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We have performed a series of first-principles electronic structure calculations to study competing reaction
pathways and the corresponding free-energy barriers for the ester hydrolysis of intracellular second-messenger
adenosine '35'-cyclic monophosphate (cCAMP) and related phosphodiesters including trimethylene phosphate
(TMP). Reaction coordinate calculations show three fundamental reaction pathways for the ester hydrolysis,
including (A) attack of a hydroxide ion at the P atom of the phosphate aniony2ampi®cess without a
pentacoordinated phosphorus intermediate), (B) direct attack of a water molecule at the P atom of the anion
(a three-step process), and (C) direct attack of a water molecule at the P atom of the neutral ester molecule
(a two-step process). The calculated energy results show that for the reactions in the gas phase the free-
energy barrier for pathway A is the highest and the barrier for the rate-controlling step of pathway C is the
lowest. However, for the reactions in aqueous solution, the free-energy barrier calculated for pathway A
becomes the lowest, and the two main hydrolysis pathways are A and B. We also have demonstrated how the
pK, of the ester and the pH of the reaction solution affect the relative contributions of different hydrolysis
pathways to the total hydrolysis rate. Reaction pathway A should be dominant for the cAMP hydrolysis in
neutral agueous solution. However, the relative contribution of pathway A to the total hydrolysis rate should

decrease with decreasing pH of the solution. ForpH3.7, the contribution of pathway B is larger. For pH
> ~3.7, the contribution of pathway A is larger. The reliability of our theoretical predictions is supported by

the excellent agreement of the calculated free-energy barrier with available experimental data for the hydrolysis

of TMP in solution.

Introduction provide a solid basis for the rational design of the more-efficient

3,5-Cyclic nucleotides, such as adenosing&yclic mono-  therapeutics.
phosphate (cAMP) found by Sutherland and Rall nearly a half- ~ Concerning the mechanism for PDE-catalyzed hydrolysis, two
century agd, are intracellular second messengers that are recently reported 3D X-ray crystal structutésf PDEs provide
essential to vision, muscle contraction, neurotransmission, a structural basis. The first one is for the catalytic domain of
exocytosis, cell growth, and differentiatiérithe 3,5'-cyclic human phosphodiesterase 4B2B (PDE4, cAMP-specific) de-
nucleotides (e.g., CAMP) are synthesized by receptor-linked scribed by Xu et af. The other is for the catalytic domain of
enzymes (such as adenylyl and guanylyl cyclase) and metabo-PDE5# which has an active site similar to that of PDE4. For
lized to the corresponding-Bucleotide metabolites (e.g., AMP).  both PDE4 and PDES5, the active site contains a cluster of two
The metabolizing pathways include both nonenzymatic and divalent metal ions, denoted by Mel and Me2. Mel is likely a
enzymatic ester hydrolysis. The primary metabolizing enzymes zZn?* ion based on the observed geometry of the metal-
for these intracellular second messengers are phosphodiesterasgdordinating ligands, the anomalous X-ray diffraction behavior,
(PDEs), a superfamily of enzymé8Hence, PDEs are clinical  the existing biochemical evidené® 3 and the known high
targets for such biological disorders as retinal degeneration, affinity of PDE4 for zincl4 Me2 may be M§t, Mn2*, or Zr?t,
congestive heart failure, depression, asthma, erectile dysfunctionpyt either Mg+ or Mn?* is the relevant physiological ichln
and inflammatior?”” Certain PDE inhibitors have already been  the PDE4 active site, an Asp-392 residue coordinates to Mel
shown to or have been expected to exert beneficial effects in athrough an @ atom; His-238 and His-274 residues coordinate
number of therapeutic areas, including stimulation of myocardial o pme1 through the Natoms; and four solvent water molecules

contractility, inhibition of mediator release, inhibition of platelet coordinate to Me2 through the O atoms. In addition, there are

aggregation, cancer chemotherapy, analgesia, treatment Oty pridging ligands. For PDE4, one bridging ligand is clearly

depression, Parkinson’s disease, and learning and MEeMONYAgn 575 whose two Qatoms coordinate to Mel and Me2.
disorders:® Understanding the fundamental reaction mechanism Howeverl it was uncertain whether the other bridging ligand is
for_the hydroly3|s_ of 35-cyclic nucleotides will lead to useful a water molecule or a hydroxide ion because hydrogen atoms
!n3|ghts concerning how to control the concentration of the cannot be determined by X-ray diffraction techniques. Xu et
intracellular second messengers more effectively and thereforeal 3 described the second bridging ligand as a water molecule
*To whom all correspondence should be addressed. E-mail: @lthough it had been clear that the second bridging ligand in
zhan@uky.edu. the X-ray crystal structure of Zh-substituted phosphotriesterase
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(PTE) should be a hydroxide idf.The identity of this second  philosophy of the computational approach was also extended
bridging ligand is theoretically determined by performing first- to simulate the competing reaction pathways for the chemical
principles quantum chemical calculations on models of the active catalysis of DNA polymerased.
site16 All of the calculated results obtained indicate that this  Theoretical studies on the hydrolysis mechanism of phos-
critical second bridging ligand in the active site of the reported photriester paraoxon and the structural variants (new mol-
X-ray crystal structure of PDE reported by Xu et al. should ecules)” reveal that in the nucleophilic reaction the hydroxide
also be a hydroxide ion, rather than a water molecule, and isjon is positioned near the extension line of the departing oxygen
expected to serve as the nUC'eOphile to initialize the CatalytiC atom and the phosphorus center. The calculated results also
hydrolysis of 3,5-cyclic nucleotided® This implies that the  indicate that the hydroxide ion-catalyzed hydrolysis involves a
primary metabolizing pathway of 8'-cyclic nucleotides in PDE  pentacoordinated phosphorus intermediate for all examined
should be associated with the ester hydronSiS catalyzed by acompoundsy except paraoxon. For paraoxon, the expected
hydroxide ion bridging the two metal ions in the PDE active pentacoordinated phosphorus intermediate does not exist, and
site. Neglecting the two metal ions and the protein environment, the hydroxide ion-catalyzed hydrolysis is a single-step process
the PDE-catalyzed hydrolysis is simplified as the hydroxide ion- such as an\@ processd? A series of ab initio electronic structure
catalyzed hydrolysis. This is expected to be similar to the case calculations on the reactions of hydroxide/hydroxyl ion with
of the PTE-catalyzed hydrolysis of phosphotriesters and their phosphodiesters and other related phosphate esters in the gas
structural variant3! phase and in solution have been reported by Lim & &!.Their
There is no question that the two metal ions in the PDE active gas-phase calculatiot?$® suggest that a dianionic pentacoor-
site and the specific PDE protein environment should signifi- dinated phosphorus intermediate either does not exist or is only
cantly affect the hydroxide ion-catalyzed hydrolysis. In any case, marginally stable, whereas a singly charged pentacoordinated
because the PDE-catalyzed reaction pathway is related to thephosphorus intermediate could exist during the reaction process.
nonenzymatic reaction pathway in the way mentioned above, Taira et af! also performed ab initio calculations at the HF/
it is interesting to first know the fundamental pathways of both 3-21+G(*) and HF/6-31%#G(d) levels to study the thermody-
the enzymatic and nonenzymatic reactions for the purpose ofnamic stability of the dianionic pentacoordinated phosphorus
understanding the function of the enzyme: How do the two intermediates and indicated that the dianionic pentacoordinated
metal ions and the protein environment change the reactionphosphorus intermediates could exist under certain reaction
pathway for the 35'-cyclic nucleotide hydrolysis in PDE? How  conditions. Dejaegere, Karplus, and co-worker performed
much lower is the free-energy barrier for the PDE-catalyzed ab initio electronic structure calculations to study the hydroxide
hydrolysis than that for the corresponding nonenzymatic hy- ion-catalyzed hydrolysis of a cyclic ethylene phosphate (EP)
drolysis? So our first step toward understanding the complicatedand an acyclic dimethyl phosphate (DMP) to understand the
mechanism for the PDE-catalyzed hydrolysis of intracellular remarkable hydrolysis rate difference between cyclic and acyclic
second messengers is to study possible fundamental reactiorphosphodiesters. They examined the effects of solvation and
pathways for the nonenzymatic hydrolysis of theb'3cyclic ring strain on the free-energy barrier for the first step of the
nucleotide. reaction and concluded that the difference in the hydrolysis rate
Concerning nonenzymatic hydrolysis of organophosphate in between cyclic and acyclic phosphodiesters is primarily due to
aqueous solution, it has been considered that the hydrolysis ofsolvation rather than ring strafi We note that the free-energy
the monoesters proceeds by a dissociative, unimolecular elimi-barrier difference between the hydrolysis of cyclic and acyclic
nation pathway, whereas the hydrolysis of the diesters andphosphodiesters is relatively small compared to the high
triesters follow a bimolecular base-catalyzed hydrolysis energetics of the overall hydrolysis process. Dejaegere, Karplus,
mechanisn®-2° The bimolecular base-catalyzed hydrolysis is and co-workers never tried to examine the dissociative pathway
initialized by the nucleophilic attack of the hydroxide ion at Of the hydrolysis. Because they examined only the structures
the phosphorus atom of the ester. However, Florian and Warshe]Of the reactants and first transition states, it is not clear whether
et al?l.22 recenﬂy questioned a |Ong_standing mechanistic the hydrOXide iOﬂ-Cata'yzed hydrO'ySiS of these phOSphOdiesterS
postulate for the phosphate monoester hydrolysis mechanismis @ one-step or a two-step process. A two-step process should
They reexamined the available experimental data and found thatinvolve a pentacoordinated phosphorus intermediate. Florian,
although the experimental results for solution reactions had Goodman, and Warshel recently examined the free-energy
usually been considered to be evidence of the dissociativesurface for the DMP hydrolysis in solution at the MP2/
pathway a closer thermodynamic analysis of observed linear 6-31+G(d,p)//6-31G(d) level. Their geometry optimization in
free-energy relationships showed that the experimental informa-solution did not lead to a stable dianionic pentacoordinate
tion is consistent with the associative, concerted, and dissociativeintermediate. However, whether a pentacoordinated phosphorus
alternative$2 So it is currently not clear which reaction pathway intermediate exists or not should be dependent on the specific
dominates the hydrolysis of the monoesters. Their work clearly €ster in light of our previously reported results for phospho-
illustrates that reliable computational studies of fundamental triester paraoxon and the structural varidrftSo both the one-
reaction pathways and the corresponding energetics are necesand two-step processes are possible for cAMP and related
sary even for chemical reactions in solution that have been phosphodiesters.
thoroughly investigated by experiment. Florian and Warshel In addition, no alternative reaction pathway was examined
further reported a systematic theoretical study of the nonenzy-for the hydrolysis of any phosphodiester in previously reported
matic hydrolysis of monomethyl phosphate via the nucleophilic reaction coordinate calculations. We note that although Dejae-
attack at the phosphorus center and explored the energetics ofjere and Karplus et al.’s results of the calculations on the
various reaction intermediates and transition st&teghis hydroxide ion-catalyzed hydrolysis of EP and DMP can
systematic study not only provided insight into the competing satisfactorily explain the significant hydrolysis rate difference
reaction pathways for the monoester hydrolysis but also between these two phophodiesters their calculated activation
demonstrated a useful computational approach to addressing théree energy in solutior~{38 kcal/mol for DMP) is significantly
mechanistic questions for the hydrolysis in solution. The general higher than the corresponding experimental estimate (32 kcal/
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SCHEME 1: Hydrolysis of cAMP and Its Protonated

Form
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mol for DMP) 32 The deviation of~6 kcal/mol tells us that either
their electronic structure calculations, particularly the solvation

J. Phys. Chem. A, Vol. 108, No. 17, 2008791

SCHEME 2: Hydrolysis of the cAMP Model and Its
Protonated Form
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calculations, are not sufficiently accurate or there exists another g nrinciples electronic structure calculations on the hydrolysis

reaction pathway with a lower activation free energy. The
answer to this question remains unknown without performing
further computational studies with a more reliable solvation
model on possible competing reaction pathways.

In principle, the hydrolysis of a phosphodiester (e.g., CAMP)
in water (at pH 7) could involve the following possible

of an appropriate cCAMP model (Scheme 2). For a key reaction
pathway, another phosphodiester (i.e., trimethylene phosphate
(TMP), which is the parent six-membered phosphodiester and
can be considered to be a more simplified model of cAMP)
was also examined to verify that the used cAMP model is
sufficiently large and that the used computational methods are

pathways, assuming that acid-catalyzed hydrolysis pathways cangjighle for the prediction of the fundamental pathways and

be ignored:
cAMP (anion)+ HO™ — product ()
CcAMP" (anion)+ H,O — product (2)
cAMPH(neutral}+ HO™ — product )
cAMPH(neutral)+ H,O — product 4

Here we use cAMPH to represent the protonated form (a neutra
species) of CAMP. See Scheme 1 for the molecular structures

We note that reactions 1 and 2 represent two different reaction

pathways, although these two reactions are kinetically indis-
tinguishable in experiments. The total hydrolysis rate given

by

v = k[CAMP [HO ] + k,JcAMP ][H,0] +
k[CAMPH][HO 7] + k,[CAMPHI[H,0] (5)

in which ki, ky, ks, and ks are the rate constants and are

activation data. The calculated results provide useful insights
into the fundamental reaction mechanism and kinetics for the
hydrolysis of cAMP and related phosphodiesters.

Calculation Methods

For all reactions under consideration in this study, we first
employed the HartreeFock (HF) method and the 3-215(*)
basis sef to search for and optimize all possible geometries of
transition states and intermediates as well as reactants and
Iproducts. The geometries obtained at the HF/3-GL*) level
were then refined at the HF/6-315(d) level3® Vibrational
frequency calculations were carried out to ensure that the
geometries are indeed local minima or saddle points on the
potential energy surfaces and to determine the zero-point
vibration energies and thermal corrections to the Gibbs free
energies. Intrinsic reaction coordinate (IRQ)alculations were
performed at the HF/6-38G(d) level to confirm the correct
connections between the stationary points associated with the
transition states, intermediates, reactants, and products on the
potential energy surfaces. The geometries optimized at the HF/
6-31+G(d) level were employed to perform the second-order

dependent on the Gibbs free-energy barriers for the correspond-Mgller—Plesset (MP2) energy calculations with the 6+&(d)

ing rate-controlling steps. For a given pH, concentration©]H
and [HO] are all constants~+55.5 and 107 M at pH 7). The
relative concentrations of cAMPand cAMPH are determined
by the K, of cAMPH and the pH of the solution. Although we
have not found an experimentaKpvalue for cAMPH, we
expect that the i§; of CAMPH should not be dramatically
different from those of other phosphodiesters. The experimental
pKa of DMPH is known to be 0.9%; so which route is dominant
is dependent on the relative free-energy barriers, g qf
cAMPH, and the pH of the solution. Given th&pand pH
values, we need only predict the free-energy barriers for all of
the possible reaction pathways to know which pathway is
dominant.

Our work reported here is aimed at the study of the

basis set.

Previous theoretical studi€s839of reaction pathways for
hydroxide ion-catalyzed ester hydrolyses indicate that electron
correlation effects are not important in the optimizations of
molecular geometries and calculations of solvent shifts but are
important in final energy calculations for studying the energy
I profiles of those organic reactions. With a given basis set, the
energy barriers evaluated by performing the MP2 energy
calculations using the MP2 geometries are all very close to those
evaluated by the MP2 calculations using geometries optimized
with the HF and density functional theory (DFT) methods. The
energy barriers calculated with the MP2 method are all very
close to those calculated with the MP4SDQ, QCISD, and
QCISD(T) method$® indicating that the MP2 method is

fundamental reaction pathways and predicts the correspondingsufficiently accurate for the recovery of electron correlation.
free energies for the hydrolysis of cAMP in the gas phase and Regarding the basis set dependence, the energy barriers

in aqueous solution. For this purpose, we performed a series 0

fdetermined with the 6-3tG(d) basis set are all very close to
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those determined with the 6-3%G(d,p) and 6-31%+G(3d,3p)
basis set&’38 To examine further the accuracy of the energy
barriers calculated at the MP2/6-BG(d)//HF/6-31-G(d) level,

in the present study, additional single-point energy calculations
were performed at the MP2/6-34-G(d,p)//HF/6-33-G(d) level

on all geometries for the determined most important reaction
pathway.

Solvent effects were accounted for by performing self-
consistent reaction field (SCRF) energy calculations on the
geometries optimized at the HF/6-BG(d) level in the gas
phase. The calculated free-energy change in aqueous solution
was taken as the energy change calculated at the MP2/
6-31+G(d) level in the gas phase with the HF/643%&(d) zero-
point and other thermal corrections (at 298 K and 1 atm) plus cAMP(m) TS(A)
the corresponding solvent shift calculated by performing SCRF Figure 1. Geometries of the reactant cAMP(m) and the transition state
calculations at the HF/6-31G(d) level. A recently developed  optimized at the HF/6-3£G(d) level for the pathway associated with
SCRF method, known as the surface and volume polarizationsreaction 1.
for electrostatics (SVPEf 43 implemented in a local versiéh
of the GAMESS prograrf was used in the solvation calcula-  cally underestimate the energy barriers, whereas the differences
tions. This SVPE method is also known as the fully polarizable between values from the SVPE calculations using the 0.002 au
continuum model (FPCMja3%45hecause it fully accounts for ~ contour and the corresponding average experimental values for
both surface and volume polarization effects in the setute the examined esters are smaller than the range of experimental
solvent electrostatic interaction. Some advantages of the SVPEValues reported by different laboratorfésSo both the 0.002
method over other SCRF methods can be found in our previousau contour and the default 0.001 au contour were used in this
reaction field calculations by using various SCRF methods on study for further comparison to examine whether such a change
the energy barriers of a series of Carboxy]ic acid edfers. to the default 0.001 au contour can Significantly Change the

According to the SVPE procedufethe solute cavity surface calculated energy b_alrriers or no_t. Th_e dielectric constant of water
is defined as a solute charge isodensity contour determined self4Sed for the solvation calculations is 78.5. ,
consistently during the SVPE iteration process, and the numer- All of the gas-phase calculations were performed by using
ical results of the SVPE calculation can converge to the exact the Gaussian 98 prograthand all of the solvation calculations
solution of Poisson’s equation with a given numerical tolerance. V€' carzled out by using a local version of the GAMESS
The converged SVPE results are dependent only on the contouPTo9ram’*
value at a given dielectric constant and a certain quantum
mechanical calculation levé?. By seeking the best overall
agreement with experimental conformational free-energy dif-  Reaction Coordinates and GeometriesiVe examined a total
ferences (62 experimental observations) in various polar solutesof four possible types of hydrolysis pathways associated with
existing in various solvents, this single-parameter value has beeryeactions 1 to 4. The first type, associated with reaction 1, is
calibrated as 0.001 &t By seeking the best overall agreement  the hydroxide ion-catalyzed hydrolysis of the anionic structural
with experimentaf*N NMR chemical shifts (48 experimental  form. Our reaction coordinate calculations indicate that reaction
observations) in various polar solutes existing in various 1 occurs by the attack of the hydroxide oxygen at the phosphorus
solvents, this single-parameter value has been calibrated as 0.002enter to form a transition state. Whereas the oxygen atom of
au?? Nevertheless, for both the experimental conformational the hydroxide ion gradually approaches the phosphorus atom,
free-energy differences and the NMR chemical shifts, the SVPE the ester oxygen gradually leaves the phosphorus atom in the
results with the 0.002 au contour are very close to the opposite direction. The optimized geometries of the reactant
corresponding SVPE results with the 0.001 au contour. On the (i.e., the cAMP model denoted by cAMP(m)) and the transition
basis of the fitting process employed in the calibration, the root- state denoted by TS(A) are depicted in Figure 1 along with some
mean-square (rms) deviations of the 62 experimental values forkey geometrical parameters. The IRC calculation in one direction
the conformational free-energy differences from the results went to reactants cAMP(m}- HO~. The IRC calculation in
calculated by the SVPE method using the 0.001 and 0.002 auanother direction went directly to the product without going
contours are 0.096 and 0.104 kcal/miglrespectively’! The through a pentacoordinated phosphorus intermediate. It should
root-mean-square (rms) deviations of the 48 experimental valueshe mentioned that our geometry optimizations and IRC calcula-
for the NMR chemical shifts from the results calculated by the tions were all performed in the gas phase. Florian and Wagshel
SVPE method using the 0.001 and 0.002 au contours are 2.6performed a manual geometry search in solution along the
and 2.3 ppm, respectivef§ Obviously, the 0.001 and 0.002 au  corresponding gas-phase intrinsic reaction coordinate for the
contours are all acceptable for the SVPE calculations on both hydrolysis of monomethyl phosphate and demonstrated that the
kinds of properties. Compared to the solvation calculations contributions of the solvent-induced conformational changes to
neglecting volume polarization, the SVPE results are rather the overall energetics are small and can be safely neglected.
insensitive to the cavity size that is usEdRecent SVPE Our IRC results are qualitatively consistent with the results
calculations on the hydroxide ion-catalyzed hydrolysis of a series reported for smaller phosphate diesters by Lim e®at.and
of carboxylic acid esters indicated that the energy barriers more recently by Florian et a4 Whereas Lim et al. carried
determined by the SVPE calculations using both the 0.001 andout the geometry optimizations in the gas phase for both cyclic
0.002 au contours are all qualitatively consistent with the and acyclic diester®,2® Florian et al. performed geometry
corresponding experimental activation energf&$The SVPE optimization in solution at the HF/6-31G(d) level for DMP.
calculations using the 0.001 au contour slightly and systemati- The ab initio calculations reported by Lim, Dejaegere, and

Results and Discussion
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and three equatorial oxygen atoms. In INT1(B), the attacking
oxygen atom and the ester oxygen that will leave the P atom
later stay in the axial direction. The remaining three oxygen
atoms coordinating to the P atom all stay in the equatorial
direction, so the first step of reaction 2 is initialized by the attack
of the water oxygen at the phosphorus center. Whereas the water
oxygen gradually approaches the phosphorus atom, a hydrogen
atom in the water molecule gradually transfers to a negatively
charged equatorial oxygen atom of cAMP(m). In intermediate
INT1(B), the proton has already been transferred.

The decomposition of the pentacoordinated phosphorus
intermediate to product AMP(m) is associated with the breaking
of the axial P-O bond involving an ester oxygen. Breaking

T™MP TS(TMP) the axial P-O bond requires a proton transfer from a hydroxyl
Figure 2. Geometries of the reactant TMP and the transition state group to the leaving ester oxygen, so the second step of reaction
optimized at the HF/6-3tG(d) level for the pathway associated with 2 is the rotation of the equatorialfOH bond. Through the
reaction 2. rotation, a hydrogen bond between the two hydroxyl groups in

INT1(B) gradually breaks, and another hydrogen bond between

Karplug®#*were performed at the HF/STO-3G, HF/3-21G(*), the equatorial hydroxyl group and the axial ester oxygen
and HF/3-21G(*) levels. According to their results calculated  graqually forms in a new pentacoordinated phosphorus inter-
at the HF/STO-3G level, the dianionic pentacoordinated phos- mediate denoted by INT2(B). Between the two intermediate
phorus intermediate exists during the hydrolysis for both the gryctures, there exists a rotational transition state, denoted by
cyclic and acyclic esters. According to their results calculated Tsrot(B) depicted in Figure 3. The third step of reaction 2,
at the HF/3-21G(*) and HF/3-28G(*) levels, the dianionic  starting from INT2(B), is the concurrent axial ester oxygen
pentacoordinated phosphorus intermediate exists for the acyclicieaying and proton transfer from the equatorial hydroxyl to the
ester (with a negligible energy barrier) but does not exist for |aaying oxygen. The transition state corresponding to this
the cyclic ester. Our ab initio calculations at the higher level yaaction step is TS2(B), which is depicted in Figure 3.
(with the larger basis set) are consistent with the conclésiéh Reaction 4 was found to be associated with a two-step
of the nonexistence of the dianionic pentacoordinated phospho-process. The first step is the formation of a pentacoordinated
rus intermediate during the base-catalyzed hydrolysis of cyclic phosphorus intermediate. This step is associated with a water
phosphate ester. So reaction 1 is a one-step proces, S oxygen attacking at P atom of CAMPH(m) while a proton
involving only one transition state. Such a one-step reaction ansfers from the water oxygen to the phosphoryl oxygen. The
pathway also exists for the hydroxide ion-catalyzed hydrolysis second step of the reaction is the decomposition of the
of TMP. TMP may be regarded as a more simplified model of intermediate to AMPH(m). In this step, the axial ester oxygen
CAMP. The optimized geometries of TMP and the transition gradyally leaves the P atom while a proton gradually transfers
state, TS(TMP), are depicted in Figure 2. The difference betweenfrom the equatorial hydroxyl to the leaving oxygen. The
TMP and cAMP(m) is that the five-membered ring in CAMP-  gptimized geometries of the two transition states (i.e., TS1(C)
(m) does not exist in TMP. _ _ and TS2(C)) and the pentacoordinated phosphorus intermediate

Possible pathways associated with reactions 2 and 3 were(j e  |NT(C)) are depicted in Figure 4.
examined carefully by using various different initial geometries |, |ight of the theoretical results obtained from the reaction
in the geometry optimizations of the first transition states. We cqordinate calculations, eq 5 may be rewritten as
expected to find two different transition states for the first
reaction step; one is associated with reaction 2, and the otheris _ , _
associated with reaction 3. However, the geometry optimizations v = K[CAMP"][HO ] + k,[cAMP][H 0] +
starting from different initial geometries all eventually went to k,[cAMPH][H 0] (7)
the same transition-state structure, TS1(B) depicted in Figure
3. The optimized TS1(B) geometry looks like a transition state  Energetics and Kinetics. On the basis of the optimized
associated with reaction 3. Surprisingly, the IRC calculation geometries of the transition states, intermediates, and reactants,
starting from transition state TS1(B) went to the reactants we calculated the energy barriers (activation energies) and Gibbs
CAMP(m) + H2O, rather than cAMPH(mH#- HO™, in the free-energy barriers (activation free energies) in the gas phase
backward direction. So transition state TS1(B) is actually and in aqueous solution. The activation data calculated for
associated with reaction 2 rather than reaction 3. The calculatedcAMP(m) hydrolysis are summarized in Table 1. As seen in
results suggest that for reaction 3 to occur cAMPH(m) will first - Table 1, the energy barriers and free-energy barriers calculated
need to transfer a proton to HO for reaction 1 at the MP2/6-31+G(d,p) level are lower than

the corresponding values calculated at the MP2/G() level

cAMPH(m) + HO™ — cAMP(m) + H,O (6) by only ~0.2 kcal/mol. This suggests that the 6433&(d) basis

set used in our calculations is indeed sufficient for these reaction
so that reactants cCAMPH(m) HO~ become cAMP(m) H,O systems.
before the hydrolysié’ The hydrolysis starting from cAMP- Concerning the reliability of the solvation calculations, the
(m) + H»O is actually associated with reaction 2, so reaction 2 data in Table 1 show that the energy barriers and free-energy
can actually be regarded as part of reaction 3. The IRC barriers calculated with the SVPE method using the 0.002 au
calculation in the forward direction went to a pentacoordinated contour are close to the corresponding values with the SVPE
phosphorus intermediate, denoted by INT1(B) depicted in Figure method using the default 0.001 au contour, particularly for
3. The pentacoordinated phosphorus has a distorted trigonalreaction 1. Reaction 1 is the hydroxide ion-catalyzed hydrolysis,
bipyramidal coordination structure with two axial oxygen atoms the primary pathway concerned in this study. The differences




3794 J. Phys. Chem. A, Vol. 108, No. 17, 2004

Chen and Zhan

o 8
\ & : "
q’ 1 1.466 -
/ b
1 o 2331 P o 1.495 N
or A \r 15?; 15@};«é'&=§§‘90 |'HL - Y 1737 B 1.741 9 = .;: (a-':l
&, o :HFQN“Q-"T_. . '5~—';_\| ?%8—-—- bt g_\‘-—-.. '-aa,irq‘
&, " § H oo A W : ;*O &5?4 p "":""*é“”' -
C@ e ® W 0@ -
1.646 %7 =4 = @
1.477_ @8 A % O &
o @ O e o
cAMP(m) I'SI(B) INT1(B)

TSrot(B)

INT2(B)

TS2(B)

Figure 3. Geometries of the reactant cAMP(m), transition states, and intermediates optimized at the HE@Blevel for the pathway associated

with reaction 2.
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Figure 4. Geometries of the reactant cCAMPH(m), transition states,
and intermediates optimized at the HF/6+33(d) level for the pathway
associated with reaction 4.

between these two sets of SVPE results are withih6 kcal/
mol for the hydroxide ion-catalyzed hydrolysis of cAMP(m).
As seen in Table 1, the Gibbs free-energy barrier for the
hydroxide ion-catalyzed hydrolysis of cAMP(m) was calculated
to be 29.6 kcal/mol with the default 0.001 au contour and 30.2
kcal/mol with the 0.002 au contour. The difference-8.6 kcal/
mol. In comparison, the Gibbs free-energy barrier for the
hydroxide ion-catalyzed hydrolysis of TMP was calculated to
be 32.0 kcal/mol with the default 0.001 au contour and 32.2
kcal/mol with the 0.002 au contour. The difference is orfy.2
kcal/mol. For the other reaction pathways, the differences
become slightly larger<{1.7 to 2.0 kcal/mol), as seen from the

data in Table 1; these differences do not significantly change
the relative energetic results. This suggests that the SVPE
calculations using the default 0.001 au contour are adequate

for this study. The discussion below refers only to the results
calculated with the default 0.001 au contour. Unless clearly

lower. The shift of~ —2 kcal/mol is attributed to the effects of
an extra five-membered ring in cAMP(m). This shift is certainly
significant but not dramatic. The absolute value of the free-
energy barrier shift from cAMP(m) to cCAMP is expected to be
smaller than the~2 kcal/mol shift from TMP to cAMP(m)
because the structural difference between cAMP(m) and cAMP
is farther from the reaction center. Therefore, cAMP(m) can be
considered to be an adequate model of cAMP, and the results
calculated for cAMP(m) should give some useful insights into
the hydrolysis of cAMP. Below we discuss the cCAMP hydrolysis
by using the energetic results calculated for cAMP(m).

For the gas-phase reactions, reaction 1 has a very high energy
barrier ¢~80.0 kcal/mol) and free-energy barrier&9.0 kcal/
mol) according to our calculations. For the three steps of reaction
2, the highest energy barrier26.3 kcal/mol) and free-energy
barrier (~36.4 kcal/mol) are always associated with the first
step. For the two steps of reaction 4, the highest free-energy
barrier (~32.2 kcal/mol) is associated with the first step,
although the highest energy barrierd1.2 kcal/mol) is associ-
ated with the second step in the gas phase. So the first step is
always rate-controlling for each reaction pathway, and com-
parisons of the hydrolysis rate between different reaction
pathways should focus on the free-energy barriers for the first
steps. The calculated free-energy barriers in Table 1 predict that
for the three reactions in the gas phase reaction 4 is the fastest
because the free-energy barrier32.2 kcal/mol) for its rate-
controlling step is the lowest and reaction 1 is the slowest
because its free-energy barrier§9.0 kcal/mol) is the highest.

The solvent effects dramatically change the relative free-
energy barriers for the rate-controlling steps and therefore the
relative reaction rates. The calculated largest absolute value of
the solvent shift of the free-energy barrier is as high as 49.4
kcal/mol. As a result, for the hydrolysis in agueous solution
reaction 1 is associated with the lowest energy barrier and the

specified otherwise, all activation data discussed below refer frée-energy barrier, as compared to those for the rate-controlling

to CAMP(m).
Compared to the free-energy barrier calculated for the
hydroxide ion-catalyzed hydrolysis of TMP in aqueous solution,

steps of the other two reactions in solution. The free-energy
barrier of 29.6 kcal/mol calculated for reaction 1 is lower than
that for reaction 2 by 16.4 kcal/mol and that for reaction 4 by

the free-energy barrier calculated for the hydroxide ion-catalyzed 15.8 kcal/mol. These values indicate thatko/ks ~ 101%1:3

hydrolysis of cAMP(m) in aqueous solution 82 kcal/mol

according to conventional transition-state theory (CTST):
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TABLE 1: Calculated Energy Barriers (AE) and Free-Energy Barriers (AG) in kcal/mol?

gas phase solutién solution (0.00%
reaction AE AG AE AG AE AG

reaction 1
cAMP(m) + OH ~— TS(A) 80.0 89.0 20.6 29.6 21.2 30.2

(79.8p (88.8y (20.4y (29.4p (21.0y (30.0y
reaction 2
cAMP(m) + H,O — TS1(B) 26.3 36.4 35.9 46.0 37.9 48.0
INT1(B) — TSrot(B) 10.1 9.7 7.7 7.2 6.5 6.0
INT2(B) — TS2(B) 2.9 2.8 6.0 5.9 6.4 6.3
reaction 3
cAMPH(m) + H,O — TS1(C) 21.2 32.2 34.4 45.4 36.1 47.1
INT(C) — TS2(C) 24.7 23.8 20.6 19.7 20.7 19.8

a All energy calculations were performed by using the geometries optimized at the HF®B(8) level. Unless otherwise indicated, the gas-
phase energy calculations are determined at the MP2/858d) level. The energy barriers include the zero-point energy correctioRsr the
values in parentheses, the gas-phase energy calculations were performed at the MP2BgeBf) level.© The solution results are based on the
solvent shifts determined by the SVPE calculations with the default 0.001 au cohfbhe solution results are based on the solvent shifts determined
by the SVPE calculations with the 0.002 au contour.

k=£rex
()

—AG)

T ®)

wherekg is the Boltzmann constant, is the absolute temper-
ature,his Planck’s constant, antiG is the free-energy barrier.

We note that the relative contributions of different reaction

pathways to the total hydrolysis ratein eq 7, are determined

not only by the relative free-energy barriers but also by the
relative concentrations of the involved reactants. The ratio of
[HO™]to [H20O] is determined by the pH of the reaction solution.

At pH 7, [HO™)/[H,0] ~ 1077/55.5~ 2 x 1078, The ratio of
[cAMPH] to [cCAMP ] is determined by both thekq of cCAMPH

and the pH of the solution. For example, assuming that kae p

of CAMPH is close to the experimentaKp value of DMPH,
~1, we should have [cAMPH]/[cAMP] = ~107% at pH 7.

Under this condition, we obtain

k,J[CAMP ~J[HO “J/k,[CAMP][H ,0]/k,[CAMPH][H 0] ~

So at pH 7, the contribution of reaction 4 to the total hydrolysis

2 x 10%1:3x 10°° (9)

rate should be the smallest so long as thg @f CAMPH is not

larger than~6.5; we are not aware of any phosphodiester with

a K, value as large as-6.5. In the unlikely case of K-
(cAMPH) = ~6.5, we would havey[cAMP~][H20] ~ kg

[cAMPH][H 20O]. It follows that reactions 1 and 2 represent the
two main reaction pathways for the hydrolysis of cCAMP in

aqueous solution when the pH of the solution is around 7.
Depicted in Figure 5 is the pH dependence of the{kag
[CAMP][HO 1}, logf ko[cAMP][H 20}, and lod ks[cAMPH]-

[H20]} values calculated by using CTST and some additional

'5W » log v,
-10- a log v,
I
154 o 109 V4
>
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Figure 5. Calculated values of log,, log v,, and logus versus the
pH of the reaction solution at = 298.15 K.v; = k{[CAMP~][HO ],
v2 = k[cAMP~][H:0], andvs = ky]cAMPH][H;0].

For~1.3 < pH < ~3.7,kj[cAMP~][H20] has the largest value;
therefore, the contribution of reaction 2 is the largest. At pH
~3.7, we haveh[cAMPT][HO ] ~ ko[cAMP~][H20]. At pH

> ~3.7, the contribution of reaction 1 is the largest. We are
particularly interested in the hydrolysis of cCAMP under physi-
ological conditions at pH~7 (neutral aqueous solution).
Reaction 1 should be the dominant pathway for cAMP hydroly-
sis in a neutral aqueous solution. This theoretical conclusion is
consistent with a recent experimental sttfgyroviding isotopic
evidence for direct attack by hydroxide ion in the alkaline
hydrolysis of another phosphodies{@rith a p-nitrophenolate
leaving group).

Finally, now that the hydroxide ion-catalyzed hydrolysis has

assumptions. According to CTST, we can evaluate the rate been determined to be the dominant pathway in neutral aqueous
constants only for a given temperatufeand the free-energy
barriers calculated for the solution reactions at the MP2/6G1
(d)//HF/6-31-G(d) level. We used = 298.15 K. In addition,
we further assumed that [CAMP+ [cAMPH] = 1 M and K,

= 1 for cAMPH in our calculations. As seen in Figure 5, when

the pH of the solution increasel[cAMP~][HO ] increases
whereasks[cCAMPH][H20] decreases. Thé&[cAMP~][H20]

value increases with increasing pH when the pH is very low

and is constant when the pH is significantly higher thah
The kijcAMPH][H20] value is larger than those ok;-
[cAMP~][HO ] and ky[cAMP~][H 2O] only for pH < ~1.3, so
the contribution of reaction 4 is the largest only for pH~1.3.

solution, the reliability of our theoretical predictions can further
be examined by comparison between the available experimental
data and the results calculated for the hydroxide ion-catalyzed
reaction pathway for TMP hydrolysis. Reported experimental
kinetic data have shown that EP hydrolyzes abouta<fast

as does DMP? whereas TMP hydrolyzes “at very nearly the
same rate as an acyclic ester” such as DW¥Because the
experimental estimate of the activation free energy used in the
literature for the alkaline hydrolysis of DMP is 32 kcal/nfél,
the experimental estimate of the activation free energy for the
alkaline hydrolysis of TMP should be close te82 kcal/mol
according to conventional transition-state theSyhe estimated
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