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ABSTRACT. The remarkable rate enhancement of orotidinpfosphate decarboxylase (ODCase) has been
attributed to ground-state destabilization (GSD) by desolvation and more recently to GSD by electrostatic
stress. Here we reiterate our previous arguments that the GSD mechanisms are not likely to play a major
role in enzyme catalysis and analyze quantitatively the origin of the rate enhancement of ODCase. This
analysis involves energy considerations and computer simulations. Our energy considerations show that
(i) the previously proposed desolvation mechanism is based on an improper reference state; (ii) a nonpolar
active site cannot account for the catalytic effect of the enzyme; (iii) the focus on the role of the negatively
charged protein residues in the electrostatic stress GSD mechanism overlooks the fact that the positively
charged Lys72 strongly stabilizes the substrate; (iv) although the previous calculation of the actual enzymatic
reaction correctly reproduced the observed rate enhancement, it could not obtain this rate enhancement
from the calculated binding energies (which are the relevant quantities for determining GSD effects); (v)
the GSD mechanism is inconsistent with the observed binding energy of the phosphoribosyl part of the
substrate; and (vi) the presumably unstable substrate (orotate) can be stabilized, at equilibrium, by accepting
a proton from the solvent. Our computer simulation studies involve two set of calculations. First, we
study the catalytic reaction by using an empirical valence bond potential surface calibrated by ab initio
calculations of the reference solution reaction. This calculation reproduces the observed catalytic effect
of the enzyme. Next, we use free-energy perturbation calculations and evaluated the electrostatic con-
tributions to the binding energies of the ground state and transition state (TS). These calculations show
that the rate enhancement in ODCase is due to the TS stabilization rather than to GSD. The differences
between our own and the previous theoretical analyses stem from both the selection of the reacting system
and the treatment of the long-range electrostatic contributions to the binding energy. The reacting system
was previously assumed to encompass only the orotate. However, this selection does not allow proper
description of the reaction catalyzed by the enzyme (i.e., [OrotateysH'] < [uracil + Lys + CQOy)).
Therefore, the reacting system should include both orotate and the general acid in the form of the protonated
Lys72 protein residue. This selection leads to a simple and consistent interpretation of the catalytic effect
where the electrostatic stabilization of the transition state is due to the fact that the two negatively charged
aspartic residues are already placed near the reactive lysine so that they do not have to reorganize
significantly during the reaction. Interestingly, even calculations with only orotedehe reacting system

do not produce sufficient destabilization to account for a GSD mechanism. In summary, we conclude, in
agreement with previous workers, that ODCase catalyzes its reaction by electrostatic effects. However,
we show that these effects are associated with TS stabilization due to a reduction in thefmatesim
reorganization energy and not with protesubstrate destabilization effects.

The idea that enzymes work by increasing their ground orotidylic acid (OMP) to uridylic acid (UMP) by orotidine
state (GS) free energy has been frequently advanced
(1-3). The most popular form of this proposal invokes non- T This work was supported by Grant GM24492 from the National
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tively charged. However, this oversimplified analysis over-
looked the fact that there is also a positively charged group
‘ Asp75B (Lys72) in the vicinity of the substrate. To take into account
all the contributions to GSD, the energetics of the ground-
state substrate should be determined by very challenging

) -3 calculations that must consider the proper ionization states
~ o’ of the protein and treat correctly long-range effects. The
calculations of Wu et al.g) made an important step in this
direction, but they left major conceptual questions open and
also have not provided an actual computational proof of the
GSD mechanism (vide infra).

The present work exploits the structural information about
ODCase to reexamine the origin of the rate enhancement of
this remarkable enzyme. This is done by combining com-
putational methods ranging from ab initio calculations of the
reference solution reaction to empirical valence bond (EVB)
simulations {2) of the reaction in the enzyme active site
FiIGURE 1: Active-site region of ODCase. and in solution. We also used microscopic free-energy

5-phosphate decarboxylase (ODCase). This enzymatic reacPerturbation (FEP) calculations3, 14) and semimacroscopic
tion represents the final step in the de novo biosynthesis of Protein dipoles Langevin dipoles (PDLD/S)) calculations

pyrimidine nucleotides. The catalytic mechanism of ODCase " oro_le_r to evaluate the electrostatic energies of th_e GS and
attracted significant attention, in part due to the insightful ransition state (TS) of the decarboxylation reaction. The

analysis of Radzicka and Wolfenden that identified ODCase c_alculations reproduce the observgd trend with TS stabiliza-
as the nature's most proficient enzym@.(These authors  tion rather than the GSD mechanism.

founc? that the activation barrierAg* (that correspond to Our study starts by demonstrating the general problems
keafKn) and Agl,, (that correspond té.) are 6.9 and 15.4  With the desolvation mechanism, focusing on a model that
kcal/mol, respectively, while the activation barriﬁg‘mt, for involves a hypothetical nonpolar enzyme. We then evaluate

the nonenzymatic reaction is 38.8 kcal/mol. The first e catalytic effectof the actual enzyme using different comp-
theoretical attempt to explain the action of ODCas ( utational strategies. Thesg computations and_ an energy-based
concluded that the enzyme utilizes nonpolar or gas_phase_conceptual analy_S|s provide severa] compelling reasons why
like hydrophobic environment to catalyze the decarboxylation the GSD mechanisms cannot work in ODCase and show that
reaction. This mechanism was criticized by Warshel and this enzyme utilizes electrostatic TS stabilization mechanism.
Florian (10) who pointed out that in any case of significant
catalysis the substrate is surrounded by very polar rather thanSI'leI"A‘-I-IO'\l METHODS

nonpolar environment. Recent crystallographlc .stud|es CoN- To provide a reliable structurefunction correlation and
firmed the presence of such polar (salt-like) environm@nt (5 analyze the origin of the catalytic effect of ODCase, it is
8, 11) (see Figure 1). However, these structures were ggsential to use sufficiently accurate computational models.
interpreted by Wu et al.8) and Appleby et al.{) as an  ag 4 first step in the analysis of the catalytic effect of the
evidence for reactants state destabilization by the Interactiongnzyme it is crucial to have a clear description of the
between the carboxylate group of the substrate and negative;orresponding reference reaction in solution (for the assumed
groups of the active site. According to their proposal, the reaction mechanism). The present work evaluates the free-
very strong binding by the phosphoribosyl group pulls the gnergy surfaces of the solution reaction using an hybrid ab
remaining part of OMP (orotate) to its unfavorable environ- jnitio (ai)/Langevin dipole (LD) solvation model as imple-
ment, which leads to a large GSD effédthus, the validity mented in the program ChemSol 2.06( 17). This ai/LD

of the GSD mechanism in ODCase has been largely inferred o qe| has been found to give reliable potential surfaces for
from the identification of two Asp residues near the substrate -hemical reactions in solutiorL®, 19). More specifically

and the reasonable possibility that these residues are negaye considered a model system that included 4Ntdnd

orotate (Figure 2). The surface was mapped by series of

* Radzicka and Wolfendei9) obtainedk, = 2.8 x 1075, keai = partial ab initio HF/6-31G* geometry optimizations, in which
39 s, andkealKu = 5.6 x 10's™ '\f’l- This givesAg,, = 38.8 kcall  the C6-C7 distance was varied from 1.5 A (reactant state)
mol, Agz, = 15.4 kcal/mol, and\g” = 6.9 kcal/mol. to 4 A (product state) and the proton was transferred from

3Wau et al. 8) considered their GSD as a demonstration of Jencks’ f .
Circe effect @, 44). Jencks defined the Circe effect as “the utilization NH," to C6. To avoid structural artifacts caused by the

of strong attractive force to lure a substrate into a site in which it unscreened electrostatic interactions between positively and
ﬁnderﬁloes anf extfandlnaLy transformation” (_WhIICh dohes E_Ot explain negatively charged groups, some of the internal coordinates
ow the transformation is one). However, it is clear that his writing were kept frozen during these gas-phase geometry optimiza-

has involved the proposal that enzymes use binding energies to bring . ) .
their substrate to unfavorable configurations whag,, is reduced tions. Namely, the N-C6 distance was kept fixed at 2.8 A

by GSD (see the Appendix of rd#)). Nothing is fundamentally wrong ~ (except for the reference point where this distance was set
with Jencks’ proposal from a thermodynamic point of view. However, to 3.5 A), the N--N1—C6 angle was set to 75and the

this GSD might not be used by enzymes (as is repeatedly demonstrate ; NT—CA— _
by our works (see, e.g., rd). Thus, the validity of the GSD has to d[orS|onaI angle N-N1-C6-C7 was set to 64 The gas

be examined by free-energy calculations of the binding of the GS and Phase energies were determined by single point B3LYP/
TS in the protein and in water. AUG-cc-pVDZ calculations. All ab initio calculations were
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Ficure 2: Schematic description of the reacting system considered in the present study. The figure depicts the rate determining step in the
lysine-assisted mechanism assumed for ODCase. This figure includes in addition to the -6raatkl™ reaction system a schematic
description of the protein environment (this environment is replaced with water iaiflt@ calculations). The figure also illustrates the

fact that the mechanism involves a significant increase in the dipole moment of the reacting system upon transfer from the reactants state
to the transition state.

carried out with the Gaussian 94 progra2®)( The proper relevant activation free energies are evaluated by a combined
polarization of the solute by the solvent was accomplished free-energy perturbation (FEP)/umbrella sampling method
by using the polarized continuum model implemented in the (29). This approach maps the system from one resonance
Gaussian 94 program. A more detailed account of the structure to another by a FEP procedure and uses umbrella
ai/LD methodology used here can be found in 16f sampling to evaluate the free energy of the actual ground-
A model for the enzyme was constructed from the crystal state surface obtained by mixing the different resonance
structure of the 6-azauriding-Bhonophosphate (6-azaUMP)  structures. The FEP/umbrella sampling procedure allows us
complex of the ODCase (PDB entry code 1DV3). (After to evaluate nonequilibrium solvation effects which are
substituting the 6-azaUMP by the orotidinerBonophos- neglected in other QM/MM studies (see 88)). Regular FEP
phate, the complex was relaxed by 100 ps molecular was also used in an adiabatic charging procedu, (n
dynamics (MD) simulation at 300 K with harmonic restrains which the charges of the atoms in region | were changed
of 0.06 kcal/(mol &) on the positions of protein atoms to  from zero to their actual values. This calculation was done
allow the protein structure to adjust in the presence of the in both the reactant and the transition state, and in both the
new ligand. The energetics of the reaction in the enzyme enzyme active site and solution. The calculated free-energy
could have been studied (in principle) by a hybrid quantum differences AAG,,*) were used to examine whether the
mechanical/molecular mechanics (QM/MM) approa2h given state is stabilized or destabilized by the protein.
25). Such an approach is quite promising and has been used, Our simulations involved the local reaction field (LRF)
with a semiempirical QM surface, in the study of Wu et al. treatment of long-range interaction31j, the polarizable
(8). However, the implementation of the QM/MM approach model of the enzymel§), and the surface constraint all
with a high level ab initio surface for the QM region and atoms model (SCAAS) polarization constrainis)( The
proper free-energy calculations is still very challengi) ( combination of the LRF and SCAAS methods is important
Thus, we evaluated the free-energy surface of the reactionfor a proper microscopic treatment of long-range electrostatic
in the enzyme using the EVB method 27). The EVB effects, which is still not done properly in many simulations
has been used extensively for studies of reactions in enzymesf charged groups in protein interiors. A proper treatment
and in solutions (e.g., refs2, 27, and28), and at present, it  of long-range effects is particularly crucial in calculations
is probably the most reliable way to study enzyme catalysis that involve charge formation or anihilation (this will be
(i.e., the difference between the activation barrier in the needed in our binding calculations). Note in this respect that
enzyme and in the reference solution reaction). The EVB the study of Wu et al.g§) used a very approximated Born
approach is described in detail elsewhetg, 28) and we correction in an attempt to correct the use of cutoff in the
will only note below a few points. calculation of long-range effects. The SCAAS/LRF treatment
The EVB surfaces are obtained by representing the divides the system into several regions (see Irfgffor a
reacting fragments in terms of several valence bond-type detailed discussion), the inner being the reacting region
configurations (resonance structures) and allowing the chargegregion I). This region is surrounded by a protéirsolvent
of these configurations to interact with their surrounding sphere (region Il); a surface-constrained region where the
(enzyme and/or solvent) and then mixing the energies of average polarization and position of the solvent molecules
these diabatic “solvated” configurations to obtain the adia- is determined by special boundary conditions (region III);
batic potential surface of the given reacting system. The EVB and a surrounding region (region 1V) where the protein atoms
surfaces for the reaction in solution are parametrized hereare held with a strong constraint and where the electrostatic
using theai/LD surfaces of the given reference reaction and interaction between the proteih solvent and the internal
then using the same parameters to evaluate the potentiategion is replaced by the effect of a dielectric continuum
surface for the reaction in the enzyme active site. The with a dielectric constant,,x = 80. In the present calcula-
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tions, two different settings for region | were employed. In
the first calculation, only the orotate is included in region I,
and in the second one we include also theoNLys64 with

its bonded hydrogen atoms.

The FEP calculations in both the EVB free-energy profile
evaluation and in the adiabatic charging were carried out
after 100 ps equilibriation time using 11 frames and a 30 ps
simulation time for each frame, with 1 fs integration time
step. The radius for region Il as well as the radius for the
water sphere were set to 16.0 A, and the radius for the
Langevin dipoles sphere was set to 18.0 A in the FEP eval-

uation of the free-energy profile. These radii were set to 18.0, Eﬁ‘;‘RER:;’; p'f(f;gézgtgﬁﬁg&'ﬁ;ﬁ%gﬁ: éﬁ?;rir?gtri]cséagga(r?agxy-
18.0, and 20.0 A, respectively, for the adiabatic charging Iati0r12 of OMP 6). The —NHs™ and —NH, groups denote the

FEP calculation. All the MD, FEP, and EVB/FEP calcula- catalytic lysine residue in the hypothetical nonpolar active site of
tions were performed using the program ENZYMIX5. ODCase.

It might be important to point out to those who are not
familiar with the EVB approach that our calculations (with 304 TeTs
a proper ab initio calibration) are likely to be more quantita-
tive than the semiempirical hybrid quantum mechanical/
molecular mechanics (QM/MM) calculations of Wu et al.
(8). That is, the QM/MM calculations used semiempirical
model whose energy was calibrated to reproduce the
observed energy in solution, but the semiempirical charge -60 - T 1
distribution was not calibrated. On the other hand the EVB
method starts with high level ab initio charge distribution
and provides a consistent way for reproducing the change
of these charges in the given environment.

In addition to the microscopic EVB simulations, we used
the semimicroscopic version of the protein-dipoles Langevin-
dipoles model (PDLD/S)1(5) in its linear response ap-
proximation (LRA) implementation. The PDLD/S-LRA
calculations were carried out to evaluate the relevant
electrostatic energies. The LRA averages were done over
five protein configurations for the polar (or charged) and (S--NH3R)  (SH++ NHoR)
honpolar states of each state StUdl.ed' These _COnflg_uratlon%IGURE 4: Energetics of the catalytic reaction of Figure 3 in an
were generated by 1 ps unconstrained MD simulations of active site of a uniform dielectric constant. (Top) The results
the enzyme-substrate complex. The radius of the water obtained by Lee and Houlb) treated inconsistently (as was done
sphere in the PDLD/S calculation was set to 16.0 A. Further isr;a-![—:?rl1et &r :é Leizf?révrﬁhetnh\ﬁrﬁgnrqgnger%y aSSignggdtO thgoinitial

A . [ [ .
details of the PDLD/S-LRA approach are described e]se- Bottom: The correct plot of the resultfof’Lee and HoBk (\Iot)e
where _0'5' 32). The PDLD/_S'LR'_A‘ was _also used in that the solvation free energAGsqy) is added to the gas-phase
calculating the s of the protein residues using the protocol energy of the RNH3*+++S~ reference point.
described in ref.32). These PDLD/S calculations involved
the use of a “protein dielectric, that plays an important ~ mechanical continuum dielectric model. Their calculations
role in the determination of the intrinsi&gs and an effective  indicated that the activation barrier for the reaction in a
dielectric constankes, for charge-charge interactions. The  uniform medium of the dielectric constaat= 4 is about
meaning ok, ande and their justification is explained and  half of that in the polar environment with= 80 (5). These
verified elsewhere (e.g12, 32, and33) and will not be results (which give the correct trend for the assumed model)
rediscussed here. All the PDLD/S-LRA calculations were were interpreted as an evidence that the extreme efficiency
performed with the program POLARISL%). Both the of ODCase can be attributed to its hypothetical nonpolar
ENZYMIX and POLARIS programs have been recently active site and that a nonpolar enzyme environment offers a
integrated in the package MOLARIS4). general mechanism for enzyme catalysis. Here we point out

the general problems associated with the idea of catalysis
REACTION IN A HYPOTHETICAL NONPOLAR by nonpolar enzyme sites (see also réfsand 35) and
ACTIVE SITE illustrate these concepts for the particular case of ODCase.

As stated in the introductory portion of this paper, itis  To understand the energetics of ODCase, it is important
tempting to explain the large catalytic power of ODCase by to use well-defined thermodynamic concepts, which include
involving the desolvation hypothesis. Indeed Lee and Houk the effects of solvation energies and a single reference state.
(5) supported this hypothesis by a computational study that As illustrated in the upper part of Figure 4, considering the
considered polar and nonpolar protein active sites. More reactionwithout using a single reference state may lead us
specifically, they analyzed the transformation of the to the conclusion that in the nonpolar active siée<4) the
LysH"---S~ ion pair (where S designates the orotate moiety) activation barrier is lower than in a polar environment{
to a neutral transition state (Figure 3) using a quantum 80)* However, when a single reference state (for example

§"NH3R (SH--NH,R)*

-30 -

Agt (kcal/mol)

Agt (kcal/mol)
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E+S EH'+ S EH'S" (BHS) imp_ortant to realiz_e that ion pair_s are less stable in a nonpolar
environment than in a polar environme86). In other words,

if one would try to catalyze reactions by a nonpolar enzyme
site he would have to pay for bringing the charged substrate
into the active site and consequently the ovenadf (that
corresponds td../Ku) would not be reduced.

A seemingly reasonable suggestion for overcoming the
above-mentioned problem could invoke the fact that OMP
contains a phosphate group, which can be stabilized by a
polar site of the enzyme while still leaving the orotate in a

60 1

30 1

Ag (kcal/mol}

Ha tﬁ %H; ﬁ Hgt s-lﬁ HZSHIN low dielectric region. Thus, the unfavorable binding contri-

N Qx N k\\ K bution from the nonpolar part of the enzyme cavity could
(S )aq (S )ag (H20)aq (H20)aq be possibly overcome by the strong binding of the distant
{H30")sq (H20)aq phosphate moiety. This is, in fact, a variant of Jencks’ idea
@ of using binding energy for GSD that has been invoked by

] Wu et al. 8). However, a more quantitative analysis should

consider the overall reduction of the activation barrier upon
(H20)eg going from aqueous solution to the enzyme active site and

FiIGURE 5. Schematic representation of the energetics for the Lee g5 ate the difference between the activation barrier in water
and Houk mechanism (Figure 3) of the decarboxylation reaction

in a nonpolar ¢ = 1 and 2) and polare(= 80) enzyme active  (AGy,) and the activation barrier in the enzyme active site
sites. Note that the free energies of the reactants state \5i5"R) (AgL,). If the observed differencagf, — Ag?, ~ 23 kcall
in each environment involve the contribution of the corresponding mol L was due to the reactants state destabilization then the

solvation free energies. [The magnitude of this contribution was Y
determined by the polarized continuum model (PCM HF/6-31G*) overall observed binding free energy 68 kcal/mol would

implemented in the Gaussian 94 progr&6)( The default Pauling's = "€quire—32 kcal/mol binding free energy at the phosphate
atomic van der Waals radii scaled by 1.2 were used. The calculatedsite. Such an enormous binding energy is without precedent.
solvation free energies for orotate, @Hs*, carbene-methylamine More importantly, we have now direct estimates of the

Fospeciiely. For e (5N R) State. in which the orotate and P1oSPhate binding energhl which are in the range of 15
. b 3 , o . . .
CH:NH3* ions were assumed teel A apart, solvation free energy kcal/mol rather than—30 kcal/mol. This point will be

was estimated by using the generalized Born formula, where the analyzed in more detail in the last section.
gas-phase interaction energy 65 kcal/mol was assumed. In Another fundamental problem with the desolvation model

addition, experimental binding free energy of the OBOMP (or related substrate destabilization models) is the fact that
complex of—9 kcal/mol was taken into account.] As is clear from

the figure, the reactants state energies are very different at different" the @ssumed nonpolar active site the lysine proton will be
¢ values (in contrast to the free-energy diagram presented in thetransferred to the carboxylate group, i.e., the'BHreactants
upper part of Figure 4). Now the transition-state energy is nearly state for the enzymesubstrate complex will not exist ia
identical in different environments, and the experimental value of = 4 |y other words, any large destabilization of the
keat Of 16 keal/mol is obtained whereis as low as 1.5. EH*S reactants state in a nonpolar cavity will push the

energy of this state above the energy of the neutral ESH

the 'nonmterac'tmg enzyme and substrate n Fhe gas'ph"’l‘c’(?:omplex (Figure 5), and thus the neutral state will constitute
environment) is used the uncharged transition state hasa new reactants state for the enzymic reaction

approximately the same energy in the three environments

and the least stable ground state is the gas-phase ion pair Before leaving this section, it is important to clarify why

(Figure 4, bottom). the kinetics of solution reactions, which are frequently

To further clarify the problems with the desolvation mech- brought as chemical evidences for the desplvatlon hypothesus,
are not so relevant to enzyme catalysis. That is, many

anism we have to use a more quantitative energy consider- . . )
. S A . chemical reactions (e.g., mos{Sreactions) are accelerated
ations. This is done in Figure 5 for a hypothetical enzyme . . ) )
in nonpolar solvents relative to the corresponding reaction

W|th_a umfo_rm polarity taking as general reference_ state the in polar solvent. The reason is that the ground-state (GS)
noninteracting enzyme and substrate molecules in aqueous

solution (E+ S7). The figure considers relevant protonation Cr:]:rdg;c()jclztli”z%g'&q; rggrii I%ceal_:_zsedNagvs ?heétgrsglrvzfj\?;t?g:
states of the substrate and the enzyme. Here the highes{ . 9 e 9
7 oo . . 4 _ of the GS is more pronounced in polars solvents (thus, the
activation barrier is involved in forming the-RNH3™ + S . L . o .
. o . . . activation barrier is higher in polar solvents). This interesting
ion pair in a vacuum-like environment. The problem remains .
) ~ ' o phenomenon has led many chemists to embrace the desol-
but to a lesser extent in the= 2 case. In this respect, it is ; : R )
vation hypothesis. However, as shown in Figure 6, this type
of conjunction neglects one crucial aspenamely that the
41t is important to point out that due to the improper choice of the energy of moving the reactants state from the polar to
reactant reference state with no interaction between cation and anion,nonpmar solvent is invested by arternalsource Therefore

and due to the underestimated solvation free-energy difference between(if the difference between the reaction rate measured in
reactants and the transition stafeg?,, of LH in the ¢ = 4 environ-

ment is largely underestimated (see captions of Figure 5). Consequently,nonpdar. and pqlar solvents ~°_’h0l'1|d be OT any r9|evan0? to
to reach the observed catalytic effect with a more realistic continuum enzymatic reactions), the activation barrier measured in a
model, the dielectric constant of the protein active site must be smaller test tube with a nonpolar SolvenAgip) should be aug-
than 2. Such a small dielectric constant is typical for nonpolar solvents . n

such asn-hexane or 1-pentend®) but it is hardly attainable in any ~ mented by the free energy of moving the substrate from water

protein interiors. to non polar solventAGynp). Analogously,Ag* for an
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FIGURE 6: Schematic illustration of the problem with the assump-  © & © R
tion that the rate acceleration by nonpolar solvents is relevant to
enzyme catalysis. As illustrated in this figure, a reaction in a test A n® At

tube with a nonpolar solvent might be accelerated significantly,
€., AGhonpolar < Alyaer HOWeVer, touse this information for
enzymatic reactions, we need to consider the free energy associate
with the transfer of the reactant from water to nonpolar solvents
AGy—nonpolas This contribution corresponds to the transfer of a
substrate from water to a nonpolar enzyme.

Ficure 7: Calculated ai/LD potential surface for the decarboxy-
tion reaction in aqueous solution. The potential is given in
ilocalories per mol. r(CC) designates thg-«C; distance (Figure

' 2) in angstroms and “proton transfer” corresponds to the extent of
proton transfer from Lys72 to {bf the substrate.

overall calculations were accepted as an evidence for the
GSD mechanism.

To determine the origin of the catalytic power of ODCase,
we carried out EVB/FEP calculations of the reaction profile,
ENERGETICS OF THE REACTION IN THE and FEP calculations of the binding energies of GS and TS.
ACTUAL ACTIVE SITE OF ODCASE We started our study by calibrating the EVB surface for the

lysine-assisted mechanism usingaafi.D calculation of the

The availability of the three-dimensional structure of corresponding reference reaction in solution. The calculations
ODCase should allow one, at least in principle, to determine modeled the LysH group by NH™. The calculated surface
the energetics of the reaction catalyzed by this proficient (Figure 7) has a least-energy path that corresponds to a
enzyme. In converting the structural information to energet- stepwise mechanism with an initial cleavage of the-Cb
ics, one should note first that the active site does not resemblebond followed by a proton transfer from LysHo C6. The
at all the nonpolar environment needed for the desolvation correspondingAg* is about 40 kcal/mol. Interestingly, we
mechanism and it is in fact very polar. This active site were able to find a flat transition-state region where the
appears to have more negatively charged groups thancarboxylate moves out of plane before the proton-transfer
positively charged groups near the carboxylate of the step. This region was explored in a preliminary way with
orotidine. This observation has been considered as a sourcélF rather than NH" as a general acid, including the
for GSD effect (note, however, that the stabilizing effect of correction for the . difference (9) between HF and NH.
Lys72 was overlooked). Indeed, the calculations of Wu et These calculations, which are expected to be more reliable
al. (8) were interpreted as a proof of a GSD effect, in which since they do not involve an ion-pair system, produced an
the strong binding of the phosphate group presumably pulls activation barrier of about 35 kcal/mol. The calculated barrier
the carboxylate to a region where it is repelled by the is notdirectly related to the barrier 6f38 kcal/mol measured
surrounding charges. The structure of ODCase with 6-aza-by Radzicka and Wolfenden for the decarboxylation of
uridine-3-monophosphate provides a strong indication that methyl orotate in waterd). However, since the presence of
the decarboxylation reaction corresponds to the lysine- 1 M methylamine-HCI buffer was found to have no effect
assisted mechanism. Indeed the energy profile obtained byon the rate for the decarboxylation in waté),(we have a
Wu et al. @) for this mechanism appears to nicely reproduce lower limit of 38 kcal/mol for Ag* for the NH,* assisted
the observed magnitude ngjcv — Ag(i:ar However, the catalysis in water. Because our reference solution reaction
calculated profile cannot tell us whether the catalytic effect should consider reactants in the common solvent cage where
of the enzyme is due to GSD or TS stabilization. This issue the general acid is at 55 M concentratid®), we obtain
was explored by Wu et al. by calculating the electrostatic Agﬁage(NHf) > Ag;, — 2 = 36 kcal/mol. Thus, we estimate
component of the binding energy of the reacting part of the Agﬁageto be~38 + 4 kcal/mol. Of course, there is nothing
substrate in its ground and transition state. These calculationsyrong in comparing thqg\giat to the observedsgfv obtained
gave approximately equal destabilization for the ground and without the NH* general base. However, in this case we
transition state of the reacting part of the substrate (Table 2are not comparing the same reactions and the catalytic effect
of ref 8). This means that binding calculations underestimated (if any) obtained by changing the chemistry would be rather
the observe(zhg;‘v - Agﬁat by 21 kcal/mol. Nevertheless, the trivial (it simply reflects the change of the reacting system).

enzymatic reaction includes the substrate binding energy,
AGying, Which reflects the energy of moving the substrate
from water to the active site.
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Table 1: Calculated Activation and Reaction Free Energies of the
Catalytic Reaction of ODCase 40 - A

AT (AG_.. A water A
g’ (AG) OsetD A A
WsetC

region | configuration  water A B C D AA,AddArA
[STLH*Y]—[STLH']* 38(31) 24(16) 22(15) 17 (1) 19(9)
[ST1—[s]* 38(26) 18(0) 19(3) 17+1) 23(7)

a Activation and reaction free energies (kcal/mol) of the decarboxy-
lation reaction in water and for different charge states of the protein 9 A 0
ionizable groups. The reaction free energies of the first step of the o ® 0O,
reaction (_the =1l step of Figure 7) are givenin b_rackets. The_ part of 10 | n B DOog 400000
the reacting system that is taken as region | is enclosed in square A - n
brackets. S and L designate the reactive part of the substrate (orotate)
and Lys72, respectively. [$ and [S]* designate, respectively, the
reactive part of the substrate in its GS and TS structures and charge
distributions. The calculations were performed by the FEP/umbrella s s
sampling EVB approach. The dependence of the calculated results on -150 -50 50 150
the ionizations states of the protein residues is examined in columns Ae [keal/mol]

A, B, C, and D, which correspond to calculations with the following - 5 re 8: EVB free-energy surface for the decarboxylation reaction
ionized residues: (A) Asp75B, Asp70, Lys72, OMP phosphate; (B) i3 opCase and in a reference solvent cage. The figure presents
ASp75B, Asp70, Lys72, Arg203, OMP phosphate; (C) set B plus ASp20, the results of the simulations for two assumed ionization states of
His98, His128, Lys82B; and (D) set B plus Asp20, Lys42, Glu25, e protein (conditions C and D are the same as in Table 1). The
Lys82B, Glu78B. calculations involve [SLH] in region I.

W
o
T

[keal/mol]
N
o
m]

]
A g o |
oL AAA%EI S gEeEEEEN

Obviously, the validity of the GSD mechanism must be adjusting three diabatic energy surfaegse, ande that
addressed using the same reactants in the enzyme and igorrespond to the structures I, I, and Ill in Figure 7. The
solution. Thus, a|th0ugh the EVB surface was calibrated to calibrated EVB surface was then used for the determination
reproduceAg;,,, = 38 kcal/mol, we keep in mind the Of the free-energy profile in water and in the protein active
realistic possibility that the lysine-assisted reaction in aqueousSite: This was done by the FEP/umbrella sampling procedure,

solution might have a somewhat lower barrier than that of Where the system was mapped gradualy by a FEP procedure
the reaction without a general acid. from ¢, — ¢, and the corresponding free energies of the actual

adiabatic ground-state surface (obtained by mixing the three
resonance structures) were determined by an umbrella
sampling procedure (see, for example, 26f. The surface
was not mapped along thid — Il step, since the least-

Before turning to the EVB calculation in the enzyme, it
is crucial to have a clear idea about the ionization states of
the protein residues. This is important since we are dealing

with a highly charged system in a very heterogeneous energy path corresponded to a stepwise rather than a

environment and the results can depend strongly on theconcerted mechanism, and theH Il proton-transfer step

assumed ionization state of the protein. To determine the. - )
ionization state, we performed PDLD/S-LRA calculations, is not rate determining. Note that the EVB calculations force

in which we considered the results for different limiting the system to sample configurations at the transition-state

values ofthe protein “lectc constanande,wih 5557 MO0 et o conean he yser 02 specic
€p In the range of 48, andec between 20 and 40 (the '

meaning of these parameters has been discussed extensive&]ethoc(ljs. seTcthln fnd dthFe_ corrzspondmg results are sum-
in our work; see e.g. re§2). It was found that Asp20, Asp70, arizedn faple 1 and Figure o. ot

Glul25, and Glu78B are ionized (negatively charged) at pH _Table 1 presents the activation free energmggage .Ob'

7. Similarly, Lys42, Lys72, Lys 82B, Arg160, and Arg203 talngd by the I_EVB/FEP calculayons for theT reaction in water
are ionized (protonated). Interestingly, tHe,of Lys72 was and in the active site for two different region | constituents

found to be quite elevated and reached a value between 1 nd four different ionization states of the surrounding protein.
and 18. The ionization state of His98 and His128 is less hen [SLH*] was included in region | (here we designate

certain, since it was found that His98 has a lof petween ~ LYS72 by L), we o'btalnegsgf;at between 17 and 24 keall

1 and 4 while the calculatedkp of His128 has a wide range, Mol. We also obtainedg., between 17 and 23 kcal/mol
between 3 and 9. The ionization state of residues that lie When only [S]was in region I. The free-energy profile for
farther than 12 A from the substrate is less relevant since the reaction in water and in the enzyme active site for sets
they are unlikely to affect the catalysis in a major way (the C and D with [SLH] in region | is given in Figure 8. As
indirect structural effects of these residues are included in S€en from Table 1 and the figure, we obtained a reduction
our calculations since we constrain the distant part of the Of activation barrier between 21 and 15 kcal/mol for the most
protein to stay near its X-ray structure). The most likely realistic ionization states of the protein (sets C and D) in
ionization state was used in defining one of our simulation Our model, in a reasonable agreement with the observed
conditions (set D in Table 1). In addition, to examine the reduction o~23 kcal/mol (see footnote 2). As will be argued
effect of different ionization states on the catalytic power of below our final conclusions will be independent of the exact
the enzyme, we considered three other ionization states (set§eproduction ofAgl, .. — Ag,. Also note that theAg;, —

A, B, and C in Table 1). Agt,, of 22.4 kcal/mol was obtained by Wu et al. using

After determining the protein ionization state and evaluat- different computational metihods for the calculationAa,,
ing theai/LD surface in water, we turn to the calibration of ~and for the calculations akgg,. Furthermore, these authors
the EVB surface in aqueous solution. This was done by have not examined the sensitivity of the calculategi,, to
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Table 2: Calculated Binding Free Energies of Different States and 40 E + [P25™ - NHY T,
Configurations Which Are Involved in the Catalytic Reaction of o,
ODCasé ",’:’_/' [POS-]ip
wW—p R
. - AAG, 20 | el [POS']p
configuration A B C D o
[S7] 1 -9 4 -3
[S]* -11 -17 -21 -23
[STLHT] -20 -27 —28 -30
[STLH*]* —55 —50 —58 —47 .
a Electrostatic contributions to the binding free energies (in kcal/ ™ e 7
mol) of the indicated configurations of region |. The corresponding P25
contributions AAGY,?) were evaluated by FEP calculations that 20 N
involve changing the charge of atoms in region | from zero to their 7] Y
actual value in the given configuration. A, B, C, and D refer to different %
charge configurations of the active site (see captions of Table 1). e

,

-32.0

E + [P2S™ - NHY]y
B e g [P-2s-]¢p

AG [kcal/mol]

-40 _|
the protein ionization states, and thaig;, — Ag?, became
only 2 kcal/mol when it was evaluated from the calculated
binding energies of GS and TS. These points are not intended E + [P28" -~ NHY,,
as a criticism of Wu et al. instructive study, but rather as a 40 _
reminder for the reader that FEP calculations do not
automatically give perfect results for highly charged groups .
in protein interiors and that the use of binding energy in [POS Tt -320
assessing catalytic effects is very challenging. 20 ,—p 38.0
The reproduction of the catalytic effect does not tell us, d ’
however, whether this effect is due to TS stabilization or
GSD. To resolve this crucial issue, it is essential to eval-
uate separately the binding energy of the GS and TS. Thus, , J
we calculated the change in the solvation free energy, S L
AAG(,®, upon moving region | in its ground or transition
state from water to the active site of ODCase. Table 2 gives 20 _|
the AAGL,® obtained by FEP calculations for the case
where only [S] is in region | and for the case where Ficure9: Overall energetics of the reaction of ODCase in the GSD
[S"LH*] is in region I. Although the results depend on the (top) and the TS (bottom) stabilization mechanisnts. iRdicates
simulation conditions, we obtain in all cases significant the phosphoribosyl residue.
catalysis (similar to that obtained with the direct calculations

in Table 1). More importantly, we obtained a very large GS ©' negatively charged environment will lead at equilibriu.m
stabilization for [SLH*], and even for [S] we did not obtain to a new reactants state where the substrate or a negatively

a large GSD. Apparently, our results are different than those charged protein residues are protonated (see below). Second,

; w—p ¢ an enormous binding free energy of abetB2 kcal/mol is
of Wu et al., who obtained\AG,, " of ~18 kcal/mol for g needed for the GSD mechanism (such a strong binding is

[S7]. However, as stated above, Wu et al. also obtaine 2
w—p + needed to compensate for the assumed large destabilization
AAG " of ~16 kcal/mol for [ST* and, thus, have not of the orotate). This energy is unlikely to be provided b
reproduced the catalytic effect of the enzyme. The PDLD/ the phos hate. rou No'?i/)nl that t%/e need?&iz keall y
S-LRA calculations withe, = 4 and e.r = 40 gave Ip E group. Iy o flict with
AAG™ of 10. 11. 3. and 6 keal/mol for sets A B. C. and ™© is without precgdent. but also it is in conflict with recent
D sal " I, h ’ included i ) I, ,d3’6 experiments. That is, Miller et allg, 37) found only~15
_érgsfgg ve E;’_V;;l? [ﬂllwals flncu te A:née%on gnD h kcal/mol (rather then 32 kcal/mol) for this contribution in
K » an cavmolor sets A, B, &, an WRENihe transition state analogue 6-hydroxyuridirrgbosphate
(BMP). This contribution is only 7 kcal/mol larger than the
overall substrate binding energy. This does not leave so much

[S"LH™] was included in region I.
As established by our calculation, the binding energy of
excess binding energy for the presumed GSD effect. This
point is clarified in Figure 9, which compares the GSD and

[S7]is close to zero and not very positive 8 to 6 for sets
the TS stabilization mechanisms. The figure includes the

C and D), while the binding energy of {8H"] is clearly

very negative. The significance of these findings will be

discussed in the next section. actual energetics in water and in the protein as well as the

THE CATALYTIC EFFECT OF ODCASE IS DUE assgme_d engrgetics for the_ case W_hen the phosphoribosyl

TO TS STABILIZATION (which is designated by?P) is un-ionized but kept at the

same orientation as that of the actual substrate (see below).

Before examining the actual origin of the catalytic effect In the GSD model we need the above-mention&?® kcal/

of ODCase, it is useful to point out fundamental problems mol stabilization upon moving from p8-], to [P>"S],. On

with the proposal that the catalytic effect is due to GSD of the other hand, in the TS stabilization mechanism the

the orotate moiety. First, a major destabilization of the contribution of P~ to the binding free energy is only between

negatively charged orotate by either nonpolar environment 10 and 15 kcal/mol. It seems to us that the TS stabilization

— —_
/!

- © s, |
E + [p-2s- NH'Z]W [POS']p /,' /;—

AG [kcal/mol]

S sa A
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Ficure 11: Energetics of the catalytic reaction of ODCase

calculated for different alternative selections of region I. The figure
represents a semiquantitative consensus from the Tables 1 and 2.
The two diagrams separated by the vertical dashed line represent
the energetics in water (left) and in the protein (right). The figure
compares the energetics for the cases when region | includgs [S
and [S'LH™]. These systems are designated byagsl gs (or ts
and ts) respectively. The pyrimidine ring of the substrate and the
proton transfer (LY carboxylate group (or C£of the orotidine are described schemati-
cally as a hexagon and a square, respectively. The energy in the
FiGURE 10: Qualitative examination of the effect of GSD and TS Protein is taken relative to the corresponding energy in water. The
stabilization on the potential surface of the decarboxylation reaction. €Nergetics in water is taken relative to the corresponding neutral
The upper figure was obtained by taking the solution surface and State at pH 7. The water dipoles of the molecules are described as
adding 20 kcal/mol to the reactant state and keeping the other @Tows while Asp70 and Asp75b are described as negative charges.
corners unchanged while using linear interpolation for the change The energies of the different states present a qualitative estimate.
of other points on the surface. This reproduces the surface that weAS Seen from the figure we obtain a modest GS stabilization and

would have if the enzyme was working by a GSD mechanism. The Major TS stabilization with [SLH*] in region I. With S in region
lower surface was obtained by addirgl0 and—30 kcal/mol, | one obtains a small destabilization of the GS since the interaction

respectively, to corners | and Il of the solution reaction and keeping Petween the ionized aspartic residues of the protein and Lyis72
the other corners unchanged, while using a linear interpolation for N0t considered (only thehangeof this interaction is evaluated).
the change of other points on the surface. The resulting surface o N

corresponds to the actual situation in ODCase. As seen from thecontribution of AAG*P(AH) to the proton-transfer free
figure if we had a GSD we should have consider the entiref8]  energy. Because faxG(A~, + H™ — AH,) < 0, the orotate
system but such a consideration gives us the TS stabilization hecomes protonated (neutral), we obtain the upper limit for
mechanism. The coordinate notations are the same as in Figure 7the equilibrium destabilization of Aby an electrostatic

model looks much more reasonable than the GSD as much€Pulsion as
as the contribution of P is concerned. Wepy x — w

At this point, it is important to comment on the interesting AAG™ (A") = 2.3RT(pH — pKy) 2)
issue of unstable ionized groups. As argued in this and in
our previous works X0, 12), it is unlikely to find a large  Since orotic acid (SH) has &g = 2.1 39), the maximum
GSDat equilibriumin systems that involve acids and bases €quilibrium destabilization of orotate by the protein residues
with pK,, which is not much different than 7. That is, if A atpH7 is about 6.7 kcal/mol. That is, if GSD is larger than

denotes an acidic residue, the free energy for protonation of6.7 kcal/mol, then Swill be protonated by a proton from
A—, in a protein site by a bulk proton#is given by the the bulk water. Alternatively, protons can be transferred from

formula (38) other protein residues. It is instructive to point out, however,
that our constraint on the magnitude of the GSD may be
AGA , + H+—>AHP) = 2.3RT(pH — pK®) = released in the exotic and new case of nonequilibrium
WY P Wy conditions, where the reaction removes the unstable charge
2.3RT(pH = pKz) = (PKz = PKa]) = faster than the time needed for a penetration of g®™H

2.3RT(pH — pK3) — AAG" (A7) (1) ion. This can be the case if the barrier for proton transfer
from solution to S is higher than the\g?,. However, this

where K and [KY are the [Xzs in water and in the protein, new nonequilibrium mechanism has clearly very little to do
respectively, andhAG"P(A") is the free energy of the trans-  with all previously proposed GSD mechanisms that never
fer of the ionized acid from water to the protein active site considered nonequilibrium effects.
at standard conditions. [The positive value\fG¥P(A™) The most obvious problem with the GSD mechanism is
characterize the magnitude of the destabilization of an ionizedthe selection of the relevant reactive part (region I) of the
group in an protein interior.] In 1, we neglected the small GS and TS systems. That is, the actual reaction in the enzyme
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GSD in native enzyme TS stabilization in native enzyme equal binding of the TS and GS in
native ezyme
(M) (M)
— RS,
; f \\ . A \“
(N)
(Ag¥cadn
(AGp)N (N)
‘_L’
M)
AAGL < 0 AAGL =0 AAGp >0
AAG¥cay = —AAGping AAg¥ >0 AAgFe =0

Ficure 12: lllustrating the use of mutation experiments in discriminating between GSD and TS stabilization mechanisms. As is explained
in the text, if the native enzyme (N) works by GSD then some mutants (M) should increase the stabilization of the GS. If the enzyme works
by TS stabilization then some mutants should destabilize the TS. If the enzyme works by equal stabilization of the TS and the TS then some
mutants will destabilize these states in an equal amount.

involves the substrate and Lys72 rather than only the aspartate side chains are already preorganized in the active
substrate. Therefore, we should consider theL[$"] — site in a configuration where they repel each other. Thus,
[S'HL + CO;] system rather than only the {$— [S'H + the ODCase-catalyzed reaction does not involve as large
CQ;,] system. The extended definition of the reacting system reorganization energy as the reference solution reaction.
yields an entirely different picture than that obtained while  ngatyrally, the reader may wonder at this point why we
considering only its subset (Table 2). In this picture, the opiain a different conceptual picture when the reacting system
enzyme catalysis is clearly accomplished by TS stabilization js jimited to the substrate [$alone. The reason for such a
rather than by GSD. Since some readers might question ourgichotomy is also illustrated in Figure 11. That is, when we
selection of the [SLH"] as the reacting part we would like (516 [ as our reactant (region 1), we miss the interaction

to re-emphasize that LysHs a part of the reacting system  panveen LysH and the negatively charged Asp70 and
since it transfers a proton to C6 during the reaction. Here, Asp75b. This gives us a less stable “GS” rather than the
serine proteases (see, e.g.,, Af)) represent a classical ;.44 GS, that is stabilized by the interaction between Lys72
example of a similar system, where the catalytic histidine 5.4 jts surroundings. Note, however, that the calculation with
residue serves as a proton acceptor (e.g., His 64 in subt|I|sm).[Sf] in region | doesinclude thechangein the interaction
Therefore, this residue is considered by all workers in the ¢ the two Asp residues and Lys72.

field as an integral part of the reacting system (see, for . . .
gra P g sy ( At this point, it is useful to consider the nature of the

example, refd1). Still, it should be noted that the analogy ) ) ;
between the role played by Lys and His residues in ODCaseovera” catalytic effect of ODCase. This effect is composed

and serine proteases, respectively, may be questioned. ThiQf @ reduction of the difference Eetween the free energy of
is because the activation barrier in our calculations corre- the TS and GS (a reduction iig;,) and from a reduction
sponds to the motion from state | to state Il in Figure 7, Of Ag* (that corresponds t../Ky). The reduction oAgZ,,
while the subsequent protonation step-lil) is a downhill is mainly due to the interaction betweerr [$1*]* and the
process. Therefore, one might argue that Lys72 should not€nzyme. As stated above, this contribution in largerly due
be included in region I. However, this argument neglects t0 a preorganization effect. Also as stated in the previous
the fact that with a GSD mechanism the enzyme reaction section, it is possible that the Iysine-assisted reference
will become fully concerted and then the inclusion of LysH ~ reaction has a barrier that is a few kilocalories per mol lower
in the reacting system becomes necessary (Figure 10). Thus!ﬁhan that of the water assisted reaction. The rest of the
a careful mechanistic study should include the entire reacting catalytic effect is expressed ing# and not inAg;,, This is
system. done by the well-understood effect of binding of the
The origin of the TS stabilization is considered in Figures phosphoribosyl moiety, which stabilizes both the reactants
2 and 11. In the GS the reacting system has a relatively smalland transition state (Figure 9). It is useful to point out in
dipole moment since the carboxylate charge is neutralizedthis respect the recent instructive experiment of Miller et al.
by the nearby LysH charge. In the TS this dipole increases (37), who measured the binding energies of the separale [S
significantly and so does its stabilization by its environment. and the fragments as well as the rate for the separafe [S
This point is illustrated in Figure 11 where we show This analysis has established that the phosphoribosyl leads
schematically that in the reference reaction we have to payto a very large transition-state stabilization1(1 kcal/mol).
a very significant reorganization energd) (n order to bring In our view, this effect is associated with bringing the
the solvent dipoles to the configuration that stabilizes the [S"LH*] system to its proper transition state orientation as
ion pair TS. In the enzyme, in contrast, we have two well as preorganizing the complementary protein site (the
relatively fixed negatively charged groups (Asp70 and Asp72 and Asp75B residues). Our previous study of ribo-
Asp75b) that stabilize the LysHpart of the ion pair. These  nuclease46, p. 10247) demonstrated and analyzed a similar
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very large effect of the uracil moiety on the activation barrier
for the hydrolysis of uridine methyl phosphate. More
specifically, the presence of?Pis crucial not only for
binding of the [P~S™] system but also for bringing it to the
proper TS orientation and for forming the proper protein
cavity around the TS.

As pointed out by one of usAp), it is possible to use
mutation experiments to find out whether we have a GSD
or TS stabilization. This is so since one can deduce from
mutation experiments the change in the binding energy
(AAGying and in Agl,, (AAg:,). If the mutated residue
plays a crucial role in catalysis its removal will tell us how
catalysis is achieved. If we have GSD th&AGyng Should
be negative (the native enzyme makes,,, more positive)
and AAgY,, = —AAGyin If we have TS stabilization then
AAGyping = 0 and AAgzat > 0 (see Figure 12). Mutations
near the phosphate sit87 are consistent with TS stabiliza-
tion but this is not conclusive since one really has to examine
mutations near [§. Such studies will be extremely instru-
mental in resolving the issue.

In summary, what we have here is alectrostatic stress
in the protein(protein—protein interaction that includes the
Asp70--Asp75b repulsion) rather than in the protein
substrate interaction. This is exactly our preorganization
concept 43) where the enzyme folding energy is used to
preorganize the active site polar environment of the GS in a
configuration that is already complementary to the charge
distribution of the TS. In this way the enzyme does not have
to pay for reorganizations during the GSTS process. Such
an effect is fundamentally different than the GSD where the
rate enhancement is presumed to be due to unfavorable
enzyme-substrate interactions, rather than enzyaezyme
interactions.
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