calculations by Warshel et al. is that the interaction
energy is here calculated quantum mechanically, while
Warshel et al. used point charges to include the electro-
static effects. In the present study, the amino acids
(including hydrogen atoms) were replaced by Mulliken
point charges. Using Mulliken charges the interaction is
found to be 4 kcal mol-1 weaker in the TS compared to
the X-ray structure, to be compared to 2 kcal mol-1
stronger as was obtained from the quantum mechanical
calculations. Furthermore, the difference between the
optimized reactant and the X-ray structure is less than
1 kcal mol-1 if point charges are used, as compared to
5 kca mol-1 in the quantum mechanical calculation.
These results show that the Mulliken point charges do
not reproduce the quantum mechanical values very well.
However, the effects are of the same order of magnitude,
and it can be concluded that electrostatic stress in the
reactant of Model 3 may be underestimated by no more
than 5 kcal mol-1 in the present calculations.
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As mentioned above, Warshel et a. included charges
to represent also a larger part of the enzyme. In order to
investigate if charges outside the largest model used
(Model 3) play a significant role, all aspartate, gluta-
mate, histidine, lysine and arginine residues within 12 A
from the substrate in the Saccharomyces cerevisiae
(yeast) enzyme were added as point charges to Model 3.
The Mulliken atomic charge populations for these resi-
dues were calculated with B3LYP using the d95 basis
set. Single point energy calculations (B3LY P/d95) were
then made for the reactant and the TS with the additional
amino acids modeled as atomic point charges at the same
positions as they have relative to the phosphate group in
the pdb-structure. In what is considered as the most
likely protonation state (aspartates, glutamates and phos-
phate negative, histidines neutral, lysines and arginines
positive) the reaction barrier decreased, but only by
3 kcal mol-1, which is nearly insignificant in the present
context. By varying the protonation states of these amino
acids, effects on the reaction barrier from -3 to
+4 kcal mol-1 were found. As a comparison, Warshel et
a. found that different protonation states of this
surrounding to the active site have a slightly larger effect
on the energy barrier, making it decrease by up to
7 kcal mol-L.

To summarize, possible deficiencies in the protein
description in the present modeling of the direct protona-
tion reaction mechanism, both with regard to electrostatic
stress and geometric strain, have been investigated in
this section. These estimates also give an upper limit to
the catalyzing effects of some previous proposals for
ODCase. The results are summarized in Table 2. For the
electrostatic effects a maximum of about 5 kcal mol-1
could be estimated to be missing in the largest model
calculations. For the effect of geometric strain, a maxi-
mal unrealistic value of 13 kcal mol-1 was calculated. It
should be noted that since this latter value is obtained by
guantum mechanical calculations it includes possible
electrostatic effects. It is therefore concluded that the
error in the calculated barrier due to the protein modeling
is probably significantly lower than 10 kcal mol-2, while
the error as compared to experiment is about
20 kcal mol-1.

The significant contribution of these calculations is
that they indicate problems with all proposals related to
the direct protonation mechanism. These mechanisms
have too high barriers. Other significant effects have to
be added, or other mechanistic proposals have to be
investigated.

The O2 mechanism

Since a low enough reaction barrier could not be found
for a direct protonation reaction mechanism, the atten-
tion was switched to the previously suggested mecha-
nism where the carbonyl oxygen O2 is protonated prior
to decarboxylation, [13] see Fig. 3. Even before the
X-ray determination of the structure, this mechanism

Table2 Estimated stabilizing effects on the reaction barrier of
ODCase for some selected proposals (from the section on electro-
static stress and geometric strain). Note that the effects are not in
general additive

Proposal Maximum  Comment
effect
(kcal mol-1)
Reactant destabilization 6 From calculation of proton
affinity
Geometric strain 5 Completely rigid enzyme

gives 13 kcal mol-1
From interaction energies
Point charges

Preorganization energy 5
Long range electrostatics 3

was seriously criticized since quantum mechanical calcu-
lations on the substrate showed that protonation of O2
led to a very high barrier. [16, 17] The rejection of the
02 mechanism was further supported by the X-ray struc-
ture, which did not show any obvious proton donor in
the vicinity of O2. The present renewed investigation of
the O2 mechanism was motivated mainly by the failure
to confirm the direct protonation mechanism and by the
fact that the O4 mechanism is considered unlikely exper-
imentally. The idea is to investigate if the detailed prop-
erties of the protein environment could affect the ener-
getics of the O2 mechanism. This mechanism is further
consistent with several early experiments, [3, 10, 12] and
it can, for example, explain why there is no activity for
the 2-thioOM P substrate, where O2 has been replaced by
asulfur. [3, 14] When the substrate with this substitution
was modeled it was indeed found that the proton affinity
of the O2 position decreased by 8 kcal mol-1 (small basis
set), which would be enough to explain the loss of activity.
However, this observed lack of activity, seemingly in
favor of the O2 mechanism, has later been shown to be
explained by a severely decreased binding affinity for
the substrate. [15] Still, this explanation is not evidence
against the O2 mechanism, which therefore remains a
valid possibility.

Another feature that could be taken as support for the
02 mechanism is that the X-ray structures showed that
the conserved GIn215 is located next to the O2 position.
GIn215 also hydrogen bonds to the phosphate group,
which has been shown to be important for proficient
catalysis. [28] One possibility could be that the phosphate
group loses a proton when it binds in to the positive
group Arg235. The proton is then transferred to O2 viaa
hydrogen bonding chain involving GIn215. This scheme
might fit into the kinetic analysis by Porter and Short [8]
showing that the first step could be a complex function
of ionizations (e.g. proton transfers) in the pyrimidinyl
ring and the phosphate group.

The O2 mechanism is modeled in two steps. The first
step is to protonate O2 and the second step is to decar-
boxylate the protonated substrate, see Fig. 7. In order to
obtain the cost for protonating O2, a reasonable ground
state first has to be defined. In line with Singleton et a.,
[17] the protonated carboxylate was chosen as the
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Fig. 7 Modeling of the O2 mechanism in two steps. The proton
transfer from O2 to C6 has not been modeled

ground state, since this structure has the lowest energy in
the model system. Modeling the substrate in the gas
phase, Singleton et al. found a very high cost for pro-
tonating the carbonyl oxygen (42.1 kcal mol-1), but a
reasonable barrier for decarboxylation (8.4 kcal mol-1).
The total barrier is thus 50.5 kcal mol-1. Using a homog-
enous medium with €=4, the barrier for protonating O2
was found to decrease by 11 kcal mol-1, to 31 kcal mol-1,
while the barrier for decarboxylation increased by a sim-
ilar amount to 20 kcal mol-1. The total barrier was thus
still 51 keal mol-2. The inclusion of solvent effects stabi-
lized the charge-separated carboxylate intermediate (spe-
cies2in Fig. 7) but had a very limited effect on the total
reaction. These compensating effects, making the specific
value of the dielectric constant unimportant were dis-
cussed aready by Beak and Siegel. [13] The decarboxyl-
ation transition state for the substrate (Model 6) was
found at a bond distance of 2.4 A. This transition state
was localized by stepwise increasing the C—C bond, and
adding entropy effects separately as described in [17]
Thermal effects (including entropy) lower the barrier by
approximately 3 kcal mol-1 at this point. A norma TS
search cannot be successful since the energy without
entropy effects increases monotonically with increasing
bond length. To make the O2 mechanism plausible, the
addition of amino acid residues from ODCase both must
decrease the energy for protonating O2 and decrease the
decarboxylation barrier.

The model is extended by including the four conserved
amino acids Lys59, Asp91l, Lys93 and Asp96. To keep the
amino acid residues in positions resembling those in the
X-ray structure, the outer carbon atoms on the amino acid
models were frozen with respect to each other, to one
atom in the orotidine ring (N3 hydrogen) and to the 3' C of
the ribose (Model 7). This model gives a decarboxylation
barrier of 12 kcal mol-1. To calculate the barrier for this
large model, it is assumed that the TS occurs at a C-C dis-
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Fig. 8 Reactant structure (Model 8) used for calculating the cost
of O2 protonation. Frozen atoms are marked with X

tance of 2.4 A, asin Model 6. Previous calculations have
indicated that the potential energy surface is rather flat in
this region [17] and test calculations confirm this. To fur-
ther save computational time, the large basis set used to
calculate the reaction barrier for the O2 mechanism has
been d95+(d,p) instead of d95+(2d,2p). No calculation of
thermal effects through a Hessian was made for this large
model since the frozen coordinates imply that the system
isnot at atrue extremum. Instead, the thermal effects from
Model 6 were used. The magor entropy contribution
should be in the release of CO, and that effect is already
included in a small system. 12 kcal mol-1 is a quite low
barrier compared to 20 kcal mol-1 obtained by treating the
protein as a dielectric medium only. The lowering of the
barrier for decarboxylation is probably due to the hydro-
gen bonding possibilities to two negatively charged
aspartates for the positive lysine to compensate for the
loss of contact with the carboxylate during decarboxyla-
tion. Since the proton affinity of O2 in this model is still
low, the total reaction barrier is as high as 42 kcal mol-2.

To improve the model at the O2 side, the conserved
GIn215 is included. In one of the X-ray structures [20]
water is present between GIn215 and O2. Since the pro-
ton affinity of O2 was found to increase if a water mole-
culeis present at this position, it isincluded in the model
in Fig. 8 (Model 8). For this model, the energy required
to move a proton from carboxylate to O2 decreases from
31 kcal mol-1 in Model 6 (without any amino acids) to
7 kcal mol-1. A major part of the effect arises from the
stabilization of a proton at O2 by groups that are capable
of forming strong hydrogen bonds.

To obtain the barrier for the whole process, the barrier
of 12 kcal mol-! for decarboxylation (obtained from
Model 7), can be combined with the cost of 7 kcal mol-t
to move the proton to O2 (obtained from Model 8). This
leads to an estimated energy barrier of 19 kcal mol-1,
which is in reasonable agreement with experimental
results. However, if the calculations for the decarboxyla-
tion step is performed using the larger model in which
the GIN215-H,0 is present at O2 (Model 8), the barrier
for this step becomes 7 kcal mol-1 higher and the total
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Fig.9 TS for decarboxylation of an O2 protonated substrate
(Model 8). The total barrier for decarboxylation is 26 kcal mol-1.
Completely frozen atoms are marked with X. The number 2.4
represents the frozen bond distance in A

barrier increases to 26 kcal mol-1 (Fig. 9), which is
then significantly higher than the experimental value of
15 kecal mol-L. This result shows that, the more stabilized
the proton is at the O2 side, the less it participates in sta-
bilization of the negative charge on C6 at the transition
state for decarboxylation.

Furthermore, if the thermal properties are considered,
experiments indicate that the entropic contribution
increases the barrier by 4 kcal mol-1 [9]. This does not
appear to be consistent with a mechanism with uncon-
certed release of CO, (as in the O2 mechanism), since
the entropy contribution for this process decreases the
barrier (by about 3 kcal mol-1). A tighter TS complex
should better explain the thermal data of the catalyzed
reaction. Therefore a concerted reaction with Lys93 was
attempted for a model where O2 is protonated. Since the
O2 protonation decreases the energy to stretch the C—C
bond, it might lower the barrier of a concerted reaction.
Stretching of the C—C bond also increases the proton
affinity of O2. However, when C6 becomes protonated
by Lys93, the O2 proton must leave to avoid a positively
charged product. Therefore the O2 proton must have a
possibility to leave at the end of the reaction. A concert-
ed TS where CO, and the O2 proton leave at the same
time as Lys93 donates a proton to C6 might be a possi-
bility. In a model with Lys93 and GIn215-H,0 at 02
(Model 9), no such TS could be found, but only a TS
where the proton has adready left O2 for the
GIn215-H,0 complex. The calculated energy barrier for
this reaction is 37 kcal mol-1 (Fig. 10), i.e. the same as
for the model where O2 is not protonated, as discussed
in the previous section on the direct protonation reaction
mechanism.

In addition, the recently published Q215A mutation
experiment, showing that the reaction proceeds at the
same rate in the mutant, seems difficult to incorporate
into a picture where O2 protonation is crucial. The muta-
tion result is unexpected, since it has also been shown
that O2 is important for substrate binding, and the only
interaction between O2 and the enzyme is through

GIn215

Fig. 10 TSfor aconcerted reaction where a proton is available at
O2 to decrease the strength of the C—C bond (Model 9). Numbers
represent bond distancesin A

GIn215. Possibly another group performs the same func-
tion in the mutated enzyme.

An aternative possibility to resolve the present dis-
agreement with experiments might be to consider the
suggestion that OMP binds in with the base rotated 180°
around the glycosidic bond compared to the position of
the inhibitors in the X-ray structures. [15] A mechanism
starting from such a structure would suffer from the
same general problem as the O2 mechanism, the low
proton affinity of O2. Calculations on a simple model
with alysine at O2 shows that this residue does not pro-
tonate O2 when the C—C bond is extended. The energies
for stretching the C—C bond are similar to the ones with-
out enzyme residues (Model 6). This mechanism thus
also suffers from a barrier which is much too high, at
least in this small model.

In summary, the present results give a lower barrier
for the O2 mechanism than for the direct protonation
mechanisms. By adding five conserved amino acid resi-
dues, the barrier decreases by 25 kcal mol-1 (from
51 kcal mol-1 to 26 kcal mol-1) but still does not reach
agreement with experimental results. For the O2 mecha-
nism there is thus a stabilizing effect from the conserved
amino acids around the active site, while no such stabili-
zation was found for the direct protonation mechanism.
However, the computed barrier for the O2 mechanism is
till about 11 kcal mol- higher than the experimental
value. This might be due to inadequate modeling. It is
known from experiments that the phosphate group has a
large influence on k ;. Mutations of other amino acids
also decrease the reaction rate. The present model does
not take these effects into account. As experimental data
seem to favor a concerted mechanism, the most natural
aternative at this stage seems to be a concerted mecha-
nism with O2 protonated, but with a more accurate treat-
ment of the phosphate group and the other conserved
amino acids surrounding the substrate.



The O4 mechanism

The significant stabilization of the transition state in the
ODCase reaction by protonation of one of the carbonyl
oxygens is an important result reached here and which
was also found previously. [16, 17] The previous calcu-
lations, performed on a model containing only the sub-
strate, favored protonation of O4 by 16 kcal mol-1 com-
pared to O2. If the four conserved amino acids close to
the carboxylate group are included in the model (Model
10) a similar result is obtained. Another important result
of the present study is that the enzyme residues close to
02 significantly increase its proton affinity, and if the
different protein surroundings of the two carbonyl
groups are taken into account the favorable energetics
for protonation of O4 compared to O2 is removed.

On the basis of the X-ray structures, where Lys93 is
far away from O4, Houk et al. have proposed a new ver-
sion of their O4 protonation mechanism, where Lys93
protonates O4 mediated by a water molecule. [48] Such
a mechanism was investigated in the present study and a
barrier of 30 kcal mol-1 was obtained. Adding an aspar-
tate between the water molecule and O4 (leading to
Model 4b) gives a similar result (31 kcal mol-1). The
corresponding mechanism with a bridge to O2 (Model
4a) is shown in Fig. 6. In the optimized transition state
for decarboxylation the proton still remains on Lys93.
Thus, the suggested addition of a water molecule does
not change the energetics significantly.

It can be concluded that the present results do not rule
out the O4 protonation mechanism. Still, the O4 mecha-
nism was not treated further in this study, mainly because
it seems to be unlikely from experimental evidence as
mentioned in the introduction.

Conclusions

The present theoretical study shows that several issues
still have to be clarified before the catalytic proficiency
of ODCase can be fully understood. In high level calcu-
lations including five conserved amino acids, the calcu-
lated barrier for decarboxylation, without protonation of
02 or 04, is 20 kcal mol-1 higher than the experimental
result. Calculations using the coupled cluster G2MS
method do not give any indications that the B3LYP
method should overestimate the barrier. On the contrary,
a dight underestimation is more likely. Effects of
charged groups and electrostatic stress in the active site
do not lower the barrier significantly (see Table 2). The
direct protonation mechanism with Lys93 is therefore
not supported by the present results, since this type of
mechanism does not stabilize the TS sufficiently.
Significant stabilization of the TS has only been
found when a carbonyl oxygen of the substrate is pro-
tonated, which is in line with previous studies. [16] The
energy required to perform this protonation is signifi-
cantly lower than previously obtained in the gas phase.
[17] For a decarboxylation mechanism involving O2

129

protonation, the addition of five conserved amino acids
decreases the barrier by 25 kcal mol-2, but still does not
reach agreement with experimental results. The calcula-
tions on the largest models show that O2 protonation is
not disfavored compared to O4 protonation, which isin
contrast to previous results from gas phase calculations.
Involvement of O2 seems more likely since experimental
results strongly suggest O2 rather than O4 protonation.
[3, 14] There are also more interesting structural features
near O2.

On the basis of the present results it can be concluded
that a plausible reaction mechanism should involve pro-
ton transfer to O2 concerted with cleavage of the C-C
bond, and after that proton transfer from O2 concerted
with protonation of C6 by Lys93. At present it is not
possible to adequately model such a mechanism, due to
limitations in the size of the computational model. For
this reason, the influences of the phosphate group [28]
and the amino acids binding to this group [25] have so
far not been investigated. To study the importance for
kes Of D37 and T100 as indicated by mutation experi-
ments and the effect of the 2’ OH group [26] also require
larger models than presently afforded. An extension of
the model system to include these amino acids and a
larger part of the substrate might be done using QM/MM
methods.

Supplementary material

Cartesian coordinates for the optimized structures of
Model 1-10 are available in PDF format.
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