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Abstract

A density-functional study of the hydrolysis reaction ofogphodiesters with a se-
ries of attacking nucleophiles in the gas-phase and in isolus presented. The
nucleophiles HOH, HO, CH30OH and CH30 were studied in reactions with ethy-
lene phosphate and 2’,3’-ribose ethylene phosphate in tieeitral (protonated) and
monoanionic forms. Stationary-point geometries for thactien were determined
at the density-functional B3LYP/6-31++G(d,p) level folled by energy refinement
at the B3LYP/6-311++G(3df,2p) level. Solvation effectsrevestimated using a di-
electric approximation with the polarizable continuum relobdPCM) at the gas-phase
optimized geometries. This series of reactions charaeefactors that influence the
intrinsic reactivity of the model phosphate compounds|uding the effect of nu-
cleophile, protonation state, cyclic structure, and salvelhe present study of the
in-line mechanism for phosphodiester hydrolysis, a reactif considerable biolog-
ical importance, has implications for enzymatic mechasisnihe results highlight
the importance for the reaction barrier of charge neuttibn resulting from the pro-
tonation of the non-bridging phosphoryl oxygens, and tHe ab internal hydrogen
transfer in the gas-phase mechanism. It also shows thatrdgadtabilization has a
profound influence on the relative barrier heights for thenaginic, monoanionic and
neutral reactions. The calculations provide a comprekermkita set for the in-line hy-
drolysis mechanisms that can be used for the developmemipybved semiempirical

guantum models for phosphate hydrolysis reactions.



1 Introduction

Phosphate diesters play a fundamental role in biologyudinl their role as the
backbone of DNA and RNA[1, 2]. The chemical properties arattigity of phos-
phates determine how these biomolecules are formed ancedeand therefore, phos-
phate diesters have been the subject of numerous thebagttt@xperimental studies
[3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 2022123, 24, 25, 26].
A first approximation to understand phosphate diester ikeycis to characterize the
energetics of gas-phase model reactions for which a fulhyuma mechanical treat-
ment is possible. Of particular interest are studies thaeicaucleophilic attack of
water or methanol on ethylene phosphate (EP), a model faransphosphorylation
and hydrolysis of RNA chains.

Previous computational studies on non-enzymatic phosghatrolysis reactions
[3, 9, 5, 11, 27, 12, 13, 17, 23, 24] have focused mainly on thieadled dianionic
and monoanionic reaction mechanisms, in which either ativefyacharged nucle-
ophile (XO~; X=H,CH,) or a neutral one (XOH; X=H,C}H attacks an unprotonated
phosphate diester molecule (i.e., dimethyl phosphate lofexie phosphate). Very
few of these studies has addressed the effect of the sugpomirthe reaction. The
pK, values of phosphates (typically below 3) suggest that theyomized in aqueous
solution around neutral pH, and hence are the most likelgtaga species in non-
enzymatic hydrolysis. However, the protonation state efghosphate esters in enzy-

matic hydrolysis, especially of the phosphorane transsitates and intermediates, are



not clear. Recent experimental and theoretical resultgestghat the phosphoranes
exhibit significantly elevated X! (e.g., a value of 7.9 has been suggested for ethylene
phosphorane[27] and 8.6 for P(O§fB8]). Consequently, it is important also to char-
acterize neutral reaction mechanisms since the chargedttte phosphorus species
can play an important role in the enzyme catalyzed reactions

In this paper, we extend the scope of previous computatiamoak [16, 29] to
consider neutral reaction mechanisms and to charactéwzeftect of the sugar ring
at a high level of theory and basis set. We have studied by sngfadensity-functional

theory the following set of reactions:

XO(H) + POy(H)(—O =Y — 0) — XO — POy(H) — (O —Y —O(H)) (1)

where X can be either hydrogen or methyl, and Y is eithighl, or a ribose ring. These
reactions are illustrated schematically in Fig.We restrict the focus to in-line attack
mechanisms, and do not consider mechanisms that involwelpssation. Although
exploration and characterization of other mechanisms pgonant, the formation of
the pentacovalent intermediate that results from in-litiack is generally the rate
limiting step [30, 31]. Calculations were performed usirensity-functional theory
(B3LYP functional) at high basis set levels (6-31++G(dg3L1++G(3df,2p)). Sol-
vation was approximated by the linear isotropic PCM diglectontinuum model[32,
33, 34]..

Non-enzymatic phosphoryl transfer reactions with quartbemical methods have

been studied extensively with quantum chemical methodsd@rdo quantify the influ-



ence of factors that regulate reactivity. Numerous stukdégs® been performed in the
gas-phase [4, 3, 5, 17, 35], and in solution [9, 10, 6, 7, 821618, 23, 24, 26, 36, 15,
37]. These studies utilize different levels of electrorirasture theory, models for sol-
vation and other computational protocols that reduce tlgeegeto which meaningful
cross-comparisons between studies can be made. The ppegpemtpresents calcula-
tions for a series of reactions carried out at a consisteet & theory and treatment
of solvation that helps unite and extend the results presenteviously by different
authors with different methods. [4, 5, 6, 7, 8, 9, 10, 11, 16,38, 39, 26, 23, 24, 40]
Consequently, the results should be of general utility anmhrticular provide a bench-
mark dataset for the optimization of semiempirical quantnoaels that can be used in
the application of hybrid quantum mechanical/moleculachagical methods to study

enzymatic phosphate hydrolysis reactions in biology[29].

2 Methods

2.1 Gas-phase calculations

All the structures in the gas-phase were optimized with k8ham density-functional
theory (DFT) methods, using the hybrid exchange functioh&8ecke [41] and corre-
lation functional of Lee, Yang and Parr [42]. Frequency chitions were performed
to verify the nature of the stationary points on the potérgreergy surface (PES);
i.e., that there were no imaginary frequencies for mininraj anly one imaginary

frequency for transition states. Geometries and freqesngere determined with a 6-



31G++(d,p) basis set. Following geometry optimizatiom, ¢hectronic energies were
refined using a larger 6-311++G(3df,2p) basis set. Thisshsei is similar to that
used in the G2 method [43, 44], which typically yield atontiaa energies, ionization
energies and relative energies withikcal/mol of the experimental values. All the
calculations were done with the GAUSSIAN98 suite of progsd#ab].

The B3LYP/6-31G++(d,p) frequencies were used to evallegeero-point vibra-
tional energy (ZPVE), thermal vibrational contributiomsthe enthalpy, entropy and
Gibbs free energy at T=298 K within the harmonic oscillatpp@ximation in the
canonical ensemble [46, 47]. The rotational and transiatienergies were treated
classically as (1/2)RT per degree of freedom. The thermamhyecs relations and en-

ergy contributions calculated in the gas-phase are:

G = H-TS (2)
H = E+RT (3)
E = Eo+ Eup + Erot + Etrans 4)

Ey, = E.+ZPVE ©))

where G, E, H, S and T are the Gibbs free energy, the energgnimalpy, the en-
tropy and the temperature (T=298 K), respectively, &xdFE,;,, E,.; and E;,,,, are
the electronic, thermal vibrational, rotational and ttatisnal energy components,
respectively. All quantities excepi. andZ PV E have an explicit temperature depen-
dence.

The most serious deficiencies of the evaluation of gas-ptiesesnergies in this
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work has to be attributed to dianions, for which sufficierfléxible diffuse basis func-
tions are required for accurate calculations. On the othadhthe magnitude of the
gas-phase entropy calculated as the sum of the translhtiotaional and vibrational
entropies calculated using the ideal-gas, rigid rotor axchionic oscillator approxima-
tions often leads to a large overestimation of the entropy fer reactions in solution.
This is so since the harmonic approximation underestintaegntropy contribution
from low frequency modes. Besides, the consideration afitefy separated reactants
with fully free translational and rotational degrees ofeflem as the reference state
overestimates the entropy penalty associated to the agipafawo reactants in so-
lution, since there is an overestimation of loss of tramsfetl and rotational degrees
of freedom upon approach of the two reactants. Finally, twoeilsl also consider that
there is a neglect of the changes in solute entropy upondhefar from the gas-phase

to solution.

2.2 Solvation calculations

Solvent effects were treated using the polarizable contmmodel (PCM) [32, 33,
34]. In this model, the solute molecule is embedded in a gaditunit dielectric

that is surrounded by solvent modeled by a dielectric comtim. The cavity was
defined using the UAHF sets of radii [48]. The solute and saha@e coupled by a
reaction potential of the dielectric medium in responsé@écsiolute charge distribution.
The polarization of the solvent is represented by a chargsityer introduced on the

surfaceS of the cavity surrounding the solute, and the correspondaagtion field



potential takes the form

o(s)

v —s|

o) = [ ds ©®)

To check the sensitivity of solvation corrections to themoetand basis set choice, the
solvation calculations were performed with two differeleagronic structure methods
(HF and B3LYP) and two different basis sets (6-31G(d) and. 6&3d)), for a total of
four combinations of theory/basis set (HF/6-31G(d), HE168-G(d), B3LYP/6-31G(d)
and B3LYP/6-31+G(d)). The free energy in solution was dal&d as a solvation free

energy correction to the gas-phase free energy as:
Gaq - Ggas + AGsol (7)

whereAG,, is the solvation free energy calculated as the the differdratween the
electronic energies in solution and the gas-phase, pluselfenergy of the solvent
reaction-field along with an empirical term that accounttfer non-electrostatic con-
tributions to the solvation free energy (sometimes retetoeas the “cavitation” term)
[32, 49]. The solution free energies of the gas-phase st@tyopoints from Equation
7 are then used to estimate the relative energies of the \&si@ationary points in so-
lution, AG?,, with respect to the energies in solution of the separatetaats: The
relative values in solution with respect to the reactaniess affected by the basis set
and method choice than absolute solvation energy valugbasthe shape of the po-
tential energy surface in solution is similar for the diéfiet methods tested. Therefore,

and for the sake of brevity we chose only one method , HF/8=31to report aqueous



free energies; the results obtained with the other methaagigen as supplementary
material.

Due to the large number of structures considered, the solviee energies were
calculated at the gas-phase B3LYP/6-31G++(d,p) geonsetaigner than performing
geometry optimizations in solution.

It is known that geometries can be affected by inclusion d¥est effects[16]
and a complete treatment of solvation should include gegnuitimizations and
consideration of key explicit solvent molecules that fotmustural hydrogen bonds.
Nonetheless, the gas-phase geometry/continuum diglegiproximation applied here
can provide important qualitative insight into how solvaffects the energetics of the
different reactions[9, 10, 11]. Another drawback of theser& calculations is the
lack of explicit solvent water molecules as effective cgtlfor the intramolecular
proton transfers from phosphoryl oxygens to departing enhiles/leaving groups
in monoanionic and neutral reactions. Notice that watediated proton transfer has

been claimed to facilitate formation/cleavage of phosphes[50].

2.3 Nomenclature

To label the different structures along the reaction profite introduce the follow-
ing notation. There are reactants (REAC), hydrogen bondetptexes (HB), prod-
ucts (PROD), and pentacovalent phosphorane intermedi&i€$ that are identified
as minima on the potential energy surface, as well as setraraition states (TS1,

TS2 and TSINT). The name TS1 refers to the transition statéheapproach of the
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nucleophile to the phosphate reactant, while TS2 refereddransition state for the
endocyclic cleavage which connects the phosphorane irtiates to the products.
TSINT refers to transition states that connect differemdgpihorane intermediates (see
Result section for details).

The number of stationary point identified on the potenti&rgg surface differs for
the dianionic, monoanionic and neutral reactions. In treead dianionic reactions,
there are only REAC, TS1 and PROD structures. In the case obaronic and

neutral reactions there are more possibilities and the nolatire is detailed below.

2.3.1 Monoanionic Reactions

In the case of water attack on ethylene phosphate, we hawwdered two type of
intermediates nt, and Int,), which differ in the orientation of the equatorial pro-
ton (See Fig. 4). Considering that the five membered ring liglehe phosphate is
not planar, the two equatorial phosphoryl oxygen are noivatgnt, so that there are
two Int, and twolnt, structures. However, preliminary calculations showedoaim
equivalent energetics (within 1 kcal/mol) and similar sttwes when protonating one
or the other oxygen, so that only one structure will be disedshere.

For the reaction with ribose ethylene phosphate, there are imomers, according
to whether the protonated phosphoryl oxygen is exo or enttor@spect to the ribose
ring. These two possibilities were specifically consideraad we distinguish both

structures with amxo andendo superscript (See Fig. 4).
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2.3.2 Neutral Reactions

In the neutral reactions, the stationary points identifiegl @so reactants (REAC),
hydrogen bonded complexes (HB), transition states (TS)sporane intermediates
(INT) and products (PROD). However, the number of differsoimers is larger, as
the equatorial oxygens are both protonated and each pratoassume different ori-
entations. In this case we have introduced two subscripishathke into account the
orientation of each of the equatorial protons. The synth@fers to "down” orienta-

tion of the equatorial proton according to the structurefigf 5, meaning that this
proton is oriented towards the oxygen of the nucleophilee $hbscriptu refers to

the "up” orientation, i.e., proton oriented towards thesdveindocyclic oxygen (i.e. the
oxygen of the leaving group). As shown in Fig. 5, we use twasstipts in each

case, the first one refers to the orientation of the protomtda the exo phosphoryl
oxygen, and the second one corresponds to the equatoriahpgoound to the endo

oxygen (exo or endo with respect to the ribose ring).

3 Results and Discussion

The results of DFT calculations for the series of phosphgtidiysis reactions are
presented and discussed. The section is organized inte thagn subsections that
focus on dianionic, monoanionic and neutral reactiongeetively. Each of these
subsections examines structures, and thermodynamicitieaim the gas-phase and

in solution. Particular attention is paid to the geometakthe phosphorane interme-
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diates and the transition states corresponding to the toomaf the exocyclic P-O
apical bond, the overall rate limiting transition state ihcases, and to the specific

protonation states that give rise to possible phosphosameers.

3.1 Dianionic reaction mechanism

3.1.1 Gas phase profile

The dianionic reaction mechanism corresponds to the atibthe anionic reactant
(hydroxide or methoxide) on the negatively charged phodjgsters, ethylene phos-
phate and 2’,3’-ribose ethylene phosphate . These are thk smlecule models for
mechanisms frequently proposed for enzymatic phosphal®lygis, where the attack
of an activated nucleophile (for example, deprotonateddwd) occurs on the phos-
phate diester in its physiological anionic protonationesta his reaction has been stud-
ied previously on simpler model systems lacking the ribasg{3, 9, 10, 11, 16, 18]
and the global features of the reaction profiles presented(beFigure 3 and Tablel)
are in accord with previous studies in that hydrolysis peaisevia direct in-line nucle-
ophilic displacement with inversion of configuration at if@sphorus. The rate limit-
ing transition state occurs early in the reaction, withathses between the phosphorus
and the incoming nucleophile oxygen around 2.@4@. Table 2) and an endocyclic
P-0,, distance of 1.84@\. The reaction proceeds directly from the transition state
the products without formation of stable pentacovalenhidiaic phosphorane inter-
mediates. In the P-Q) distance range where stable intermediates are observéuefor

monoanionic and neutral reactions (see below), the palestiergy surface is rather
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flat, but no stationary point was identified. Thus even if Evalintermediates exist,
they are not kinetically significant[51]. This type of mealsan is consistent with
kinetic 180 isotope effects[50] for the cleavage reaction of Uridiner3-nitrobenzyl
phosphate (i.e., the reverse transesterification reattidhe methanolysis of cyclic
phosphate diesters discussed in the present work), siygoire concerted type mech-
anism but with a late transition state (that is, equivalewiir early-type transition state
for the methanolysis reaction of the cyclic phosphodigster addition, on the basis
of leaving group effects, highly negative values fiy (slope of Bronsted-type plots)
in the case of the hydroxide ion catalyzed transesterifinatleavage of uridine 3’-
alkylphosphates[52, 53, 54] have been reported, suggetstat at the transition state
the departure of the corresponding alkoxide group is allmastplete, which is again
in agreement with an early transition state for the methai®lof cyclic phosphodi-
esters. Quite interestingly, a break in the Bronsted-type &nergy relationship has
been recently reported[54] for the alkaline cyclisatiorugtline 3’-phosphate esters
atpKk, values of the leaving group (the nucleophile in our caseglawan thep K, of
the 2’ oxyanion nucleophile. This convex break in the Bredgtlot has been taken as
an evidence of a transient intermediate.

The dianionic reaction has a very high activation energyidain the gas-phase,
it is of the order of 81 (ethylene phosphate) to 87 (2',368b ethylene phosphate
) kcal/mol (see Table 1). The free energy barrier is highe®ky 10 kcal/mol,

which reflects the loss of translational and rotational degrof freedom in the di-
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anionic complexes, the inclusion of vibrational entropimtibutions does not sig-
nificantly affect the shape of the reaction path. The higlvanbn barrier results
largely from the coulombic repulsion between the two negticharged ions in the
gas-phase[9, 10, 11]. The presence of the ribose ring lctleractivation barrier by
5 kcal/mol with respect to ethylene phosphate, presumainytd its better ability
to delocalize the electronic charge and reduce the coul@pblsion of the dianion.
Overall, the hydrolysis reaction is endothermic in the ghase. The nature of the
attacking group (methoxide vs. hydroxide) influences tlaetion energetics for the
hydrolysis; i.e., when methoxide is the nucleophile, trecti®n is more endothermic
by over 10 kcal/mol (see Table 1). This can be linked to thatgrestability of the
methoxide reactant relative to hydroxide. The effect ofribese ring is fairly small
with respect to the barrier height and overall reaction getgrs. It can be noted that
the backward reaction, i.e., that from the products to eedst2’,3-ribose ethylene
phosphate and methoxide is a model for the transphosphioryEtep of RNA hydrol-
ysis. From the data presented here, the activation enerdkigoparticular reaction is
32.8 kcal/mol, which is significantly less than that for thaltolysis. The activation
energy for the backward hydrolysis reaction is higher (4zdl/mol) when hydrox-
ide is the leaving group, as expected, since hydroxide is @teaving group than

methoxide in bearing a negative charge in the gas-phase.
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3.1.2 Solution profile

To obtain a first approximation to the reaction profile in solo, we estimated the
solvation free energie<s(,,;) of the gas-phase stationary points with the continuum
dielectric (PCM-UAHF) methods as discussed in section Zables 1, S9, S10 and
S11).

It can be seen that for the dianionic reaction, the solvdtiea energy of the sepa-
rate reactants is significantly less favorable than thdiefriansition state and product.
This is in accord with the expectation that a dianionic spe¢s more favorably sol-
vated than two monoanionic reactants[11]. The large fdlersolvation of dianionic
transition states leads to a significant reduction of theaobn barrier in solution. The
barrier is lowered to 45-55 kcal/mol depending on the natditne reactants. In the
gas-phase, the activation barrier for the 2’,3'-riboseylethe phosphate reaction was
somewhat lower, while as the transition state for the 2if36se ethylene phosphate
compounds are bulkier, they are less well solvated andftiveréhe estimated barriers
in solution for the 2’,3’-ribose ethylene phosphate reawiare similar, or even some-
what higher than those obtained for ethylene phosphate tailelé comparison of the
solution barriers for the various reactants and nucleepllould necessitate obtaining
stationary points in solution. Nevertheless, the currenadndicate that the barriers
are similar for all reactions.

These data also highlights the importance of the consideraf the solvent to un-

derstand the hydrolysis reactions, as noted in earlieietutLO, 11]. For the reverse
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(i.e., transphosphorylation) reaction, the effect of abbn on the activation barrier is
guantitatively much less important than for the hydrolgsep, as the reactants are also
dianionic; solvation reduces the activation barrier bywh® kcal/mol. The differ-
ence in solvation free energies with the different methadpleyed tend to cancel out
when calculating relative energies. This can be seen inf-ighere we depict the val-
ues of the solvation free energies for the different specadsulated at HF/6-31+G*,
B3LYP/6-31G* and B3LYP/6-31+G* versus the HF/6-31G* vadud he inclusion of
diffuse functions tend to slightly increase the solvatiaefenergy (in absolute value),
whereas the B3LYP method has a larger effect and gives anfallabsolute value)
solvation free energies than Hartree-Fock in all cases. ddew these trends are con-
sistent for all the structures treated, and hence, thedsarcalculated in solution with
the different methods are similar. As stated in the methatia® only HF/6-31+G*

numbers are included in Tables 1, 3 and 6.

3.2 Monoanionic reaction mechanism

3.2.1 Gas phase profile

Monoanionic reactions correspond to either the attack @ctivated nucleophile (i.e.
OH- or CH30-) on the neutral phosphate or to the attack of araleoucleophile

(water or methanol) on the phosphate in its usual charge &t Monoanionic reac-
tions have been proposed in enzymatic systems [55] wheratthek of an incoming
charged nucleophile would be accompanied by a proton gafrsim a nearby general

acid to the phosphate, which would facilitate the attack.
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For the reactions considered here in the gas-phase, idestationary point are
obtained for the attack of an anionic nucleophile on the na¢ythosphate and the
attack of the neutral nucleophile on the anionic phosplsat¢hat except in the reac-
tant stage, the potential energy surfaces are identica&.ifihal step in the gas-phase
reaction for the attack of water (or methanol) on the monm@iniphosphates is the
formation of an H-bonded complex between the reactantsTabke 3 and Fig. 4).
The stability of the hydrogen bonded complex is quite sigaiit in the gas-phase due
to favorable electrostatic interactions (-15.5 kcal/nmoénergy) but the entropic con-
tribution to complex formation is unfavorable, as expectawl hence in free energy,
the stability is only -3.3 kcal/mol (Table 3). The geometfyttoe complex differs if
water or methanol is used as nucleophile, with water twdijgelongated hydrogen
bonds are formed with the non-bridging phosphoryl oxygempp(oximately 2.1&),
whereas CHOH forms a single strong hydrogen bond (approximately fA)ZHf the
reactants used for initial gas-phase geometry optimigaie the neutral phosphate
and anionic nucleophile, no stable complex is formed whaeephosphate oxygen is
the H-bond donor. This is expected from the relative gaselpaoton affinities of the
reactants; i.e. when the neutral phosphate and anionieoypigile interact, a proton
transfer occurs and the only stable H-bonded complex tmebeadentified correspond
to the neutral nucleophile donating the H-bond to the aciphibsphate oxygen.

As the reaction proceeds to the rate-limiting transiti@testthe proton forming the

hydrogen bond is transferred from the nucleophile to one@hbn-bridging phospho-
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ryl oxygens. This proton transfer is almost complete in thegition state, as the dis-
tance between the incoming O and the proton (1.4 1&1.5 significantly longer than
the distance between the phosphoryl £ and the hydrogen (1.0 - 14). The H-O-H
angle however deviates significantly from linearity (131, see 5). and th® — —0O
distance (proton donor and acceptor) is between 2.308 @5 A . Experimental
results on cleavage and isomerization of RNA phosphodibsteds[56, 57, 53], sug-
gests a similar mechanism, in which the rate-limiting triams state corresponds to
exocyclic cleavage of the phosphorane concerted with privemsfer to the departing
alkoxide. In this sense, it has been shown that in the casleasigihorane monoanionic
triesters, for which intramolecular proton transfer frame phosphoryl oxygen to the
leaving group is not an option, isomerization is’ tnes faster than the cleavage.
However, in phosphorane diesters isomerization is only 2 twders of magnitude
faster than cleavage. Besides, also consistent with arptoamsfer to the leaving
group concerted with the rate-limiting bond rupture, thpeskmental[56]3;, of the
cleavage is only moderately negative, -0.59, as compartttthae high negative value
for the hydroxide-ion-catalyzed reaction of phosphodiestonoanions[52], -1.28, in
which the alkoxide departs unprotonated.

In general, there are large departures from the ideat i8the O,, — P — O,
angle in the transition state; values between’1&®d 164 are obtained (Table 4).
Regarding the distance between the nucleophile and thegpbass in TS1, they are

all very similar, 2.235 - 2.26% with slightly longer P—-OX distances for methanol
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than for water. For the attack on 2’,3’ ribose ethylene phasp, the P-OX distances
in the transition state are shorter than for ethylene phatephThe transition states
TS1's of the monoanionic reactions are more associative tta transition states of
the dianionic reactions, in which the values of P-OX and Pd¥ances at TS1 were
longer than in the present case. Due to the geometry of thepblade reactant the two
non-bridging equatorial oxygens are not equivalent, sbtila transition states are
identified (labeled exo and endo for 2’,3’-ribose ethylehegphate as a reactant, see
Figure 4). However, there is very little difference in théieation barriers and overall
geometries between the two structures.

The gas-phase energy barrier between the reactants (takire aeutral nucle-
ophile and charged phosphate) and rate limiting transsiate are 21-25 kcal/mol,
while the corresponding free energy barriers are 32-35mal(see Table 3). The
barriers with respect to the stable hydrogen bonded comgulexof course higher,
but in free energy the difference is only about 3 kcal/molr fgtance, in the case
of a methanol attack on 2’,3’ ribose ethylene phosphate teephase free energy
barrier with respect to separated methanol and chargedophtesis 34.2 kcal/mol
for T.S17%°, while the barrier with respect to the hydrogen bonded cemd 37.8
kcal/mol. It is also possible to consider taking the aniamicleophile and neutral
phosphate as the reference energy. However, these reaatantnuch higher in en-
ergy than the charged phosphate and neutral nucleophil®@$5 kcal/mol in the

gas-phase, see Table 3). In solution, the difference inggnierless (See Table 3,
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the anionic nucleophile and neutral phosphate are onlytab@15 kcal/mol higher

than the negative phosphate and neutral nucleophile) ieutotvest energy species
remains the neutral nucleophile and anionic phosphatex@ected. It is thus clear
that in the gas-phase, the activation barrier is signiflgdatver for the monoanionic

reaction than for the dianionic one.

The potential energy surface for the monoanionic reacsamare complex than
for the dianionic one. Indeed, as the reaction proceeds fhenexocyclic transition
state, stable pentacovalent compounds are formed (i.espploranes). They are the
intermediates of the reaction and they have a distortedriabbipyramid structure.
The central phosphorus atom is bound to 5 oxygens, two of thesupy axial posi-
tions (Q,,) and other three occupy equatorial positions. These irgdiates are higher
in energy than the reactants by 13-15 kcal/mol (see TablE@)the monoanionic re-
action of 2’,3’-ribose ethylene phosphate four of thesenmiediates can be identified
(cf. Figure 4) that differ in the position and relative ortiation of the proton bound
to the equatorial oxygens. Indeed, the proton can be boueddb equatorial oxy-
gen, as these are not equivalent (labeled exo and endogtfteFi4). The proton can
then be oriented either towards the incoming nucleophijger ((nt,) or towards the
departing leaving group oxygelih(t,, Figure 4).

These stable intermediates occur at different stages oretdation pathway. In
the transition state of nucleophilic attack (TS1), the pnothat has been transferred

from the incoming nucleophile is still oriented towardsaitd this orientation is kept
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in the subsequent intermediate:(,). A rotation of the equatorial proton then occurs
leading to the transition state (TSINT, cf. Figure 4) whére proton is situated in the
equatorial plane. This transition state is associated avilgnificant barrier of about
10 kcal/mol with respect to the intermediates, and showlamgias-phase energies
to those of the transition states for nucleophilic attade($able 3). This rotation of
the proton bound to the equatorial oxygen is an interestaguie of the gas-phase
potential energy surface. The barrier for rotation of thatqm is wide enough that the
probability of tunneling is negligible.

In the case of water as the nucleophile, the rotation of tla¢opris coupled to
pseudorotation of the phosphorane intermediate. This ¢ym®upling between the
rotation of the P-OH bonds and pseudorotation has also keetified in the past[58].
Therefore, a transition state for pure proton rotation cabe identified as a stationary
point on the potential energy surface. A discussion of pseatdtion mechanisms [25]
is beyond the scope of the present paper, and we did not ¢earacthis transition
state further. A similar feature had been noticed by Tole lang5, 6] in their early
studies of hydroxyl ion attack on methyl ethylene phosphatdifferent but related
monoanionic system. There was found to occur from the tiansstate that has an
axial hydroxyl group to place it in an equatorial position.

In the case of methanol as a nucleophile a transition statetiresponds clearly to
the rotation of the proton around the P-Oeq bond is identifiée attack of methanol

on ethylene phosphate was previously studied by Lim and, Eléhe HF/3-21+G*
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level and a transition state for proton rotation was obskbyethem[59].

The proton rotation leads to a different intermediatet(, Figure 4) where the
proton is now oriented towards the leaving group oxygens tlagilitating its depar-
ture through the final (TS2) transition state. The interratsi subsequent to proton
rotation/nt, are identified both in the case of OH- and CH30O- as nucleogphile

The final (TS2) transition states correspond to the breakinige axial endocyclic
P-O bond (see Fig. 4). The bond breakage is accompanied mt@gransfer to the
leaving group oxygen. The proton is closer to the equatosgben and further from
the leaving group axial oxygen in TS2 than in TS1 for exoaycleavage. (see Tables
4 and 5). In fact the distance between thg Q and the hydrogen is only slightly
elongated with respect to what is observed in the stablenmgdiate. Correspondingly,
the distance between the hydrogen and the leaving apicgboxg significantly longer
(1.70 to 1.75A) than in the exocyclic TS (1.4 to 14). The H-O-H angles deviate
even more from linearity in the endocyclic TS (220125), and the O-O distance
between proton donor and acceptor are slightly Ionger,ﬁO.lOn the other hand,
in the presence of a ribose ring, both exo and endo transstates are very similar,
but the exo transition states are located slightly latehenreaction coordinate, being
the P-OC distances at the transition state slightly longeeko transition states, and
correspondingly, the proton transfer is slightly more adbeal at exo transition states
than at endo ones.

As for exocyclic attack, two TS2 are identified (exo and eradoFigure 4), they
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are similar in energy and they are lower in energy than therofis by 10 kcal/mol,
and thus not rate limiting (cf. Table 3 and Figure 4).

From this transition state, the rupture of the endocycli© Rxial bond occurs,
together with the transfer of the hydrogen on the leavingigroxygen. This yields
a product with a charged phosphate group and neutral ribnge as expected. In
the gas-phase, an intramolecular H bond remains formedsrpthduct between the
ribose hydroxyl and a phosphoryl oxygen. This internal lbgén bond stabilizes the
reaction product in the gas-phase, so that overall, andarto the dianionic case,
the reaction in exothermic. More extended geometries irthttie internal hydrogen

bond is broken are higher in energy by around 10 kcal/mob(dat shown).
3.2.2 Solution profile

As for the dianionic case, some important changes are cedemhenAG:, and
AG;% are compared, which highlight the consideration of the esaivo understand
these reactions. For the monoanionic species, the fregyenésolvation of the gas-
phase stationary points on the potential energy surfacensrglly less favorable than
the solvation of the separate reactants (see Table 3), astexjpsince the complexes
have the same charge as the reactants and have larger radii.

The consequence is that the activation barrier for the mmapog& reactions in-
creases by about 5 to 10 kcal/mol when passing from gas-phaséution. The mag-
nitude of this solvation effect is smaller than was obserfegdhe dianionic species

(see Tables 3 and S12). Therefore, the main effect of solvadito bring the acti-
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vation free energies for the monoanionic and dianionictreas much closer than in
the gas-phase. Thus, for example foH;O(H) attack on 2’,3’ ribose ethylene phos-
phate, we have a gas-phase free energy barrier of 92.98nalahd 34.18 kcal/mol
for dianionic and monoanionic reactions, respectivelywieer, in solution, the bar-
riers are 45.05 kcal/mol and 43.25 kcal/mol with solventtdbaotions evaluated at
B3LYP/6-31+G* level of theory. Thus the barriers differ byaut 60 kcal/mol in the
gas-phase but only about 2 kcal/mol in solution. These tesuk in agreement with
previousab initio studies [3, 9, 5, 11, 27, 12, 31].

Solvation data presented here are single point energdtioaes on gas-phase
structures, and explicit geometry optimization in solatmpuld result in somewhat
different structures. Region of the gas-phase potenteiggnsurface where structures
are likely to be affected by solvation are the stable H bormedplex forming at the
beginning of the gas-phase reaction, which is unlikely tonfa solution, as there will
be competition from water molecules forming H-bonds witlthb@actants. The tran-
sition state for proton rotation that connects the two imeliates is better solvated
than the other transition states which is expected in vieitsamaller size and hydro-
gen atom pointing towards the solvent and so the rotatiofil@uld be affected by

solvation. (cf. Figure 4 and Tables 3 and S12).
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3.3 Neutral reaction mechanism

3.3.1 Gas phase profile

The neutral reaction corresponds to the attack of water @hamol) on the proto-
nated phosphate. Although phosphates will be anionic asiplogical (neutral) pH,
acid catalyzed hydrolysis can proceed through the neuteahamism at very low pH
(i.e., for instance the K, of Dimethyl Phosphate is 1.29[27]). Moreover, phosphorane
intermediates are more basic than phosphates[27, 19]asodhtral phosphoranes can
be relevant to reactions at near neutral pH. Relative eeegith respect to the sepa-
rate neutral reactants (protonated phosphate and wateena) can be found in Ta-
ble 6, relevant geometrical information are found in Tableand 8. Full information
on solvation free energies and aqueous free energy bawitrs/arious theoretical
levels can be found in Tables S14 and S15 in the supplememizigrial.

The reaction profile for the neutral reaction resembles inyrespects that of the
monoanionic reaction mechanism. However, as both the opblee and phosphate
are protonated, the number of isomers for the transitidestare twice that observed
for the monoanionic reactions, since the two protons thebiye bound to the equa-
torial oxygens can assume two different orientations (3gar& 5 and discussion
below). The first step of the neutral reaction in the gas-plwmthe formation of a sta-
ble hydrogen-bonded (HB) complex. However, this kind of pteres are kinetically
irrelevant, specially in agueous solution where positiee faqueous energies are cal-

culated with respect to the infinitely separated reactafite reaction then proceeds
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to the TS for exocyclic cleavage. Four distinct TS are idettiwhen a ribose ring is
present. All of them correspond to a nucleophilic attacklenghosphorus atom cou-
pled with a proton transfer from the nucleophile to one ofdéfjgatorial oxygens. This
type of mechanism in which P-O bond formation/rupture ispted with proton trans-
fer between phosphoryl oxygen and nucleophile has also beesidered based on
the 3, values of leaving groups on the cleavage of RNA neutral phogiesters[53],
which are only negative and thus, suggest that the leaviogpgin these reaction de-
parts as an alcohol. In the case of a ribose ring present,assified the two equatorial
oxygens as being exo or endo with respect to the ribose rmjtleerefore, there are
two exo and two endo transition states (see Fig. 5), cladsafteording to the equa-
torial oxygen that receives the proton in the transitionest&or each of the exo and
endo transition states, there are two possibilities, deipgnon the orientation of the
other equatorial proton (the one that is already presemhiphosphate reactant). As a
result, in two of the TS1 transition statés515%° and7'S15:%, both protons attached
to the equatorial oxygens points towards the nucleophitelewn the two other tran-
sition states7'S15° and7'S1¢%, one proton points towards the nucleophile and the
other towards the leaving group. The energies of the diftetansition states with
respect to the reactants (see Table 6) do not differ much e¥ven comparing the
reaction with different nucleophiles and with/withoutag®e ring. All the gas-phase
free energy barrier lie within 36-38 kcal/mol. Larger difaces are observed in the

geometries (see Table 7 and 8). When both equatorial praterinting towards the
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nucleophile, the P-Oaxial distance to the nucleophile @ngér, around 2.A , than
when one proton points up and the other down, aroundﬁ.&ﬁ. Table 7). These P-
O axial distances are shorter than in the monoanionic (lothge 2.2A see Table. 4)
or dianionic case (around 2%, Table 2). An important conclusion, therefore, is that
the degree of associative/dissociative character is yigfluenced by the protonation
state of the system, augmenting the associative charddtes transition states as the
total charge decreases. The geometry for proton transfeeimS also differs between
the monoanionic and neutral cases. In the neutral TS1'grbt@n from the incom-
ing nucleophile is almost equidistant from the nucleopbXggen and the phosphoryl
oxygen (see Table 8), while in the monoanionic case (Tahleh®) distance to the
equatorial O is much shorter than to the nucleophile O. lemmarkable to note that
By, values for the transesterification cleavage of neutral phodiesters[53] are less
negative, namely -0.12, than for monoanionic phosphoeliest0.59, consistent with a
higher degree of proton sharing between the nucleophiléreghosphoryl oxygen at
the neutral transition states than in monoanionic reastidhe reaction then proceeds
to the formation of stable neutral phosphorane intermedialhere are four distinct
neutral phosphorane intermediates depending on the atiemtof the protons at the
phosphoryl equatorial oxygens (see Figure 5), labeled\as,,, INT,,, INT,, and
INT,,. We notice however, that barriers for the connection oféhetermediates are
small and much lower in every case than the barriers implet3i or TS2 (exo and

endocyclic cleavage) type transition states. All the phosgne intermediates lie very
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close in energy. In general the following trend is observ@dilternant orientation
of the protons, ud or du, is favored ii) intermediates reslfrom water attack show
somewhat lower relative energies than intermediatesteggurom methanol attack,
specially if for the intermediates that show the equatgmiatons oriented towards the
nucleophile ("down” orientation). In general our data agvéth the results obtained
in [27]. All these intermediates can be formally connectgdrhnsition states corre-
sponding to different single equatorial proton rotatiosskaown schematically in Fig.
6. However, we found that in many cases these rotations veengled with pseudoro-
tation of the whole structure at the transition state (T StNiRsition states). Transition
states with a significant pseudorotation character shpw— P — O,, angles around
160. A full discussion of these types of transition states agmhd the scope of the
present paper, an interesting discussion of pseudorntptiacesses in oxyphospho-
ranes can be found in ref [25]. Barriers for the connectiotheke intermediates are
small and much lower in every case than the barriers impheohbine TS1 or TS2
(exo and endocyclic cleavage) type transition states. Rh@mmeutral intermediates,
the reaction can proceed to endocyclic cleavage, only &agtlone proton is oriented
towards the leaving group so as to protonate it. Four trimmsgtates that have the
proton in this orientation are identified (cf. Figure 6). Agavhen a ribose ring is
presented, the transition states can be classified exo or éadending on whether the
proton transfer to the leaving group is exo or endo. Ovettadise TS for endocyclic

cleavage are lower in energy than those for exocyclic clgayhy about 6 kcal/mol)
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and thus they are not rate limiting. In the neutral transistate for endocyclic cleav-
age, the proton is shared between the leaving group oxygeoranequatorial oxygen,
as was already observed for the exocyclic TS (cf. Table 8 apd ). The products
are finally formed by cleavage of the P-OC bond and simultasé@nsfer of one of
the phosphoryl hydrogen to the leaving group. An internddthd is maintained, as
for the monoanionic case. The reactions energetics of thealeand monoanionic

reactions are similar in the gas-phase (see Tables 3 and 6).

3.3.2 Solution profile

Solvation has a relatively minor effect on the reaction gagcs of the neutral reaction
(see Table 6), as compared to monoanionic or dianioniciceect Solvation, never-
theless, tend to favor the separated reactants, and therefe obtain higher relative
energies in solution than in the gas-phase. The hydrogeddaboomplexes formed
at the beginning and end of the gas-phase reaction are sanilfi destabilized by
solvation, suggesting that they would not occur in solut@migeometry optimization
would be needed confirm they remain present in water. As Btrmsition states and
intermediates, they also show higher relative energieslirtion, but the favorable sol-
vation free energy of separated reactants is somewhatdealdny the higher polariza-
tion of the P-O bonds in phosphorane structures than invedgat phosphate species.
Overall the shape of the neutral reactions are very sinolaéihat of the monoanionic
reactions. However, the energies and free energies of theeah@hosphorane inter-

mediates with respect to the neutral reactants differs flmemmonoanionic case (see
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Table 6), the neutral phosphoranes being significantly nstable, between 14-18
kcal/mol for neutrals, and between 25-28 kcal/mol for monoaic ones. Therefore,
an important consequence is that the barrier for the diagoni of the intermediates
into products/reactants are significantly higher for thetred than for the monoanionic
reaction path. This along with the low barriers for the intgwversion among interme-
diates, suggest that neutral phosphorane intermedialieshew sufficient lifetime to

pseudorotate and therefore the endocyclic cleavage oeamin be proceed from vari-

ous possible intermediates.

3.4 Reaction pathways of cyclic phosphodiesters

The hydrolysis of phosphodiesters is generally thoughtllow an associative mech-
anism (see [60, 61, 62] and ref. cited therein) and the statjopoints identified here
for the hydrolysis reactions of cyclic phosphodiesteraidieagree with that view. Sig-
nificant differences in the structures of the transitiotestaccording to the total charge
are nevertheless observed, and it is of interest to exarhinedgree of bond break-
ing/forming at the different stationary points along thaatson pathway. We compared
the bond lengths between the nucleophile/leaving grougpandphorus in the transi-
tion states and intermediates with their values in the prbdureactants, respectively
(see Fig.8). Significant bond formation occurs between the nucleepdnild phospho-
rus in the rate limiting transition states for hydrolysisile the distance to the leaving
group is only slightly increased with respect to the distaindhe reactants. This is the

hallmark of an associative mechanism[63], confirming ealgerimental studies in
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which it was remarked that dissociative mechanism is higinlykely for the hydrol-
ysis of phosphodiesters[60]. More recét® kinetic isotope studies[50] and determi-
nation of 5;, Bronsted-type slopes for the cleavage of hydroxide-idaigaed RNA
phosphodiester bonds[52, 53, 54, 64] also support an as@cmechanism even for
the dianionic reaction. However, the degree of bond forndntipe nucleophile varies
significantly with the total charge, with the dianionic réan having the longest P-
OX distance, and hence the least associative transitita $tar the monoanionic and
neutral reactions, the transition state occurs with morediformation to the nucle-
ophile than in the dianionic reaction. It can, however, bensihat the elongation of
the bond lengths in the transition states with respect toghetant/product value (cf.
Fig. 9a) remains small in all cases (it is at most/3@or the dianionic case), which
is in agreement with the associative character of the @agti Interestingly, for the
neutral reactions, the orientation of the equatorial prstf. Figures 4 and 5) influ-
ences the geometry of the transition states: when bothmpsatee oriented towards the
nucleophile, the transition state occurs earlier (i.ehwess bond formation between
the nucleophile and phosphorus) than when one of the praigargented towards the
leaving group. This is in accord with the Hammond postufe[L6]. For the neutral
and monoanionic reactions, the reaction proceeds thrdwgfotmation of phospho-
rane intermediates, and in those cases, the bonds to bottutheophile and leaving
group are only at most 20 longer than in the reactants/products. The formation of

these stable phosphoranes is also a clear indication ofsacziaive mechanism. For
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the neutral and monoanionic reactions, departure of thriggroup occurs from the
intermediates, while the bond to the nucleophile remainsecto the product value.
The elongation in the transition states for leaving groupadieires (TS2, cf. Figures
4 and 5) is at most 26 of the reactant/product state. The link between the geome-
tries and energies is presented in FigareThe calculated activation barriers with
respect to the separate reactions are similar for all @astiThe intermediate clearly
appear as low energy structures and increased stabilityeohéutral phosphoranes
is seen. For the neutral and monoanionic reactions, thedetgrmining transition
state is always that for attack of the nucleophile rathen th@parture of the leaving
group. For the dianionic mechanism, the transition state ebrresponds to attack of
the nucleophile rather than departure of the leaving grdinis seems to be coherent
with experimental kinetic analysis [54, 64] of isomeripatiand cleavage reactions of
RNA phosphodiesters. Quantitative estimates of reactandys would require more
detailed calculations, including geometry optimizatiansblution and possibility of
water-mediated proton transfer, which has been shown yogriamportant role facil-

itating the proton transfer in monoanionic and neutral tieas[50].

4 Concluding Discussion

We have present an extensive computational study of a yarieyclic phosphodiester
hydrolysis reactions. The calculations and discussionded on the most relevant

stationary points of each potential energy surface to @xgle in-line mechanism
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for this important set of biological reactions. From ourtsysatic studies, we con-
firm that the transition state corresponding to the initith@k of the nucleophile on
the phosphate is the rate-limiting transition state of #m&ction. This trend is pre-
served regardless of the particular nucleophile, the prEsgabsence of a ribose ring
in the model phosphate or the inclusion of solvent effecthe fotal charge of the
system is the main factor that determines the energeticdrenthe gas-phase: the
largest barriers are for the dianionic mechanism, whilenttomoanionic and neutral
reactions have similar energetics and smaller barriersthfar important effect of the
total charge is the existence and stability of phosphonategrediates. No gas-phase
intermediates are observed for the dianionic reaction. ddaionic intermediates are
found in the gas-phase, but the barrier for their dissamiato the products is very
low. Neutral phosphorane intermediates, on the other haank significant barriers
for dissociation to both reactants and products, which ssigthat they could have a
significant lifetime in the gas-phase. Phosphoranes tha kimetically significant
lifetimes may undergo protonation/deprotonation fronvent, or pseudorotation that
may alter the stereochemical outcome of the reaction armtitte@roducts involving
migration[2, 31, 1]. The data presented here are thus cohwiéh the observation
that isomerization reactions leading to migration prodwe catalyzed under acidic
conditions[1] (which favor neutral phosphoranes). Thaltoharge also influences the

geometry of the transition state and intermediates.
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All the reactions presented here correspond to associadahanism, yet differ-
ences are observed with the total charge. The rate limitengsttion state becomes
gradually more associative, with P—OX bonds decreasingeﬁﬂ'/hand P-Q, by 0.17
A when going from the -2 to the neutral reaction. Concursemile Q,.-P-O,, angles
approach linearity as the negative charge of the systenedees. Thus, the average
0,.-P-O,, for monoanionic intermediates is 164,.9vhereas for neutral intermedi-
ates is 178.24 Solvent has a dramatic effect on the relative energies megpect to
the infinitely separated reactants and serves to equakzedtriers for the dianionic,
monoanionic and neutral mechanisms. Our calculationsadgight similarities with
the hydrolysis mechanism of non-cyclic phosphate such asomethyl[36, 15] and
dimethyl phosphate[66]. Indeed, in an early study of the maatsm for associative
monomethyl phosphate hydrolysis in gas-phase and in ea[@6, 15], it was ob-
served that the monoanionic and neutral reaction mechamigoeed by proton trans-
fer from the nucleophile to the phosphate reactant, andstblaation raises the acti-
vation barrier for the neutral and monoanionic reactiorts|enit leads to a significant
lowering of activation free energy for the dianionic caseebent study[66] of the di-
anionic and monoanionic mechanism for the hydrolysis ofediwil phosphate reached
similar conclusions. Our work also showed that for the moimzic and neutral reac-
tions, proton transfer from the nucleophile to the phospletin essential step of the
reaction. Moreover, we characterized various isomersefritbnoanionic and neutral

transition states and showed that for ribose ethylene ptatspboth exo/endo proton
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transfer lead to very similar barriers.

We also showed that isomerization of the protonated phasgples play an essen-
tial role in the reaction pathway and are associated withifsagnt energy barriers in
the gas-phase. This is a point that has important mechamigilications for enzyme
catalyzed reactions i.e. it shows that for neutral and moiooéc reactions, the orien-
tation of protons attached to the equatorial oxygen has aoitant role in facilitating
attack/departure of the nucleophiles, and that the chamgeoton orientation is an
component of the reaction path that should not be overlooked

This work has implications for mechanistic interpretatarphosphate hydrolysis
in biological system, particularly in RNA hydrolysis whergclic phosphate interme-
diates are commonly encountered. In enzymatic systenspiten postulated that a
general acid protonates the phosphate and/or a base astiti@tnucleophile. Here it
is seen that in the simple gas-phase model system condtatifhosphate and nucle-
ophile, the nucleophile acts as the general acid and thepplates as the general base.
These data provide important insight into the intrinsicctvéty of the phosphates in
the absence of surrounding enzyme or solvent and therefovéde a reference point
for understanding more complex systems in which catalystais. It can also be
taken as a high-level density functional theory datase¢attions for which more ap-
proximate models, such as focused semi-empirical treadnean be developed and

tested.
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Figure 1: Scheme for the in-line mechanism in phosphate bgtEolysis.
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REP-

EPH

Figure 2: Phosphate reactants: Ethylene phosphate (EBtpnated ethylene phos-
phate (EPH), 2,3’ ribose cyclic phosphate (REP), and prated 2’,3’ ribose cyclic
phosphate (REPH).
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TS1

Figure 3: Dianionic Potential Energy Surface. B3LYP/6-8G{d,p) optimized ge-
ometries of the separate reactants, transition state addgtrfor the in-line methoxide
attack on ribose ethylene phosphate.
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EXO INTa INTb
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Figure 4: Monoanionic Potential Energy Surface. B3LYP16~8G(d,p) optimized
geometries of transition states and intermediates for iHa@ methanol attack on
ribose ethylene phosphate.

48




Figure 5: Neutral Potential Energy Surface. B3LYP/6-31{d;6) optimized geome-
tries of transition states and intermediates that cormedpdo the in-line mechanism
of the nucleophilic attack of methanol on 2p,3p-cyclic sbeethylene phosphate. The
dd, du, ud anduu superscripts refers to the orientatiam ©r down) of the equatorial
protons.
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Figure 6: Transition States connecting the intermediatésd neutral potential energy
surface.
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Figure 7: Top diagram: Comparison of the HF/6-31G* solvatitee energies (in
kcal/mol) for the different compounds with solvation freeeggies at HF/6-31+G*,
B3LYP/6-31G* and B3LYP/6-31+G*. Top diagram shows how dpaive trends are
conserved among the different methods. Notice how the Bolvéree energies can
be clustered according to the total charge of the compounttoB® diagram: Solva-
tion free energies for the monoanionic?)%osphates and plooapes species shown in

detail.
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Figure 8: Axial P-O interatomic distances with respect tenence values in the prod-
uct (P) and reactant (R) at each TS1, INT and TS2 structures.

52



3 _t
Q
o
ooy, | an-9
ot ’
P GO
o i ] ™ }
ox OI 1™
TSI P L TSa |
Rate Limiting TS “'”‘:(T_O P S 1
B o] * OX o
Q/Q INT ﬂ-:n“ ‘
Qlnp G, |
“"J-F’(T ° & L
G " i
[ Tox |
60
o 1
50 _|
8 S £ i
401~ © %«Ej%—j; & PO 2]
=EN S % xS
<30 - = o O[O TS1(2)
i g oo O TsS1(1)
o o B O INT (-1)
i H 0 g & TS2 (1)
or & TsS1(0)
i ! \ | | O INT (0)
0 .
0.4 0.2 0 0.2 TS2 (0)
R.C.
> | T T I ‘
[<5)
2 ’@ i
213 a
g i Vo N
L1221 © @& o
g T % < &w i
S 1.1 @ - h
2 1.1 -
< r & & i
1 | I | | | ) | ) ‘
0.4 0.2 0 -0.2 0.4
R.C.

Figure 9: Relative aqueous free energies with respect iragpreactants as a function
of a reaction coordinate (R.C.) defined #55¢- — £=55-. P-OC and P-OX are the
two axial P-O interatomic distances, P-OC is the P-O digtavith the leaving group
and P-OX with the nucleophile. The two reference valbesOCr andP — OXp are
the corresponding phosphate bonds in the reactant (R) amailiqgtr (P), respectively.
This reaction coordinate can be interpret as the differdratereen the the degree of
phosphorus-nucleophile bond formation and bond cleavatipetiae leaving group for
a given structure. Bottom diagram, represents the degreessuciativeness of the
structure as defined gs« (lf_‘oo)é + Jf_‘ooc%). A value of one represent the maximum
degree of associativeness, and values larger than onaiedichigher dissociative

character of the structure.
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Table 1: Dianionic reactions: Relative energies in the gaase with respect to the
separate reactants for the X@ EP/REP™ reactions (X<€'H3, H; REP=2",3’-cyclic
ribose ethylene phosphate, Efethylene phosphate). Numbers are in kcal/mig).
corresponds to the electronic energy calculated at ourlesitof theory (see Meth-
ods). Contributions from Zero-Point Vibrational Energytlealpy and entropy are
estimated at B3LYP/6-31++G(d,p). Last column for eachtieadype corresponds to
the relative free energy in aqueous solutidty,,, obtained from the sum oAG
and theAAG,,, solvent contributions (See Methods) evaluated at HF/6=31+

AE. AE, AH AG AG. | AE. AE, AH AG AG,

Reaction: HO™ + EP~ Reaction: HO™ + REP~
TS1 86.71 87.14 86.43 9594 43.481.32 81.80 81.14 90.56 54.11
PROD 35.88 37.00 36.60 44.89 20.488.89 39.77 39.34 47.85 23.10

Reaction: CH30O™ + EP~ Reaction: CH30 + REP~
TS1 87.17 87.31 87.13 98.33 44.0B1.97 82.12 82.05 9298 45.83
PROD 44.10 46.34 46.51 56.64 19.839.16 51.14 51.33 61.63 25.18
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Table 2: P-O axial bond distancefét)(and angle (in degrees) for all the stationary

points characterized for the XO+ (R)EP- reactions using B3LYP/6-31+G(d,p) level
of theory.

P-OX P-OC Q,-P-O, | P-OX P-OC Q,-P-O,

HO- + EP- HO- + REP-
TS1 2.627 1.834  163.07| 2.645 1.846 162.9
PROD 1.700 914 | 1.700 4.264 103.9
CH30- + EP- CH30- + REP-

TS1 2.627 1.834 163.07| 2.645 1.846 162.9
PROD 1.700 5.136 89.6 | 1.707 4.599 108.6
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Table 3: Monoanionic reaction: Relative energies in the@zsse with respect to
the separate reactants for the XOH +HREP reactions (X€'Hs, H). Numbers
are in kcal/mol. £, corresponds to the electronic energy calculated at ourléesit
of theory (see Methods). Contributions from Zero-Pointrgibnal Energy, enthalpy
and entropy are estimated at B3LYP/6-31++G(d,p). Lastroaltor each reaction type
corresponds to the relative free energy in agueous sol(fi6#,,), obtained from the

sum of AG s and theAAG,,,; solvent contributions (See Methods) evaluated at HF/6-

31+G*.
AE., AE, AH AG AG, | AE. AE, AH AG  AG,
Reaction: HOH + EP~ Reaction: CH30OH + EP
HB -15.27 -12.82 -13.36 -4.59 8.98-14.65 -13.49 -13.22 -4.86 7.50
TS1 22.88 23.73 2223 34.26 42.1421.84 21.29 20.63 32.96 41.94
Int, 13.34 16.45 15.07 27.12 26.6813.73 15.44 14.77 27.85 30.72
TSINT - - — - — | 2265 2326 2252 3558 35.77
Inty 13.76 16.29 15.24 26.32 25.8813.73 15.44 14.77 27.85 30.72
TS2 13.70 15.83 14.35 26.37 29.5013.78 14.78 13.85 27.29 31.90
PROD -19.36 -16.33 -17.31 -6.76 0.88-19.35 -17.52 -17.84 -6.32 6.72
XO~+EPH 61.02 60.98 60.96 62.06 13.7(152.11 49.71 49.72 50.24 15.61
Reaction: HOH + REP~ Reaction: CH30OH + REP~
HB -1451 -11.94 -12.53 -3.29 10.27-14.00 -12.68 -12.47 -3.62 9.18
T S1Ewe 2448 25.07 23.66 35.33 39.5323.64 22.80 22.24 34.18 43.96
T S1FEnde 2428 25.08 23.64 3540 39.5623.42 22.86 22.25 34.45 43.18
IntEee 13.64 16.57 15.31 26.98 26.4814.70 16.05 15.57 27.96 29.27
IntEndo 13.65 16.51 15.33 26.71 27.3413.49 15.04 1451 27.10 29.78
TSINTFze - - — - — | 23.24 23.60 23.01 35.69 34.78
TSINTFnde 1451 16.92 1549 27.34 26.7522.41 2290 22.28 34.90 35.58
Inthm 13.02 15.86 14.74 26.01 28.3313.98 1554 15.03 27.61 31.45
IntEndo 13.65 16.51 15.33 26.71 27.3413.49 15.04 1451 27.10 29.78
T S2Fwe 13.99 1593 1456 26.19 30.5114.23 1496 14.23 26.86 30.96
TS52Endo 13.69 15.65 14.27 2597 28.4513.79 1458 13.81 26.75 31.73
PROD -14.49 -11.93 -12.75 -2.77 8.27-14.43 -12.96 -13.15 -2.04 9.55
XO~+REPH 65.79 65.45 65.00 66.98 14.1556.88 54.18 53.76 55.17 16.06
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Table 4: P-O axial bond distanced)(and angle (in degrees) for all the stationary
points characterized for theO H + (R)EP- reactions using B3LYP/6-31+G(d,p) level
of theory.

P-OX P-OC Q,-P-O,, | P-OX P-OC Q,-P-O,,

HOH + EP- CH3;0H + EP-
HB 3.391 1.694 134.0 | 3.845 1.696 127.7
TS1 2.254 1.713 163.6 | 2.265 1.713 161.7
Int, 1.787 1.779 168.4 | 1.790 1.780 160.4
TSINT 1.743 1.819 161.2
Inty 1.703 2.005 164.1 | 1.715 1.893 160.9
TS52 1.688 2.153 162.8 | 1.689 2.149 160.4
PROD 1.612 3.414 150.8 | 3.528 1.671 104.5
HOH + REP- CH3;0H + REP-
HB 3.390 1.690 130.8 | 3.854 1.690 121.8
TS1E= 2.237 1.718 161.2 | 2.254 1.717 159.0
T.§1Ende 2.240 1.716 163.7 | 2.248 1.715 162.0
IntEze 1.784 1.777 168.8 | 1.788 1.787 165.2
IntEndo 1.772 1.788 163.1 | 1.777 1.787 159.3
TSINTFzo - — — 1.747 1.835 168.7
TSINTErd 1735 1.824 159.2 | 1.733 1.824 159.3
IntE= 1.703 1.921 163.0 | 1.711 1.911 160.2
IntEndo 1.704 1.911 162.9 | 1.706  1.909 159.3
TS§2E 1.675 2.240 162.5 | 1.673 2.254 159.9
T .§2Ende 1.678 2.218 161.9 | 1.678 2.213 159.8
PROD 1.653 3.421 117.1 | 1.648 3.411 121.6
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Table 5: Proton transfer between oxygens at the transitaaes H — Oy is the distance in/{) between the proton and the oxygen of
the nucleophile (water or methanol), — Op refers to the distance between the proton and the corresmpaduatorial phosphoryl
oxygen,H — O_cp,— IS the distance between the transfered proton and the @xia@l;,— group. O-0 is the distance between the
oxygen proton donor and acceptor and O-H-O angle is the ptoansfer in degrees, respectively.

H-Ox H-Op H-O_¢py,- OO0 /O-H-O|H-0Ox H-Op H—-O_¢y,- OO0 LO-H-0

HOH + EP- CH3OH + EP-
TS51 1.430 1.072 2.325 136.7 1.467 1.050 2.322 134.5
152 0.986 1.746 2.335 120.4 0.985 1.748 2.336 120.3
HOH + REP- CH30OH + REP-
TS15e 1.401 1.085 2.314 136.8 1.429 1.065 2.308 135.1
TS1Endo 1,428 1.073 2.325 136.2 1.465 1.052 2.323 134.1
TS2Ewe 0.992 1.699 2.408 124.9 0.992 1.695 2.410 125.5
T .§2Endo 0.986 1.730 2.408 122.5 0.985 1.737 2411 122.2




Table 6: Neutral reaction. Relative energies in the gas@hdath respect to the sep-
arate reactants for the XOH + EPH/REPH reactions @&, H). Numbers are in
kcal/mol. E, corresponds to the electronic energy calculated at ourl®estof the-
ory (see Methods). Contributions from Zero-Point VibraabEnergy, enthalpy and
entropy are estimated at B3LYP/6-31++G(d,p). Last coluomeiach reaction type
corresponds to the relative free energy in aqueous sol(t\dr,,), obtained from
the sum ofAG,,, and theAAG,, solvent contributions (See Methods) evaluated at

HF/6-31+G*.
AE., AE, AH AG AG., | AE. AE, AH AG  AG,,
Reaction: HOH + EPH Reaction: CH;OH + EPH
HB -12.06 -9.40 -10.24 -0.55 10.81-12.46 -10.60 -10.79 -0.62 12.20
TS14q 28.02 28.01 26.61 38.08 41.6226.56 25.46 24.73 37.18 43.33
TS1,4 25.64 26.45 24.72 36.92 42.6025.33 24.96 23.99 37.12 43.71
Intg, -0.20 3.43 198 1354 17.86 2.97 5.61 474 17.73 23.93
Intyq 0.76 461 3.04 1498 19.03 2.94 5.68 476 17.89 23.95
Int,g -0.20 343 198 1354 17.71-057 2.32 1.35 14.61 22.27
Int,, 165 530 3.83 1551 17.72 1.69 4.37 3.50 16.50 23.24
TSInt, 6.03 932 7.49 1996 23.748.28 10.13 9.10 22.36 28.07
TSInty 577 898 7.20 19.52 24.16 7.10 9.27 8.09 21.87 28.97
TS24, 19.75 20.26 18.67 30.68 36.3622.18 21.41 20.59 33.45 39.63
TS2u 15.10 15.64 14.03 26.00 37.9513.71 13,55 1257 25.66 39.90
PROD -948 -7.21 -782 135 9.80-11.05 -9.42 -9.48 0.82 11.23
Reaction: HOH + REPH Reaction: CH;OH + REPH

HB -12.09 -9.46 -10.30 -0.66 8.87-12.47 -10.62 -10.23 -2.43 8.25
TS15xe 25.98 26.86 25.66 36.64 39.4325.71 25.37 24.95 36.81 40.09
TS15e 28.49 28.41 27.61 37.60 38.53626.93 25.87 25.68 36.76 42.06
T.S1Endo 28.24 28.14 27.34 37.23 38.0626.66 25.54 25.38 36.40 40.84
T.S1Endo 25.75 26.68 25.46 36.39 39.5025.46 25.09 24.69 36.37 41.50
Intg, 0.10 3.77 2.86 13.19 15.10 2.99 5.68 5.34 17.16 20.42
Intyg 1.07 488 3.89 14.30 15.97 3.12 5.89 5,53 17.31 -
Int,q 021 3.89 3.00 13.03 1555-0.19 2381 236 1453 19.92
Int,, 190 548 461 1452 1357 1.86 4.61 429 1583 18.51
TSIntEre 543 8.71 7.44 18.43 18.34 7.13 9.16 8.63 20.66 23.83
TS Inthee 430 7.61 6.30 17.12 17.64 7.01 8.98 8.47 20.50 23.29
TSIntknde 574 9,03 7.76 18.89 19.13855 1059 10.06 22.20 24.73
TSIntfrde 521 856 7.26 18.58 19.76 7.28 9.39 8.82 21.09 24.97
TS2Ew0 20.49 21.00 19.99 30.56 34.4419.53 19.15 18.79 30.41 36.38
TS§2Ewo 15.68 16.20 15.20 25.69 34.6214.01 13.89 13.48 25.24 36.93
T .§2knde 20.89 21.33 20.31 30.9 9 33.9823.30 22.36 22.17 33.47 37.48
T .§2Endo 16.17 16.53 15.54 26.02° 34.9514.61 14.23 1391 25.28 36.12
PROD -7.02 -427 -452 391 9.19-868 -6.72 -6.32 330 11.22




Table 7: P-O axial bond distanced)(and angle (in degrees) for all the stationary
points characterized for the XOH + (R)EPH reactions usingy836-31+G(d,p) level
of theory.

P-OX P-OC Q,-P-O,, | P-OX P-OC Q,-P-O,,

HOH + EPH CH3;OH + EPH
HB 3.247 1.626 135.2 | 3.240 1.627 127.6
TS14q 2.137 1.637 173.2 | 2.091 1.641 172.6
TS1,4 1.956 1.678 179.2 | 1.936 1.685 178.4
Intg, 1.677 1.724 197.6 | 1.673 1.729 175.2
Intqg 1.726 1.680 176.8 | 1.723 1.686 179.7
Int,q 1.677 1.724 179.6 | 1.674 1.727 179.6
Int,, 1.644 1.790 177.7 | 1.638 1.798 178.2

TSInt, 1.641 1.734 157.8 | 1.656 1.754 172.7
TSInt, 1.687 1.675 157.8 | 1.677 1.688 156.0

TS24, 1.641 2.070 175.6 | 1.626 2.130 172.5

1752, 1.600 2.289 173.9 | 1.589 2.320 173.9

PROD 1.612 3.414 150.8 | 1.602 3.478 146.8
HOH + REPH CH30OH + REPH

HB 3.253 1.624 132.2 | 244 1.625 132.2

TS1Eee 1950 1.678  178.8 | 1.930 1.685  178.6
TS1Eee 2141 1.636 1735 | 2.099 1.642 1732
TS1Ende 2132 1635 1728 | 2.091 1.641 1726
TS1Epde 1952 1.679  179.4 | 1.931 1686 1785

Inty, 1.675 1.724 1.781 | 1.670 1.731 174.5
Intg 1.724 1.681 177.0 | 1.721 1.687 179.2
Int,q 1.676 1.727 1789 | 1.672 1.732 179.6
Int,, 1.642 1.791 176.3 | 1.636 1.802 177.1

TSIntPee 1642 1.736  158.6 | 1.642 1.747  160.1
TSIntbee 1668 1.694  157.5 | 1.689 1.691  161.7
TSIntPnde 1643 1738  159.8 | 1.653 1.759  170.7
TSIntbndo 1683 1.673  156.2 | 1.688 1.689  160.6
T S2Ew0 1.629 2.093 1782
TS2Ezo 1597 2.323 1741 | 1590 2.335  176.1
TS2Emde 1638 2.081 1762 | 1.623 2.157  172.4
TS2Endo 1597 2323 1741 | 1586 2359  174.1
PROD 1.602 3.320  124.4| 1591 3.326  124.6
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Table 8: Proton transfer between oxygens at the transitaies H — Oy is the dis-
tance in @) between the proton and the oxygen of the nucleophile (veatterethanol),

H — Op refers to the distance between the proton and the corresgprduatorial
phosphoryl oxygenH — O_cp,_ is the distance between the transfered proton and
the axialO_cp,— group. O-H-O angle is the angle of the proton transfer, irreles)

H-Ox H-Op H-O_¢g,- /O-HO|H-Ox H-Op H-O_¢p,— [0-H-O

HOH + EPH CH30OH + EPH
TS144 1.308 1.147 133.3| 1.255 1.185 131.7
TS1,4 1.199 1.269 129.2| 1.196 1.265 127.6
TS24, 1.202 1.247 133.1 1.177 1.273 135.2
TS2,, 1.112 1.376 138.7 1.093 1.413 138.8

HOH + REPH CH30OH + REPH
TS15xe 1.199 1.272 129.0| 1.197 1.266 127.5
TS15e 1.201 1.148 132.5| 1.259 1.182 131.8
TS14rde 1,298 1.152 132.7| 1.255 1.185 131.7
TS1Erde 1,199 1.271 129.0| 1.196 1.265 127.5
TS2E%o 1.205 1.243 133.9 1.205 1.243 133.9
T S2Eo 1.118 1.367 140.1 1.094 1.413 138.6
T §2k5ndo 1.218 1.232 133.2 1.183 1.265 135.9
T .§2Endo 1.118 1.367 140.1 1.099 1.402 140.4
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