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Molecular dynamics simulations have been used to derive the
structures of ground (orotidine-5’-monophosphate decarbox-
ylase-orotidine 5’-monophosphate; ODC-OMP) and intermediate
(ODC-intermediate; ODCI™) states in the ODC-catalyzed decarboxyl-
ation of OMP. For comparison, a molecular dynamics simulation of the
conformers of OMP dissolved in water was also studied. This struc-
tural information is unavailable from present crystal structures. The
electrostatic network in the active site around the carboxylate moiety
of OMP exhibits remarkable stability. The conformation of enzyme-
bound OMP is very similar to the conformation of OMP in water. Thus,
the proposed Circe effect mechanism for ODC catalysis is unlikely.
Comparison of ground state and intermediate state structures shows
that on decarboxylation C6 takes the position of the carboxylate O8.
This significant movement of the ligand is accompanied by a place-
ment of the C6 carbanion in the vicinity of the protonated Lys-93 and
is enforced by a change of the 203-218 loop from an unstructured
form to an ordered B-hairpin. Previously proposed mechanisms in-
volving protonation at 02, O4, or C5 have in common internal
stabilization of the anionic intermediate by conjugation with positive
charge on the pyrimidine ring. These mechanisms are not supported
because there are no proton sources near 02, 04, and C5. We propose
that the stabilization of intermediate ODCI~ is achieved by move-
ment of the carbanion toward the external cation Lys-93 on decar-
boxylation and organization of the 203-218 loop. Because the inter-
mediate and transition state are energetically similar, stabilization of
the former decreases the free energy content of the latter.

rotidine-5’-monophosphate decarboxylase (ODC; EC

4.1.1.23) catalyzes the decarboxylation of orotidine 5'-
monophosphate (OMP), the final step in the de novo biosynthesis
of uridine 5’-monophosphate (UMP). The chemistry of OMP
decarboxylation is unusual in that the electron pair developing on
formation of the carbanion intermediate (I7) cannot be stabilized
by delocalization through 7r bonds. This inability to stabilize I~
results in a very slow reaction in water (t;, = 8 X 107 years) (1).
ODC accelerates this reaction by 17 orders of magnitude without
using any metal ions or cofactors, or without forming a covalent
intermediate. These features have attracted much attention to the
mechanism of this enzyme, which is still not known.

Mechanisms proposed to date can be categorized according to
the protonation state of the intermediate (Scheme 1): the inter-
mediate that does not follow any protonation step before decar-
boxylation (I7), the intermediate protonated at O2 (O2(H*)I™), of
the intermediate protonated at O4 (O4(H*)I") or at C5
(C5(H*")IN). Although there have been abundant experimental and
theoretical studies, each study has appeared to support a different
mechanism.

Decarboxylation of OMP without prior protonation has been
suggested on the basis of the examination of crystal structures of
ODCrinhibitor complexes (2, 3). In the following quantum mechan-
ics/molecular mechanics study, electrostatic repulsion between the
substrate carboxylate and Asp carboxylate has been proposed to be
the driving force for the decarboxylation (2). Such ground state
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Scheme 1.

destabilization was rationalized in terms of the Circe effect, where
the binding energy of the nonreactive part of the substrate is used
to gear the reactive part of the substrate toward the transition state.
This mechanism, however, could not explain the profile of inhibitor
binding affinities where the negative charge at the C6 position is
preferred to a neutral one (4). Ab initio calculations have shown that
0O2- or O4-protonation of OMP lowers the activation barrier for
decarboxylation by 22-24 kcal/mol in the gas phase (5). Experi-
mentally determined normal N kinetic isotope effects (KIEs) at
N1 suggested no change in the bond order of N1 before decarbox-
ylation (6), but in the following computational study, calculated >N
KIEs at N1 were rather insensitive to the bond order change (7).
Recently, a mechanism involving an enamine protonation at C5 has
been proposed as the first step in the decarboxylation reaction (8).

Choices between the proposed mechanisms are made difficult
mainly by the lack of reliable information regarding the ground
state geometry of enzyme-substrate complexes. Crystal structures
with inhibitors or products have played an important role, but the
exact location of the catalytic sites relative to the substrate is elusive
from the available crystal information. Recently, the crystal struc-
ture with OMP bound to the active site was solved for an Asp-70/
Lys-73 double mutant of Methanobacterium thermoautotrophicum
enzyme (corresponding to Asp-91/Lys-93 in yeast enzyme), but the
position of the Asp-70/Lys-73 relative to the OMP’s carboxylate
remains to be solved. Long-term molecular dynamics (MD) simu-

Abbreviations: ODC, orotidine-5'-monophosphate decarboxylase; OMP, orotidine 5'-
monophosphate; |-, carbanion intermediate; MD, molecular dynamics; BMP, 1-(5'-
phospho-B-p-ribofuranosyl)barbituric acid.
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lation is appropriate to obtain such information. In this paper, we
describe results based upon a 2.5-ns simulation of ODC-OMP,
1.5.ns simulations of intermediate ODC-I~, and 700-ps simulation
of OMP free in water.

Methods

Yeast enzyme [PDB ID code 1DQX (9)] was chosen for all MD
simulations to take advantage of the enzyme structure complexed
with 1-(5’-phospho-B-D-ribofuranosyl)barbituric acid (BMP),
which most resembles the geometry of ODC-OMP among crystal-
lized ODCinhibitor complexes. All four residues of the catalytic
tetrad (Lys-59—Asp-91-Lys-93—-Asp-96*) were modeled assuming

D91

Stereoviews of the active site. The structures are averaged structures of each simulation. The interaction distances are provided in Table 1. WAT,

both Lys entities to be protonated and Asp carboxylates to be
ionized. The force fields and atomic charges for the ribosyl and
phosphate moieties of OMP and I~ were used directly from the
standard CHARMM?27 parameters. The charges and parameters for
the pyrimidine base were obtained by MP2/6-31+G*//RHF/6-
31+G* calculations. Final charges of the pyrimidine portions are
summarized in Table 5, which is published as supporting informa-
tion on the PNAS web site, www.pnas.org.

OMP was docked into the active site by replacing the C6-
hydroxide group of the BMP inhibitor in the crystal structure by a
C6-carboxylate group. To model the decarboxylated intermediates
the C6—C7 bond force was eliminated. After completion of docking

Table 1. Electrostatic interaction distances between ligand and ODC

Distance, A
Interaction Ligand - - - Enzyme ODC-OMP OoDCI~ ODC-BMP?*
Carboxylate binding 08 - -+ Asp-91(0%2) 3.49 £ 0.23 4.43 = 0.83
08 - -+ Asp-96(0°") 4.08 = 0.30 7.86 = 0.98
08 - - - Lys-93(N9) 2.70 £0.10 5.38 = 1.33
C6 - -+ Asp-91(0%) 5.79 = 0.22 4.02 +=0.18 2.82
C6 - - - Asp-96(0°") 5.34 = 0.27 3.99 £ 0.20 4.24
C6 - - - Lys-93(N%) 4.89 £ 0.15 2.82 +£0.10 2.70
Ribose binding 02’ -+ - Lys-59(N9) 2.99 = 0.44 4.48 +0.23 4.84
03’ - - Lys-59(N¢9) 3.83 = 0.47 2.87 £ 0.14 3.16
03’ - - Ser-35(07) 2.89 £ 0.20 3.45 £ 0.26 3.58
03’ - -+ Asp-37(0%?) 6.92 = 1.48 2.84 + 0.34 2.86
Phosphate binding Phosphate O - - - Arg-235(N"?) 2.85 = 0.35 2.74 £ 0.12 2.84
Phosphate O - - - Arg-235(N"") 294 034 2.90 = 0.25 2.82
Phosphate O - - - Tyr-217(OH) 2.60 £ 0.09 2.62 = 0.09 2.68
Phosphate O - - - GIn-215(N¢2) 4.30 = 0.36 3.28 + 0.60 5.19
Capping loop 02--- GIn-215(N¢2) 3.23 + 0.45 3.43 + 0.39 4.01
04 - - - Ser-154(N) 2.96 £0.20 3.31+0.33 2.78
04 ---Ser-154(0v) 3.41+0.22 3.97 £ 0.24 3.76
04 - - - Cys-155(57) 3.56 = 0.47 6.05 = 0.49 5.88

TODC-BMP data are taken from the crystal structure of ref. 9.
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Table 2. Positional fluctuation of protein residues involved in
electrostatic interactions with OMP

Positional
fluctuation, A

Interaction Residue C« Side chain®
Carboxylate-binding domain Asp-91 0.28 0.37
Lys-93 0.31 0.36
Asp-96* 0.38 0.43
Ribosyl-binding domain Lys-59 0.28 0.37
Ser-35 0.37 0.53
Asp-37 0.81 0.37
Phosphate-binding domain Tyr-217 0.46 0.55
Arg-235 0.38 0.71
Capping loop Ser-154 0.37 0.45
Cys-155 0.44 0.57
GIn-215 0.49 0.52

TAverage values over all heavy atoms of each amino acid except for the
backbone atoms C%, N, C, and O.

of each ligand, the ODC'ligand complex with crystallographic water
was energy-minimized and solvated into a sphere of TIP3P water
molecules (18) (sphere radius = 45 A). This water sphere solvates
the whole dimeric enzyme, and the sphere boundary is more than
25 A apart from the closest active site. For the simulation of OMP
free in water, a TIP3P water sphere of radius 25 A was used and the
position of O1’ of OMP was fixed at the center of the sphere during
the simulation to prevent the molecule from drifting toward the
boundary. The stochastic boundary condition was used for all
simulations and the program CHARMM?25 was used for implemen-
tation of the simulations. Details of the methods are also included
in the supporting information on the PNAS web site.

Results

ODC is catalytically active as a dimer. Each active site is located
at the opening end of the triose-phosphate isomerase (TIM)-
barrel and is surrounded by several loops from the same unit and
two loops from the other subunit. Comparison of single-turnover
and steady-state turnover kinetics has shown that the two active
sites are catalytically independent (10). In this paper, only active
site A will be discussed for all three simulations, and residues
from B subunit will be designated with * (i.e., Asp-96*).

The dynamics structure of ODC-OMP exhibits several features
quite different from the crystal structure of the enzyme-inhibitor
complex (ODC-BMP). The crystal structure of ODC-BMP was
found, however, to be quite similar to the MD simulation structures
of ODCI". A large structural change in ODC occurs when OMP
undergoes decarboxylation. This is mainly due to the posmonal
movement of I~ by ~2.2 A and the accompanying change in the
protein loop structure (residues 203-218). These changes alter the

hydrophobic contact regions of the pyrimidine ring and the solvent-
accessible part of the ligand. The interaction mode of ODC-OMP
and ODC:I~ are presented in stereoview in Fig. 1 4 and B,
respectively. The average interaction distances are provided in
Table 1, in comparison with those found in the crystal structure of
ODC-BMP. To understand the following material the reader
should refer to Fig. 1.

Electrostatic Interaction Between ODC and OMP. Except for two
hydrophobic residues (Pro-202 and Ile-97*), the substrate is bound
mostly by electrostatic interactions. These electrostatic interactions
are divided into four categories: (7) the carboxylate-binding pocket;
(if) the ribosyl ring-binding pocket; (iif) the 5'-phosphate-binding
pocket; and (iv) the pyrimidine-capping loop.

The carboxylate-binding pocket consists of Lys-93, Asp-91, and
Asp-96*, where the carboxylates of the two Asp residues rigidly
position the protonated amino group of Lys-93. These Asp car-
boxylates do not face directly with the carboxylate of OMP. Lys-93
intervenes between the Asp-96* and OMP carboxylates at an
08+Asp-96(0?!) distance of ~4.0 A. A water molecule (WAT1) is
bridged between the Asp-91 and OMP carboxylates and, along with
Lys-93, alleviates the electrostatic repulsion.

The ribosyl-binding pocket is formed by Lys-59 and Ser-35. The
protonated amino group of Lys-59 is positioned between the ribose
C2'- and C3’-hydroxyl groups, and the Ser-35’s hydroxyl group is
hydrogen bonded to the C3’-hydroxyl O. Although Asp-37 is
initially hydrogen bonded to the C3’-hydroxyl group, the backbone
of Asp-37 moves away from the active site at ~500 ps after the
initiation of the dynamics. This O3'-Asp-37(0??) interaction re-
mains in the MD simulations of ODC-I . In kinetic experiments the
Asp-37 — Ala mutant showed a 6-fold increase in Ky, and a 50-fold
decrease in k¢, compared with the wild type (11). The importance
of this interaction for the catalysis appears to be in intermediate
binding, rather than in substrate binding.

The doubly negatively charged phosphate group of OMP forms
double salt bridges with the guanidino group of Arg-235 as well as
a hydrogen bond with the hydroxyl group of Tyr-217. Although one
would suppose the ionic interaction of the phosphate--Arg-235 to
be strong, the interaction suffers rather large fluctuations. The
guanidino group of Arg-235 appears to be in an unfavorable
conformation when OMP is bound, having an ~30° distorted
improper angle around N (see Fig. 14). The guanidino group of
Arg-235 is also hydrogen bonding to a water molecule (WAT?2) that
is bridging between the phosphate and O2 of the substrate. Al-
though this region is highly exposed to solvent, the bridging water
does not exchange with other waters. Also, the positions of all three
atoms of WAT2 are well defined by maintaining three distinct
hydrogen bonds: WAT2(H1)-02, WAT2(H2)-phosphate group,
and WAT2(O)~Arg-235 (Fig. 1A4).

Loops formed by residues 203-218 and 153-160 envelop the
pyrimidine ring. The amide group of the GIn-215 in the loop

Fig. 2.  Stereoview of two structures [ODC-OMP
(gray) and ODC:I~ (orange)] superimposed by
matching the backbones of the enzyme. Lys-59-
Asp-91-Lys-93 are perfectly well matched in these
two structures and colored by standard atomic
color definition along with OMP. L1 is formed by
residues 154-160, L2 is by 125*-130%, and L3 is by

loop _203-218 loop 203-218
- L1
MP
5 L2
Lys59
; Lys93
Asp91
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Fig.3. Structure of the loop 203-218 in ODC-OMP (A) and ODC:I~ (B). Alphabet
symbols identify interactions as follows: a, 203(0)--218(HN); b, 205(HN)--218(0);
¢, 209(0)--217(HN); d, 211(0)--215(HN). Hydrogen bonds a and b are very strong
for both structures. In A no other hydrogen bonds between the loop backbones
are observed. This is different from B, where B-hairpin structure is formed by
additional ¢ and d interactions. The distances shown (A) are between heavy
atoms.

203-218 is hydrogen bonded with N3. From the loop 153-160, the
backbone amide N and the hydroxyl of Ser-154 interact with O4,
and the thiol group of Cys-155 weakly interacts with O4.

The four protein regions described exhibit different flexibilities
during the dynamics. Table 2 shows the positional fluctuation of
each residue when C* atoms of the active sites are matched.
Asp-91-Lys-93-Asp-96* from the carboxylate-binding pocket and
Lys-59 from the ribosyl-binding region have the smallest fluctuation
values (=0.3 A) and are almost perfectly superimposable when
matching each of the ten 100-ps-averaged structures. This tetrad
(Lys-59-Asp-91-Lys-93-Asp-96*) has been shown to be perfectly
conserved during evolution (3). Going farther from the carboxy-
late-binding pocket, the degree of mismatch increases. Arg-235
frequently changes the interacting mode with the substrate phos-
phate group and has a large thermal fluctuation value of 0.71 A in
its side chain. Tyr-217 in the phosphate binding domain and
residues from the ligand-capping regions show significant motions
in the backbones. This backbone fluctuation is seen in the whole
loops of 203-218 and of 153-160.

Electrostatic Interaction Between ODC and I-. When superimposing
the active site structure of ODC-I~ (Fig. 1B) to the active site of
ODC-OMP, one observes the following. Residues that are rigid in
ODC-OMP, such as Lys-59, Asp-91, Lys-93, and Asp-96*, preserve
positions on going from ODC-:OMP to ODC-I~ while the ribosyl-
and phosphate-binding domains rearrange and the structure of the
loop 203-218 changes (Fig. 2).

When COs is released from OMP, the CO, molecule drifts away
from the Asp-91-Lys-93—-Asp-96* region and is captured by the
Phe-89 aromatic hydrogen and the Ile-183 methyl hydrogen. Con-
currently with removal of the CO, from the carboxylate-binding
pocket, the O8-Lys-93 interaction in ground state is replaced by the
C6-Lys-93 interaction in intermediate states (Fig. 2). C6 is 4.89 A
apart from Lys-93(N¢) in ODC-OMP, whereas it is 2.82 A in
ODC 1. Because Lys-93 is rigidly held by Asp-91 and Asp-96*, the
above change occurs by repositioning of the pyrimidine ring closer

Table 3. Contact areas between the loop 203-218 and
surrounding loops (L1, L2, and L3 are defined in Fig. 2)

Area, A2
Contact OMP 1=
Loop 203-218/L1 68 64
Loop 203-218/L2 1 10
Loop 203-218/L3 17

Hur and Bruice

Table 4. Solvent-accessible surface area (SASA) of each moiety
from different ligands

SASA, A2
Moiety OMP -
CO2 1.9 0.1
Cc6 T 0.1
Ribose 15.7 3.4
Phosphate 5.1 6.3
Pyrimidine 2.4 0.6

fIn OMP, SASA of C6 is included in the SASA of the pyrimidine.

to Lys-93. This, in turn, necessarily involves the movement of the
whole ligand, including the ribosyl and phosphate moieties, in the
same direction as the pyrimidine movement (Fig. 2). This shifting
of the position results in the ribosyl 3'-hydroxyl interacting with
Asp-37 instead of Ser-35 and rearrangement of ligand capping loop
203-215 in the intermediate state.

Loop Conformation Change. The loop 203-218 is formed by crossing
the backbone over itself (Fig. 3). At the intersection, the hydrogen
bonds of 203(0)--218(HN) and of 205(HN)~218(0O) fix the edges
of the loop in place, whereas the remainder is free to move. When
ODC-OMP is converted into ODC'I™, this loop becomes a B-
hairpin (Fig. 3). This conformational change appears to relate to the
size of the ligand. When the carboxylate group is eliminated from
OMP the space between the capping loop and the carboxylate-
binding pocket reduces by ~2.2 A. As the capping loop of 203-218
becomes buried into the protein in the intermediate state, it forms
new contacts with other protein domains (Table 3). The increases
in contact result in a more closed packing of the 203-218 loop and
its conversion to a B-hairpin structure. It has been previously shown
by crystallography that this loop is in a completely open form in a
ligand-free enzyme without having any contact with L1, L2, and L3,
but becomes closed upon inhibitor binding (9). In our simulation,
the loop structure not only depends on the absence or presence of
a ligand but also is sensitive to the size of the ligand. This finding
suggests significant motion during the catalysis.

Solvent-Accessible Surface Area (SASA) and Hydrophobic Contact.
SASA study shows that the enzyme-bound OMP is extensively
exposed to solvent water, but the decarboxylated intermediate is
not (Table 4). Significant decrease of SASA in the ribosyl moiety
can be attributed to the change in the capping loop, which envelops
the ring more extensively in ODC-I~ than in ODC-OMP. Unlike the
ribose ring, the pyrimidine ring and the carboxylate group are fairly
protected from solvent even in the ground state. This protection is

,3.85(cg)
I d
, 3.65(cg)

Fig. 4. (A) Corey-Pauling-Koltun (CPK) model of OMP with Pro-202/Ile-97.
Heavy atom distances of hydrophobic contacts (less than 4 A) are shown for OMP
(B) and I~ (C). Contacts with Pro-202 are designated by dashed arrows and
contacts with lle-97 are by solid arrows. The interaction distances marked by
“(cg)”" are interactions with Pro-202(C) and the rest are with Pro-202(CF).
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A Active Site

achieved by hydrophobic contacts with Pro-202 and Ile-97. These
residues flank the two faces of the pyrimidine ring (Fig. 44). Only
certain parts of the pyrimidine ring are subject to these hydrophobic
interactions. Most interesting is the observation that the regions of
contact become quite different on going from ODC-OMP to
ODCI~ (Fig. 4). N1 and C6 suffer strong pressure from Pro-202
and Ile-97 in ODC-OMP, whereas C2 and C4 form strong contacts
in ODC-I". This shifting is due to the movement of the ligand as
depicted in Fig. 2, while Pro-202 and Ile-97 remain stationary in the
protein structure.

Conformation of OMP in Water and Enzyme. The conformation of
OMP bound to the active site was compared with the conformer
free in water (Fig. 5). All of the dihedral angles in the active site
were reproduced in one of the water-phase conformers. This water
conformer occupies ~10% of the total ground state population
in water and geometrical resemblance of this conformer to the one
in the active site suggests no external strain by enzyme residues. In
particular, the dihedral angles around the carboxylate group are
similar in the two environments because the intramolecular hydro-
gen bond between the 2'-hydroxyl group and the carboxylate favors
such a geometry. Lys-93 in the active site merely stabilizes this angle
so that no exchange of positions between O8 and O9 occurs. The
water-bridged hydrogen bond between the phosphate and O2 are
observed in both environments.

Discussion

Two MD simulations of ODC in aqueous solvent have been
performed. In one simulation ODC is complexed with the
substrate OMP and in the other simulation ODC is complexed
to the carbanion intermediate I~ formed by OMP decarboxyl-
ation (Scheme 1). The comparison of ground state and inter-
mediate states shows that decarboxylation of OMP in the ODC
active site occurs with significant changes in the position of
ligand and the conformation of the protein loop involving
residues 203-218. Also, the structure of ODC-OMP in the MD
simulation is noticeably different from the crystal structure of
ODC with the inhibitor BMP. On the basis of the observation of

9672 | www.pnas.org/cgi/doi/10.1073/pnas.142307099

Fig. 5. MD simulation snapshot of OMP ge-
ometry in the active site (A) and in a water
sphere (B). The dihedral angles shown are av-
erage values and standard deviations.

B Water

our simulations, we have reexamined the previously proposed
mechanisms in Scheme 1.

Reexamination of Circe Effect. One of the explanations for OMP
decarboxylation involves the binding energy of the nonreactive part
of the OMP being used to force the OMP carboxylate toward the
carboxylate of Asp-91 (Circe effect) (2). This juxtaposition of the
carboxylates is proposed to induce shifting of the electron density
away from the OMP carboxylate to catalyze decarboxylation. This
mechanism requires the following conditions. First, the direction
that the protein attracts the nonreactive part of OMP (i.e., ribose-
phosphate moiety) should be opposite to the direction that Asp-91
repels the OMP’s carboxylate. Also, the binding domain for the
nonreactive part of OMP should be stiff enough to exert a strain.
Second, the Circe effect mechanism presumes that the ODC-bound
structure of OMP is unstable.

In our simulation of ODC-OMP, the active site surrounding the
ribose-phosphate regions is very flexible, as shown in the positional
fluctuations in Table 2. Arg-235 has been proposed to be essential
in providing the binding energy for distortion, but the guanidino
group enjoys significant motions. In addition, Arg-235 does not
attract the phosphate moiety, as proposed, in such a direction that
Arg-235 can bring the substrate’s carboxylate into the proximity of
Asp-91 (Fig. 14). By mutant experiments Tyr-217 has also been
shown to contribute to catalysis as much as does Arg-235 (12).
However, orientation of Tyr-217 relative to the OMP’s phosphate
makes it unlikely that Tyr-217 pushes the substrate’s carboxylate
toward Asp-91.

Indeed, the OMP’s carboxylate does not directly confront the
carboxylate of Asp-91 in its equilibrium state of ODC-OMP com-
plex (Fig. 6 and Fig. 14). Lys-93 and WAT1 shield the negative
charges. In experiments, mutation of Asp-91 into Ala did not
enhance the binding affinity of the substrate (13) and inhibitors with
negative charges at C6 position show greater binding affinities
compared with neutral ones (4). Most importantly, the enzyme-
bound OMP is not in an unstable form. This is shown by the fact
that all of the dihedral angles of OMP when in the active site are
exactly reproduced when OMP is in aqueous solution (Fig. 5).

Fig. 6. Electrostatic interaction network
near the carboxylate moieties. The dis-
tances (A) are averaged values from
ODC-OMP (A) and ODC:I~ (B) simulation,
respectively.
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Fig. 7.  Electrostatic network near 02 of OMP, showing the unlikely proton
transfer relay from solvent water — Arg-235 — WAT2 — O2.

The importance of the phosphate—enzyme interaction (12) can
be attributed to correct positioning of the OMP’s carboxylate.
Without the phosphate bound to the Arg-235/Tyr-217, the sub-
strate’s carboxylate might prefer more readily accessible Lys-59 to
deeply buried Lys-93.

Reexamination of 04 or C5 Protonation Mechanism. A initio calcu-
lations have shown that O4 and CS have high proton affinities and
that protonation at either of these moieties reduces the activation
energy in the gas phase for decarboxylation by a significant amount
because of delocalizing the electron pair through 7 bonds (Scheme
1). However, the absence of required acidic moieties in the vicinity
of O4 and C5 makes these proposals unlikely. Our simulation of
ODC-OMP shows that O4 constantly forms several hydrogen bonds
with the protem residues, none of which are acidic (Fig. lA)
Although there is a water molecule within ~3.7 A of C5, which is
hydrogen bonded to the carboxylate of OMP (Fig. 1A4), the same
water is present when OMP is in aqueous solution. There is an
absence of any acidic group that could pass a proton through this
water. Also, C5 is mainly protected by hydrophobic contact with
Pro-202 and Ile-97 (Fig. 4).

Reexamination of 02 Protonation. In gas phase the proton affinity of
04 is ~15 kcal/mol higher than that of O2, but the activation
energies for decarboxylation are similar when starting from either
protonated OMP (7). One might conclude that the reaction path via
O2(H")I™ might be favored in certain environments where O2
becomes basic and the proton source is activated. In the ODC-OMP
structure specific hydrophobic interactions with the pyrimidine ring
increase the basicity of O2 (Fig. 4). A water molecule (WAT2)
exists as a bridge between O2 and the terminal phosphate, and the
WAT?2 oxygen is hydrogen bonded to the protonated guanidino
group of Arg-235 in the active site (Fig. 14). WAT2 is the only
source from which O2 can be protonated. Transfer of H* from
WAT?2 to O2 must be concerted with transfer of H* from Arg-235
to the incipient HO ™. This must be in turn followed by H* uptake
by the neutral Arg-235 from bulk water solvent. It should be noted
that Arg-235 is exposed to solvent. This hypothetical proton relay
from bulk water solvent — Arg-235 — WAT2 — O2 of OMP (Fig.
7) could be proposed to be involved in decarboxylation reaction by
means of O2 protonation. However, the Arg235Ala mutant shows
only 100-fold drop in kcu, resulting in kca/knon = 101 (12). Short
simulation of ODC-O2-protonated OMP (data not presented)
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showed that carboxylate moiety becomes quite remote from Lys-93
and Asp-91 (>5 A away), which are experimentally characterized
to be important for catalysis. These results do not support an O2
protonation mechanism. Deuterium solvent isotope effects (14)
and substrate substituent (O2 — S2) experiment (15) have been
presented in support of the mechanism involving O2 protonation.
However, such D,O effects, as pointed out by Rishavy and Cleland
(6), do not prove the existence of a protonation step before the
decarboxylation. Loss of activity on replacement of O2 by S can be
a result of poor binding of the substrate, as bulkier S2 may cause a
steric conflict with the phosphoester O when 2-thio-OMP binds to
the active site (O2-phosphoester O = 3.5 + 0.2 A in ODC-OMP).

Intermediate Stabilization. Theoretical calculations show that the
decarboxylation of OMP is endothermic and the activation barrier
(AGH%) is very similar to the endothermicity (AG®) of the gas-phase
reaction (16). In such situations stability of product (decarboxylated
intermediate) can determine the stability of the transition state
according to the Leffler-Hammond postulate. In the ODC active
site, the C6 carbanion of I~ moves into the position formerly
occupied by O8 of OMP, bringing the whole ligand toward Lys-93
by ~2.2 A (Fig. 6). The position of the 203-218 loop follows this
movement toward the interior of the TIM-barrel (Fig. 2) and the
conformation of the 203-218 loop changes from an ill-defined
structure to a well-ordered pB-hairpin (Fig. 3) along with increasing
contacts with other protein residues (Table 3). Positional fluctua-
tion of the backbone of this loop decreases from ~0.8 A
(ODC-OMP) to ~0.4 A (ODCT).

Conclusion

Proposed reaction steps for decarboxylation of OMP by ODC are
shown in Scheme 1. On the basis of our 2.5-ns MD simulation of
ground state ODC-OMP and the intermediate state ODC-1~, we
have reexamined previously proposed mechanisms and have sug-
gested consideration of a catalytic role of enzyme dynamics by
means of the loop of residues 203-218. Flexibility of the phospho-
ribosyl-binding domain and stability of the enzyme-bound substrate
conformation do not support a concept that the enzyme uses the
binding energy to distort the carboxylate moiety. Although
the catalytic antibody, which has hydrophobic surroundings near
the OMP carboxylate, shows remarkable rate enhancement of 108,
ODC does not appear to select such a ground state destabilization
mechanism (17). Lack of available acidic residues near O2, O4, and
C5 also makes it hard to conceive of those moieties undergoing
protonation before decarboxylation.

The comparison of ground state and intermediate state shows
that OMP moves toward Lys-93 upon decarboxylation. This posi-
tional shift is accompanied by the movement of the 203-218 loop
position and a conformational change from this unstructured loop
to an ordered B-hairpin. These changes are suggested to enhance
intermediate stabilization and lowering of the endothermicity of the
reaction. Because I~ and transition state are energetically quite
similar, enzyme stabilization of the former would provide lower
free energy content for the latter.
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