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Benchmark calculations of proton affinities and gas-phase basicities of molecules most relevant to biological
phosphoryl transfer reactions are presented and compared with available experimental results. The accuracy of
proton affinity and gas-phase basicity results obtained from several multi-level model chemistries (CBS-QB3,
G3B3, and G3MP2B3) and density-functional quantum models (PBE0, B1B95, and B3LYP) are assessed and
compared. From these data, a set of empirical bond enthalpy, entropy, and free energy corrections are introduced
that considerably improve the accuracy and predictive capability of the methods. These corrections are applied to
the prediction of proton affinity and gas-phase basicity values of important biological phosphates and
phosphoranes for which experimental data does not currently exist. Comparison is made with results from
semiempirical quantum models that are commonly employed in hybrid quantum mechanical/molecular
mechanical simulations. Data suggest that the design of improved semiempirical quantum models with increased
accuracy for relative proton affinity values is necessary to obtain quantitative accuracy for phosphoryl transfer
reactions in solution, enzymes, and ribozymes.

1. Introduction

Biological phosphoryl transfer reactions1,2 are of considerable
importance in processes of cell signaling,3,4 energy transfer,
and RNA catalysis.2 In particular, the mechanisms whereby
RNA is hydrolyzed (Scheme 1) in solution and by enzymes and
ribozymes is an area of significant current interest and the
focus of a tremendous amount of experimental and theoretical
work.5,6 Consequently, the elucidation of the key factors that
govern the reactivity of biological phosphates is of funda-
mental importance.

One factor that strongly influences biological phosphate
stability and reaction mechanisms is the protonation state of
the nucleophile/leaving group and of the phosphoryl oxygens
at various steps along the reaction.6 The lifetime of phosphor-
ane intermediates, for example, depend critically on protona-
tion state.5 Dianionic phosphoranes are transient reactive
species, whereas monoanionic and neutral phosphoranes may
have sufficient lifetimes to undergo pseudorotation.7,8 In solu-
tion, pseudorotation can be inferred by the uptake of 18O of
ethylene phosphate in isotopically labeled water. In RNA
systems, pseudorotation and subsequent hydrolysis gives rise
to RNA migration.5

Enzymes and ribozymes often display complex pH-depen-
dent rate profiles that are suggestive of certain general mechan-
isms. The hydrolysis of biological phosphates such as RNA is
difficult to study experimentally due to the inherent stability of
the phosphates under physiological conditions. Consequently,
much of the experimental data on non-enzymatic phosphate
hydrolysis are derived from phosphate analogs with enhanced
leaving groups. Brønsted and Hammett correlation para-

meters9 are often used as indexes to characterize phosphoryl
transfer reactions. Of particular interest in phosphoryl transfer
reactions is the correlation parameter, blg (lg ¼ ‘‘leaving
group’’)10

blg ¼ q log k/qpKa (1)

where ‘‘log k’’ is the logarithm of the rate constant k for
hydrolysis and pKa is the leaving group pKa value. Values of
blg derived from the slope of log k versus pKa for a series of
leaving groups provide information about the degree of P–O
bond cleavage and formation in the transition state.5

It is clear that protonation state and its relation to pKa

values and pH-dependent rate profiles is a central considera-
tion in the study of biological phosphoryl transfer in both non-
enzymatic and enzymatic systems. However, to date, the direct
experimental measurement of pKa values for reactive inter-
mediates in biological phosphoryl transfer reactions, such as
metaphosphates and phosphoranes, has been elusive, due to
the transient nature of these species in solution. Estimates of
pKa values for phosphoranes have been recently made based on
theory11–13 and experiment.13

The theoretical prediction of pKa values from quantum
chemistry presents tremendous challenges due to the subtle
differences in free energy values that give rise to pKa shifts (a
pKa unit corresponds to 1.364 kcal mol�1 of energy at 298.15
K). Several recent studies have addressed the prediction of pKa

values from electronic structure and implicit/explicit solvation
methods.11,12,14–34 The accurate prediction of absolute pKa

values is made using a thermodynamic cycle such as the one
shown in Scheme 2. A key quantity in the cycle is the gas-phase
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basicity that involves deprotonation of the species of interest in
the gas phase (DGgas in Scheme 2). Related to the gas-phase
basicity is the proton affinity, which is the enthalpic component
of the same process.35

The purpose of the present work is to benchmark quantum
electronic structure methods against experiment for calculation
of proton affinities and gas-phase basicities of molecules most
relevant to phosphoryl transfer reactions, and use these results
to provide accurate proton affinity and gas-phase basicity
values for biological phosphates and phosphoranes for which
experimental values do not exist. A test set of molecules that
represent important nucleophiles, leaving groups, and phos-
phorus compounds was assembled for which the experimental
proton affinities and gas-phase basicities have been determined.
A series of high-level quantum model chemistries was then
applied to the test set in order to benchmark the accuracy of the
calculations. From these data, a set of empirical bond enthalpy,
entropy, and free energy corrections were determined that
improve the accuracy and predictive capability of the methods.
These corrections were applied to the prediction of proton
affinities and gas-phase basicities of important biological phos-
phates and phosphoranes for which experimental data does not
exist. Finally, comparison is made with semiempirical quantum
models that are commonly employed in hybrid quantum
mechanical/molecular mechanical (QM/MM) simulations of
phosphoryl transfer reactions in enzymes and ribozymes.

The results of the present work are instrumental for: (1) the
development of new semiempirical quantum models for com-
bined QM/MM calculations of biological phosphoryl transfer
reactions, (2) the determination of solvation free energies of
phosphates with known pKa values, and (3) the prediction of
pKa values of biological phosphates and phosphoranes in
solution and in enzymes and ribozymes for which experimental
data is not available.

2. Methods

2.1 Electronic structure calculations

All electronic structure and thermochemical analyses were
performed using the Gaussian03 suite of programs.36 Three

‘‘multi-level’’ methods were studied: CBS-QB3,37,38 G3B3,39

and G3MP2B3.39 CBS-QB3 is a multi-level model chemistry
that combines the results of several electronic structure calcu-
lations and empirical terms to predict molecular energies to
around 1 kcal mol�1 accuracy.40 The required electronic
structure calculations are outlined below, see ref. 37 for details:
CBS-QB3:
� B3LYP/6-311G(2d,d,p) geometry optimization and

frequencies
� MP2/6-311þG(3df,2df,2p) energy and CBS extrapolation
� MP4(SDQ)/6-31þG(d(f),p) energy
� CCSD(T)/6-31þGw energy
The G3B3 and the related G3MP2B3 methods are both

modifications of the Gaussian-3 multi-level theory for the
calculation of molecular energies.41 Like CBS-QB3, G3B3
and G3MP2B3 use density functional theory with the
B3LYP functional for geometries and frequencies and combine
the results of several electronic structure calculations and
empirical terms to predict molecular energies to around 1 kcal
mol�1 accuracy. The required electronic structure calculations
for the G3B3 method are outlined below, see ref. 39 for details:
G3B3:
� B3LYP/6-31G(d) geometry optimization and frequencies
� MP2/G3Large energy
� MP4/6-31G(d) energy
� MP4/6-31þG(d) energy
� MP4/6-31G(2df,p) energy
� QCISD(T)/6-31G(d) energy
The G3MP2B3 method eliminates all of the MP4 calcula-

tions above, trading some accuracy for speed.
All of the multi-level methods studied here formally scale as

O(N7) due to the CCSD(T) step in CBS-QB3, the QCISD(T)
step of the G3 methods, and the MP4 steps in G3B3 (for the
molecules in the present study, the large basis set MP4 step was
usually the computational bottleneck with the G3B3 method).
For the systems studied in this paper the scaling of the multi-
level methods was not prohibitive, but for larger systems of
biological interest the O(N7) will eventually dominate and
make the calculation unfeasible. Therefore several model che-
mistries based solely on hybrid density functionals were in-
vestigated that have more favorable scaling properties.
Specifically, PBE0/6-311þþG(3df,2p) (PBE0), B1B95/6-
311þþG(3df,2p) (B1B95), and B3LYP/6-311þþG(3df,2p)
(B3LYP). Additionally, the B3LYP/6-311þþG(3df,2p)//
B3LYP/6-31þþG(d,p) model chemistry (designated QCRNA)
that has been extensively applied to model biological phos-
phorous compounds7,8,11,42 was also included.
B3LYP is a three parameter hybrid functional43 using the

B88 exchange functional of Becke44 and the Lee, Yang, and
Parr correlation functional.45 PBE0 is a zero parameter hybrid

Scheme 1 RNA transesterification. In ‘‘a’’, the 20 ribose hydroxyl group is deprotonated and attacks the adjacent phosphate, forming a
phosphorane transition state/intermediate (‘‘b’’), which goes on to form the exocyclic cleavage product (‘‘c’’) resulting in cleavage of the RNA
phosphate backbone.

Scheme 2 A thermodynamic cycle for calculating pKa values.
26
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functional46 using the Perdew, Burke, Ernzerhof exchange and
correlation functional.47 B1B95 is a one parameter hybrid
functional48 using the B88 exchange functional of Becke44

and B95 correlation functional.48 In an effort to give the hybrid
density functional methods the best possible accuracy for
benchmark purposes and avoid problems in the frequency
calculations49 all calculations (except the QCRNA and multi-
level theories) were run with the so-called ‘‘ultrafine’’ numerical
integration grid (a pruned grid based on 99 radial shells and
590 angular points per shell) and tight convergence criteria for
the geometry optimizations. The use of large basis sets, fine
numerical integration meshes, and tight convergence criteria
serve to make these calculations benchmark quality. The
QCRNA model is significantly less expensive than the related
B3LYP model since it avoids the geometry optimization and
frequency calculation steps with the large 6-311þþG(3df,2p)
basis, and uses the default integration grid (a pruned grid based
on 75 radial shells and 302 angular points per shell) and
geometry convergence criteria. As demonstrated below,
QCRNA gives results in very close agreement to that of
B3LYP.

2.2 Calculation of proton affinities and gas-phase basicities

The proton affinity (PA) and gas-phase basicity (GPB) of a
species A� are related to the gas phase reaction:

A�(g) þ Hþ(g) - AH(g) (2)

The proton affinity of A� is defined as the negative of the
enthalpy change (DH) of the process in eqn. (2), and the gas-
phase basicity of A� is defined as the negative of the corres-
ponding Gibbs free energy change (DG).35 Here, the A�is the
conjugate base associated with the neutral acid AH. The
required thermodynamic properties were obtained from the
electronic structure calculations using standard statistical me-
chanical expressions for separable vibrational, rotational, and
translational contributions within the harmonic oscillator,
rigid rotor, ideal gas/particle-in-a-box models in the canonical
ensemble.50 The standard state in the gas phase was for a mole
of particles at 298.15 K and 1 atm pressure.

Explicit inclusion of zero-point energy corrections is impor-
tant for reliable thermodynamic results. Although other studies
have made the assumption that the difference in zero point
energy between the neutral acid AH and anion A� is generally
small,20 for the systems studied in the present work, this is not
the case. An O–H bond stretch vibration typically falls in the
range of 2500–3600 cm�1, and corresponds to a zero-point
energy difference of around 7–10 kcal mol�1 (this value is
consistent with the zero-point energy range in the present
work, e.g., 7.22–10.3 kcal mol�1 for the B3LYP method).
Neglect of the zero-point energy, if applied to the calculation
of pKa values via the thermodynamic cycle in Scheme 1 (or
similar cycles), would lead to errors in absolute pKa values of
5–7 pKa units, and errors in pKa shifts of up to 2 pKa units.
This would significantly limit the overall reliability and pre-
dictive capability in applications to biological systems, and
hence it is recommended that zero-point energies be included
explicitly in such calculations.

The enthalpy of the proton was calculated from the ideal gas
expression,

HðHþÞ ¼ U þ PV ¼ 5

2
RT ð3Þ

where U is the internal energy, P and V are the pressure and
volume, respectively, R is the universal gas constant, and T is
the absolute temperature. The entropy of the proton was
calculated from the Sackur–Tetrode equation,51

SðHþÞ ¼ R ln
e5=2kBT

pL3

� �
ð4Þ

where kB is the Boltzmann constant, p is the pressure, and L is
the thermal De Broglie wavelength [L ¼ (h2/2pmkBT)

1/2, where
h is Planck’s constant and m is the mass of the proton]. Under
the standard state conditions, the values of the enthalpy and
entropy of the gas-phase proton are H(H1) ¼ 1.48 kcal mol�1

and S(H1) ¼ 26.02 cal mol�1 K�1, respectively, and lead to a
gas-phase Gibbs free energy value of G(H1) ¼ H(H1) �
TS(H1) ¼ �6.28 kcal mol�1.
It is sometimes the case that a molecule and/or its conjugate

base has more than one indistinguishable microscopic proto-
nation state. All of the GPB values in this paper are micro-
scopic gas-phase basicities, since that is what naturally comes
out of electronic structure calculations of a single protonation
state. The conversion between microscopic and macroscopic
GPB values was performed as follows.
The equilibrium constant, KM, (where the M indicates

macroscopic) for the reverse process to that of eqn. (2),
assuming unit activity coefficients, is given by:

KM ¼ ½A
��M½Hþ�
½AH�M

ð5Þ

If A� has m indistinguishable microscopic protonation states
and AH has n indistinguishable microscopic protonation
states, then:

KM ¼
m½A��m½Hþ�
n½AH�m

¼ Km m

n

� �
ð6Þ

where m indicates microscopic quantities and Km ¼ [A�]m[H
1]/

[AH]m. The free energy change (DG) for a process is related to
the equilibrium constant by:

DG ¼ �RT ln K (7)

where R is the ideal gas constant and T is the temperature of
interest. Substitution of eqn. (7) into eqn. (6) yields the
following equation for interconversion of microscopic and
macroscopic free energy changes:

DGm ¼ DGM þ RT ln
m

n

� �
ð8Þ

For example, H3PO4 has four indistinguishable microscopic
protonation states (distribution of three protons among four
sites gives 4C3 ¼ 4, where nCk ¼ n!/(n � k)!k! is a binomial
coefficient) and its conjugate base, H2PO4

�, has six indistin-
guishable microscopic protonation states (4C2 ¼ 6). The
experimental (macroscopic) GPB of H3PO4 is 323.0 kcal
mol�1.52 Application of eqn. (8) yields a microscopic GPB of
323.2 kcal mol�1.

3. Results and discussion

In the present work, calculated proton affinity and gas-phase
basicity values are compared with experimental values using
several error metrics:

MSE ¼ herri (9)

MUE ¼ h|err|i (10)

RMSE ¼ h|err|2i1/2 (11)

MAXE ¼ signed_max(err) (12)

where ‘‘err’’ is the error for each data point defined as the
calculated minus experimental value, and signed_max(err) in
eqn. (12) is meant to indicate the signed error value with the
largest (maximum) magnitude. The mean signed error (MSE)
indicates the mean error value (where the distribution of errors
is centered). The mean unsigned error (MUE) is an average
measure of the magnitude of the errors. The root-mean-square
error (RMSE) measures the second moment of the error
distribution and is related to the standard deviation s by
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s2 ¼ RMSE2 �MSE2. The MUE and RMSE are equal if all of
the errors are equal to one another (i.e., the error distribution
has zero standard deviation). Alternately, if the RMSE is
found to be considerably larger than the MUE, this suggests
there is a broad distribution or errors, or indicates the existence
of a few outlier data points that dominate the RMSE. The
maximum error (MAXE) is simply the single data point error
with the largest magnitude. These error metrics obey the
inequality:

|MSE| r MUE r RMSE r |MAXE| (13)

Together, these statistical quantities provide useful informa-
tion that describes the distribution of errors, and in some cases
may provide insight into simple correction terms that capitalize
on the presence of systematic errors.

Tables 1 and 2 compare the errors with respect to experiment
for proton affinity and gas-phase basicity values calculated
with the various quantum model chemistries. The 16 molecules
in these tables were selected from available experimental data
to represent those most important in the study of biological
phosphoryl transfer, with emphasis on the most common types
of phosphorus compounds, nucleophiles, and leaving groups
that involve formation and cleavage of P–O bonds.

3.1 Performance of multi-level methods

In general, the multi-level methods are fairly comparable to
one another, with the CBS-QB3 method having best overall
performance for the proton affinities and gas-phase basicities.
The CBS-QB3 method predicts 2/3 data points with PA/GPB
values that lie outside of the experimental error bars, whereas
the G3B3 and G3MP2B3 methods predict 5/4 and 6/5 data
point values, respectively, that lie outside the experimental
error bars.

The PAMUE/MSE values are 0.9/�0.1 kcal mol�1 for CBS-
QB3, 1.0/0.4 kcal mol�1 for G3B3 and 1.1/0.6 kcal mol�1 for
G3MP2B3. Examination of the data indicates that the PA
errors are more systematic within sets of molecules with the

same functional group. For example in the CBS-QB3 method,
the errors for alkyl alcohols, acids, and phenols (excluding
o-chlorophenol that appears to be an outlier for all of the
methods) have ranges of 0.8 to 1.1, �0.5 to 0.2, and �0.8 to
�0.2, respectively. This suggests that these methods are likely
more accurate for determination of relative PA values between
similar classes of compounds than for absolute PA values. The
PA MAXE values range from �2.1 to �2.6 kcal mol�1. For
CBS-QB3, the largest PA error is for phosphoric acid (�2.6
kcal mol�1), and for G3B3 and G3MP3B3 the largest PA error
is for methanol (2.2 and 2.1 kcal mol�1, respectively).
The GPB error results are similar overall to the PA error

results, although the error trends within the same functional
group are less pronounced. For GPB values, G3B3 has the best
MSE of the multi-level methods, although the range of MUE
and RMSE values are similar (0.9 to 1.0 kcal mol�1 and 1.1 to
1.2 kcal mol�1, respectively). The CBS-QB3 method performs
better for alkyl alcohols than G3B3 and G3MP2B3, but worse
for acids, and slightly worse for phenols.
Among the largest errors for the multi-level methods involve

the phosphorus compounds (hydrogen dimethyl phosphate
and phosphoric acid). With only two phosphorus data points
with fairly large experimental error bars (greater than 4 kcal
mol�1), it is not statistically significant to generalize about the
performance of the methods for calculation of PA and GPB of
biological phosphorus compounds. This underscores the im-
portance of performing robust benchmark quantum calcula-
tions for proton affinities and gas-phase basicities against
available experimental values in order to assess accuracy and
sources of systematic errors and using this information to
derive more accurate values for molecules involved in biologi-
cal phosphoryl transfer reactions. This information can then be
used in the prediction of pKa values or linear free energy
relations that provide insight into mechanism.

3.2 Performance of density-functional methods

It is generally accepted that multi-level schemes afford a high
general level of accuracy for most problems of

Table 1 Proton affinity error analysisa

Moleculeb CBS-QB3 G3B3 G3MP2B3 PBE0 B1B95 B3LYP QCRNA Exp

Water 1.7 1.8 1.2 0.9 1.3 0.7 3.2 3.4 3.3 3.1 0.1 1.9 0.1 1.9 390.3(0.2)

Methanol 1.1 1.3 2.2 1.9 2.1 1.6 �0.5 �0.3 �0.1 �0.2 �2.3 �0.4 �2.3 �0.5 381.5(1.0)

Ethanol 0.7 0.8 1.5 1.2 1.7 1.1 �0.3 �0.1 0.3 0.1 �2.2 �0.4 �2.2 �0.4 378.2(0.8)

Propanol 0.8 0.9 1.7 1.3 1.9 1.4 0.3 0.5 0.7 0.6 �1.5 0.3 �1.4 0.4 376.0(1.1)

2-Propanol 0.8 0.9 1.4 1.1 1.7 1.2 0.7 0.9 1.0 0.9 �1.4 0.4 �1.3 0.5 375.7(0.8)

DMPHc �2.4 �2.2 �1.8 �2.1 �1.3 �1.9 �0.6 �0.4 �0.7 �0.8 �1.6 0.3 �1.5 0.3 331.6(4.1)

Phosphoric acid �2.6 �2.4 �2.2 �2.6 �1.8 �2.4 �0.5 �0.3 �0.6 �0.8 �2.4 �0.6 �2.3 �0.5 330.5(5.0)

Formic acid �0.4 �0.3 0.4 �0.0 0.9 0.3 �0.2 0.0 0.1 �0.0 �2.0 �0.1 �2.0 �0.1 344.0(1.6)

Acetic acid 0.2 0.3 1.0 0.6 1.4 0.8 0.4 0.6 0.7 0.5 �0.8 1.0 �0.8 1.0 347.2(1.1)

Propanoic acid �0.5 �0.3 0.3 �0.1 0.7 0.1 0.4 0.6 0.5 0.4 �1.3 0.5 �1.3 0.5 347.4(1.8)

Phenol �0.8 �0.6 �0.6 �1.0 �0.6 �1.2 �1.4 �1.2 �0.7 �0.9 �2.4 �0.6 �2.5 �0.6 350.1(1.1)

o-Chlorophenol 0.7 0.8 1.0 0.7 1.0 0.4 0.4 0.6 1.0 0.8 �1.0 0.9 �1.0 0.8 343.4(2.3)

m-Chlorophenol �0.6 �0.4 �0.3 �0.6 �0.3 �0.8 �1.2 �1.0 �0.6 �0.8 �2.5 �0.6 �2.4 �0.5 342.2(3.1)

p-Chlorophenol �0.5 �0.4 �0.2 �0.6 �0.2 �0.8 �1.0 �0.8 �0.4 �0.6 �2.2 �0.4 �2.3 �0.5 343.4(1.6)

p-Methylphenol �0.3 �0.1 0.0 �0.3 0.0 �0.6 �0.8 �0.5 �0.1 �0.3 �1.8 0.0 �1.8 �0.0 350.7(1.3)

p-Nitrophenol �0.2 �0.0 0.2 �0.1 0.7 0.1 �2.3 �2.1 �1.7 �1.9 �4.1 �2.3 �4.2 �2.3 327.8(2.1)

MAXE �2.6 �2.4 �2.2 �2.6 2.1 �2.4 3.2 3.4 3.3 3.1 �4.1 �2.3 �4.2 �2.3
RMSE 1.1 1.1 1.2 1.2 1.3 1.1 1.2 1.2 1.1 1.1 2.0 0.9 2.0 0.9

MUE 0.9 0.9 1.0 0.9 1.1 1.0 0.9 0.8 0.8 0.8 1.8 0.7 1.8 0.7

MSE �0.1 0.0 0.4 0.0 0.6 0.0 �0.2 0.0 0.2 0.0 �1.8 0.0 �1.8 0.0

a All quantities are in kcal mol�1. Experimental values are the unweighted average of all values available from ref. 52. Estimates of the experimental

error are shown in parenthesis immediately to the right of the experimental data and were calculated from the individual error estimates using

standard propagation of errors.53 The error metrics (error ¼ calculated � experimental value) shown are the maximum error (MAXE), root-mean-

square error (RMSE), mean unsigned error (MUE) and mean signed error (MSE). The proton affinity errors that include the empirical bond

enthalpy correction DHc for O–H bonds (see text) are shown in italics immediately to the right of the uncorrected data. b ‘‘Molecule’’ refers to the

neutral molecule AH in eqn. (2). c Hydrogen dimethyl phosphate
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thermochemistry, whereas the robustness of density-functional
methods is typically less well established. In the present case of
the calculation of proton affinities and gas-phase basicities for
phosphoryl transfer, of primary concern is the accurate mod-
eling of the O–H bond energy in the AH molecule and of the
stability of the A� anion that results from deprotonation. For
these properties, density-functional theory provides a quite
reasonable description, and although in some cases there
may be errors in the absolute values, the errors are sufficiently
systematic that simple corrections may be introduced. The
advantage in exploring the use of density-functional theory
as an alternative to the prediction of proton affinities and gas-
phase basicities centers on the tremendous reduction in com-
putational cost, particularly in applications to larger molecules
of biological interest. Toward this end, a set of benchmark
density-functional calculations have been performed using
several established hybrid density functionals: PBE0, B1B95,
and B3LYP (see the Methods section for details).

It is encouraging that the PA MSE for the PBE0 (�0.2 kcal
mol�1) and B1B95 (0.2 kcal mol�1) functionals are impressively
small, and the PAMUE and RMSE values (0.9 to 0.8 and 1.2 to
1.1 kcal mol�1, respectively) are comparable to those
of the multi-level methods. The maximum error for both of
these functionals (3.2 to 3.3 kcal mol�1) occurs for water,
arguably the most important of all the nucleophiles. The
multi-level methods predict errors in the proton affinity of water
in the range 1.2–1.7 kcal mol�1, and have MAXE values across
the entire data set that are around 1 kcal mol�1 less in magnitude
than the corresponding MAXE values for PBE0 and B1B95.

The B3LYP functional, on the other hand, has a fairly large
MSE of �1.8 kcal mol�1 that indicates a systematic under-
prediction of the proton affinity values relative to experiment.
This large MSE carries over to the MUE, RMSE and MAXE
values causing them to similarly be significantly larger than any
of the other methods. It is of mild interest to note that the
B3LYP predicts the PA of water nearly exactly (0.1 kcal mol�1

error), although this is likely due to a fortuitous cancellation
of errors.

As with the multi-level methods, the GPB results are similar
to the PA results. The B3LYP functional shows a large,
systematic error for the GPB values (MSE ¼ �2.3 kcal mol�1)
that is 0.5 kcal mol�1 larger than for PA. B1B95 slightly
outperforms PBE0, both of which compare favorably to the
multi-level methods. The maximum GPB error for both of
these functionals is for water (3.2 to 3.3 kcal mol�1). This is
potentially significant since water and hydroxide are both
important nucleophiles in phosphate hydrolysis. The GPB
value for water (383.7 kcal mol�152,54) also forms an important
component of the thermodynamic cycle in Scheme 2 and those
used in calculating the solvation free energies of H1, H3O

1,
and OH�, accurate values for which have been recently
reported.55

It is of further interest to note than the geometry optimi-
zation and frequency calculation with the large 6-
311þþG(3df,2p) basis set, tight geometry convergence criteria,
and finer integration mesh contributes only very mildly to the
proton affinity values. The much less computationally demand-
ing QCRNA level which uses the smaller 6-31þþG(d,p) basis
set for geometries and frequencies and the default integration
mesh and geometry convergence criteria produces almost
identical results to B3LYP. As is discussed below, the errors
in the absolute proton affinity values for the B3LYP and
QCRNA methods are systematic and simply correctable, and
the relative proton affinity values are actually among the most
accurate of all the methods.

3.3 Bond enthalpy, entropy and free energy corrections

Examination of the error statistics for the quantum data
reveals that a main source of error, at least for some of the
methods, arises from a simple shift of the average PA and GPB
values relative to experiment. This behavior is manifested when
the magnitude of the MSE is approximately equal to the MUE
(|MSE| E MUE). If further, the |MSE| is comparable to the
RMSE (i.e., the standard deviation of errors is very small),
then a shift of the data by a constant would offer considerable

Table 2 Gas-phase basicity error analysisa

Moleculeb CBS-QB3 G3B3 G3MP2B3 PBEO B1B95 B3LYP QCRNA Exp

Water 1.7 2.2 1.2 1.3 1.3 1.1 3.2 3.8 3.3 3.4 0.1 2.4 0.1 2.5 383.7(0.2)

Methanol 1.3 1.9 2.4 2.4 2.3 2.2 �0.3 0.3 0.1 0.2 �2.0 0.3 �2.1 0.2 374.8(0.7)

Ethanol 0.4 0.9 1.3 1.3 1.4 1.3 �0.6 0.0 0.0 0.1 �2.5 �0.2 �2.4 �0.1 371.3(1.0)

Propanol 0.2 0.7 1.2 1.2 1.4 1.2 �0.3 0.3 0.2 0.2 �2.0 0.3 �2.0 0.3 369.4(1.1)

2-propanol 0.3 0.8 1.0 1.0 1.3 1.1 0.3 0.8 0.7 0.8 �1.8 0.5 �1.7 0.6 368.8(1.0)

DMPHc �1.7 �1.1 �1.2 �1.1 �0.7 �0.8 0.2 0.8 0.3 0.3 �0.8 1.5 �0.9 1.5 324.6(4.0)

Phosphoric acid �2.5 �2.0 �2.2 �2.2 �1.8 �1.9 �0.3 0.3 �0.4 �0.3 �2.2 0.1 �2.2 0.1 323.2(4.9)

Formic acid �1.3 �0.8 �0.6 �0.6 �0.1 �0.2 �1.1 �0.6 �0.8 �0.8 �2.9 �0.6 �2.9 �0.6 337.9(1.2)

Acetic acid �2.0 �1.4 �1.2 �1.1 �0.8 �0.9 �0.1 0.5 0.1 0.2 �3.6 �1.3 �3.1 �0.8 341.4(1.2)

Propanoic acid �0.9 �0.3 �0.1 �0.1 0.3 0.1 �1.2 �0.6 �0.5 �0.4 �2.8 �0.5 �3.6 �1.3 340.4(1.4)

Phenol �0.6 �0.1 �0.5 �0.5 �0.5 �0.7 �1.3 �0.7 �0.6 �0.6 �2.3 �0.0 �2.4 �0.0 342.9(1.4)

o-Chlorophenol �0.8 �0.2 �0.4 �0.3 �0.4 �0.6 �1.1 �0.5 �0.5 �0.4 �2.4 �0.1 �2.4 �0.0 337.1(2.0)

m-Chlorophenol �1.2 �0.6 �0.9 �0.8 �0.9 �1.0 �1.8 �1.3 �1.2 �1.2 �3.1 �0.7 �2.9 �0.6 335.2(1.4)

p-Chlorophenol �0.9 �0.3 �0.5 �0.5 �0.5 �0.7 �1.3 �0.7 �0.7 �0.6 �2.4 �0.1 �2.6 �0.3 336.5(1.4)

p-Methylphenol �0.6 �0.0 �0.4 �0.3 �0.4 �0.5 �1.0 �0.5 0.7 0.8 �2.0 0.3 �2.2 0.2 343.8(1.2)

p-Nitrophenol �0.1 0.4 0.2 0.2 0.7 0.5 �2.3 �1.8 �1.8 �1.7 �4.1 �1.8 �4.2 �1.8 320.9(2.0)

MAX �2.5 2.2 2.4 2.4 2.3 2.2 3.2 3.8 3.3 3.4 �4.1 2.4 �4.2 2.5

RMSE 1.2 1.1 1.1 1.1 1.1 1.1 1.3 1.2 1.1 1.1 2.5 1.0 2.5 1.0

MUE 1.0 0.9 0.9 0.9 0.9 0.9 1.0 0.8 0.7 0.7 2.3 0.7 2.4 0.7

MSE �0.5 0.0 �0.0 0.0 0.2 0.0 �0.6 0.0 �0.1 0.0 �2.3 0.0 �2.4 0.0

a All quantities are in kcal mol�1. Experimental values are the unweighted average of all values available from ref. 52, corrected for degenerate

protonation sites where appropriate to produce microscopic gas-phase basicities. Estimates of the experimental error are shown in parenthesis

immediately to the right of the experimental data and were calculated from the individual error estimates using standard propagation of errors.53

The error metrics (error ¼ calculated � experimental value) shown are the maximum error (MAXE), root-mean-square error (RMSE), mean

unsigned error (MUE) and mean signed error (MSE). The gas-phase basicity errors that include the empirical bond free energy correction DGC for

O–H bonds (see text) are shown in italics immediately to the right of the uncorrected data. b ‘‘Molecule’’ refers to the neutral molecule AH in

eqn. (2). c Hydrogen dimethyl phosphate.
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improvement. In the present case, two methods stand out as
particularly fitting this scenario: the B3LYP and related
QCRNA models (Tables 1 and 2).

This observation motivates the adoption of simple constant
enthalpic and entropic correction term to the process in eqn.
(2) to afford a means of improving the quantitative results and
making accurate prediction of PA and GPB values for larger
systems with more favorably scaling and affordable quantum
models such as QCRNA. Since all of the molecules in the
present work involve O–H type bonds, a simple O–H bond
enthalpy correction (DHC) and bond entropy correction (DSC)
is proposed to correct the calculated PA and GPB values
(although it should be noted that the process in eqn. (2) is
not formally correspond to a ‘‘bond energy’’ but rather a
deprotonation that involves cleavage of the O–H bond fol-
lowed by transfer of an electron from hydrogen). The corrected
change in enthalpy (DH0), entropy (DS0) and free energy (DG0)
of the process in eqn. (2) take the form:

DH0 ¼ DH þ DH C (14)

DS0 ¼ DS þ DSC (15)

DG0 ¼ DG þ DGC¼ DH0 �TDS0 (16)

where DGC ¼ DHC � TDSC.
The thermodynamic O–H correction terms, based on the set

of 16 phosphoryl transfer molecules with available experimen-
tal PA and GPB values, are listed in Table 3 for each of the
multi-level and density-functional methods.

Examination of the corrected PA and GPB values in Tables
1 and 2 indicate the thermodynamic O–H corrections improve
the agreement with the experimental values and bring the error
metrics of the different methods into a tighter range. The most
dramatic effect occurs for the corrected QCRNA method that
now has the lowest MUE and RMSE values for both PA and
GPB values. Figs. 1 and 2 illustrate a regression of the
uncorrected and corrected CBS-QB3 and QCRNA PA and
GPB values. Only 2 calculated PA values and 1 calculated GPB
value fall outside the experimental error bars for the corrected
QCRNA method, whereas 3 calculated PA values and 2
calculated GPB values fall outside the experimental error bars
for the corrected CBS-QB3 method. This is of tremendous
importance since the QCRNAmethod is the most affordable of
all of the multi-level and DFT methods compared, and can be
extended to large phosphoryl transfer systems. It is yet to be
explored as to whether similar types of corrections might offer
further improvement when applied with other DFT functionals
and different basis sets.

3.4 Comparison of semiempirical methods

Table 4 compares the proton affinity values calculated with
several standard semiempirical methods that are commonly
used in QM/MM simulations56–62 with experimental values.
All of the semiempirical proton affinities were calculated with
respect to water, and are shown with and without thermo-

dynamic O–H correction to the enthalpy (DHC, defined here as
minus the MSE for each method).
Of all of the semiempirical methods, PM3 performs the best

for the uncorrected proton affinity calculations, with an RMSE
of 13.8 kcal mol�1, almost seven times higher than the un-
corrected QCRNA. Interestingly MNDO/d has larger errors
than regular MNDO. MNDO/d reduces to MNDO when only
first and second-row atoms are present, so this difference must
be in the proton affinities of the phosphates and the chlor-
ophenols. The addition of d orbitals to the chlorine in the
chlorophenols has very little effect on the calculated proton
affinities; the RMSE for MNDO/d is 0.3 kcal mol�1 higher
than for MNDO for the chlorophenols. The phosphates on the
other hand are heavily influenced by the addition of d orbitals
which radically lower the energy of the anions, increasing the
PA errors by a factor of two for MNDO/d compared to
MNDO. For dianionic phosphoryl transfer reaction that do
not involve protonated phosphoryl oxygens, nucleophiles or
leaving groups, the MNDO/d method has recently been shown
to be quite reliable.67

The semiempirical PA values have a large systematic error
component that is reflected by the MSE values which range
from �12.0 kcal mol�1 (PM3) to �30.0 kcal mol�1 (MNDO/d).
An O–H bond enthalpy correction reduces the semiempirical PA
RMSE by a factor of 2–5. With O–H bond enthalpy correction,
the MNDO, AM1, and SCC-DFTB methods perform the best
of the semiempirical models with RMSE values in the range of
5–6 kcal mol�1 and MUE values in the range of 4–5 kcal mol�1.
These errors are still several times the average experimental error
and larger than corrected QCRNA errors by a factor of 4–6.
Most importantly, the relative proton affinity values are often of
the wrong sign for the semiempirical methods, and could be
problematic in the prediction of linear free energy relationships,
pKa values, or in QM/MM simulations of reactions in enzymes

Table 3 Thermodynamic O–H bond corrections for several quantum

modelsa

Multi-level

methods

DFT

methods

Correction CBS-QB3 G3B3 G3MP2B3 PBE0 B1B95 B3LYP QCRNA

DHC 0.1 �0.4 �0.6 0.2 �0.2 1.8 1.8

DSC �1.3 �1.3 �1.3 �1.3 �1.0 �1.7 �1.7
DGC 0.5 0.0 �0.2 0.6 0.1 2.3 2.3

a DHC and DGC are in kcal mol�1 and correspond to 298.15 K. DSC is

in cal/(mol K).

Fig. 1 Regression plots of the CBS-QB3 and QCRNA test set proton
affinities. The top panel shows the uncorrected data, and the bottom
panel shows the bond enthalpy corrected data. The linear correlation
coefficient (RC), linear best-fit slope (m) and intercept (b) for the
corrected values are: RC ¼ 0.9995, m ¼ 1.046, b ¼ �16.2 for corrected
CBS-QB3, RC ¼ 0.9992, m ¼ 1.021, b ¼ �7.5 for corrected QCRNA.
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and ribozymes. For example the proton affinity of the alkyl
alcohols is experimentally ordered methanol > ethanol >
propanol > 2-propanol. This trend is predicted by all of the
multi-level and DFT methods, but AM1 orders the alcohols
methanol > propanol > 2-propanol > ethanol. Such errors
could have serious consequences for QM/MM simulations of
processes that are sensitive to protonation state such as phos-
phoryl transfer. The reliable prediction of pKa values for
biological systems, for example, is beyond the scope of current
semiempirical methods without taking recourse into corrections
at much higher and more expensive levels of electronic structure

theory. These data underscore the need for design of improved
semiempirical quantum models58,68–72 for biological reactions.

3.5 Predicted PA and GPB values for biological phosphorus

compounds

Tables 5 and 6 list the predicted proton affinity and micro-
scopic gas-phase basicity values, respectively, for several key
model compounds involved in biological phosphoryl transfer
reactions for which experimental data is unavailable. All
predicted quantities include the bond enthalpy, entropy, and
free energy corrections discussed above. Related compounds
for which experimental data is available (e.g., H3PO4) are
included for completeness and comparison. The nomenclature
convention for ligand designations in metaphosphate, acyclic
and cyclic phosphate and phosphorane compounds is illu-
strated in Scheme 3 and is consistent with that used in previous
work.8,11

There is remarkable agreement of predicted PA and GPB
values between all of the quantum models tested with varia-
tions between methods rarely exceeding 2 kcal mol�1. A key
quantity to reproduce accurately is the relative PA and GPB
values between different ionic species. In the case of phosphoric
acid (H3PO4), the PA and GPB values are predicted to be
between 129.0–130.6 and 129.7–130.9 kcal mol�1 lower than
those of the singly deprotonated species (H2PO4

�), respec-
tively. The corresponding PA and GPB differences between
singly and doubly deprotonated species range from 119.8–
123.0 and 121.5–125.1 kcal mol�1, respectively.
Analysis of Tables 5 and 6 reveals several important trends:
� For neutral molecules of the general formula POnH2n�5,

PA and GPB values increase with increasing valence n
(n ¼ 3,4,5) of phosphorus.
� For neutral phosphates of the form H3�mPO4�m(OCH3)m,

PA and GPB values only slightly increase with increasing
methyl substitution m (m ¼ 0,1,2) of the phosphoryl oxygens.
� For monoanionic phosphates of the form

H2�mPO4�m(OCH3)m
�, PA and GPB values decrease with

increasing methyl substitution (m) (m ¼ 0,1) of the phosphoryl
oxygens.
� The GPB value for dimethyl phosphate is slightly greater

than that of ethylene phosphate (the cyclic analog of dimethyl
phosphate), whereas their PA values are very similar.
� For neutral phosphoranes, PA and GPB values of phos-

phoryl oxygens in the axial position are considerably greater
than in the equatorial position, and this difference decreases
with increasing degree of alkylation.
� For neutral cyclic phosphoranes, PA and GPB values of

equatorial phosphoryl oxygens are not significantly affected by

Fig. 2 Regression plots of the CBS-QB3 and QCRNA test set gas-
phase basicities. The top panel shows the uncorrected data, and the
bottom panel shows the bond free energy corrected data. The linear
correlation coefficient (RC), linear best-fit slope (m) and intercept (b)
for the corrected values are: RC ¼ 0.9996, m ¼ 1.047, b ¼ �16.4 for
corrected CBS-QB3, RC ¼ 0.9991, m ¼ 1.026, b ¼ �9.0 for corrected
QCRNA.

Table 4 Performance of standard semiempirical methods on this set

for proton affinitiesa

MNDO AM1 PM3 MNDO/d SCC-DFTB

MAXE �34.8 8.9 �28.1 �9.7 �23.3 15.5 �46.9 �16.8 �26.9 13.1

RMSE 27.4 5.5 19.1 5.2 13.8 6.8 31.0 7.7 17.4 5.9

MUE 26.8 5.0 18.3 4.8 12.4 5.4 30.0 6.2 15.1 4.1

MSE �26.8 0.0 �18.3 0.0 �12.0 0.0 �30.0 0.0 �16.4 0.0

a MNDO, AM1, PM3, and MNDO/d calculations were performed

with a modified version of MNDO97.63 SCC-DFTB calculations were

performed using a modified version of CHARMM and standard

parameters for C, H, O, N,64 P,65 and S66 and do not include the

chlorophenols since chlorine parameters are not yet available.

All calculations are relative to water. The error metrics (error ¼
calculated � experimental value) shown are the maximum error

(MAXE), root-mean-square error (RMSE), mean unsigned error

(MUE) and mean signed error (MSE). The proton affinity errors that

include an empirical bond enthalpy correction are shown in italics

immediately to the right of the uncorrected data.

Scheme 3 Nomenclature convention for ligand designations in meta-
phosphate, acyclic and cyclic phosphate and phosphorane compounds
of biological interest. This nomenclature is consistent with the naming
convention used for similar compounds in previous work.8,11
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methylation in the axial position, but are increased by more
than 2 kcal mol�1 upon methylation in the equatorial position.
These trends are important for quantum models to reproduce
when applied in hybrid QM/MM simulations of phosphoryl
transfer in solution, enzymes and ribozymes.

It is interesting to note that the PA values for the phosphates
(CBS-QB3 values range from 328.1 to 329.5 kcal mol�1) are
quite similar to the PA value for p-nitrophenolate (CBS-QB3
and experimental value of 327.0 kcal mol�1), a common
enhanced leaving group in phosphoryl transfer experiments.5

Moreover, the PA values for equatorial phosphorane oxygens
are similar to those of the acids and chlorophenols, the former
representing models for acidic side chains that mediate phos-
phoryl transfer in kinases and phosphatases, and the latter
another experimentally common leaving group.2 The quanti-
tative prediction of the PA and GPB values in Tables 5 and 6 is
a first step toward the accurate modeling of pKa values and
linear free energy relations in biological phosphoryl transfer
reactions.

4. Conclusion

Benchmark calculations for proton affinities and gas-phase
basicities have been performed for a series of molecules
with available experimental values. It has been shown that
multi-level methods, in particular CBS-QB3, can reliably
calculate proton affinities and gas-phase basicities to within
experimental errors in almost all cases. Fairly recent
density functionals such as PBE0 and B1B95 are competitive
with much more expensive multi-level methods for these
properties.
From the benchmark data, a set of empirical bond enthalpy,

entropy, and free energy corrections are introduced. These
corrections improved the accuracy of the methods consider-
ably. One of the most widely used density functionals, B3LYP,
has large but systematic errors that are easily corrected. With
the bond enthalpy, entropy, and free energy corrections, an
inexpensive model chemistry, QCRNA (based on B3LYP), was
tested and shown to predict PA and GPB values with accuracy

Table 5 Predicted proton affinities for phosphorus compounds of biological interesta

Moleculeb CBS-QB3 G3B3 G3MP2B3 PBE0 B1B95 B3LYP QCRNA

P(O)(OH)(OH)(OH) 328.1 327.9 328.1 330.2 329.7 329.9 330.0

P(O)(O)(OH)(OH)� 458.9 458.2 458.8 460.7 460.6 459.6 459.6

P(O)(O)(O)(OH)2� 581.1 578.0 580.3 583.3 583.6 581.2 581.3

P(O)(O)(OH) 310.6 310.7 311.2 312.6 312.3 312.8 312.9

P(O)(OH)(–O–CH2CH2–O–) 329.5 329.5 329.9 330.5 330.3 331.2 331.3

P(OH)(OH)(–O–CH2CH2–O–)(OH*) 351.9 352.0 352.1 352.9 352.8 352.8 352.9

P(OH*)(OH)(–O–CH2CH2–O–)(OH) 343.2 343.1 343.4 344.5 344.3 343.9 344.0

P(OH*)(OH)(–O–CH2CH2–O–)(OCH3) 343.5 343.6 343.9 344.6 344.4 344.2 344.4

P(OH)(OCH3)(–O–CH2CH2–O–)(OH*) 352.0 352.4 352.4 352.8 352.7 353.0 353.2

P(OH*)(OCH3)(–O–CH2CH2–O–)(OH) 345.2 345.5 345.7 346.4 346.3 346.3 346.5

P(OH)(OH)(OH)(OH*)(OH) 351.0 350.8 350.9 352.6 352.4 352.4 352.3

P(OH*)(OH)(OH)(OH)(OH) 341.0 340.3 340.7 342.0 341.6 341.0 341.1

P(O)(OH)(OCH3)(OCH3) 329.4 329.5 329.8 331.2 330.8 331.9 331.9

P(O)(OH)(OH)(OCH3) 329.3 329.3 329.6 331.2 330.7 331.5 331.5

P(O)(O)(OH)(OCH3)� 454.9 454.3 454.9 456.2 456.2 455.3 455.4

a The nomenclature convention for is shown in Scheme 3. All quantities are in kcal mol�1 and include the bond enthalpy correction from Table 3.

For molecules with more than one chemically distinct deprotonation state, the hydrogen position for deprotonation is superscripted with an asterisk

‘‘*’’. For molecules with two axial or two/three equatorial protons only the results from the lowest energy anion configuration are shown.

Deprotonation at the other site(s) yield nearly identical proton affinity values (i.e., far less than the deviation between different methods).
b ‘‘Molecule’’ refers to the neutral molecule AH in eqn. (2).

Table 6 Predicted gas-phase basicities for phosphorous compounds of biological interesta

Moleculeb CBS-QB3 G3B3 G3MP2B3 PBE0 B1B95 B3LYP QCRNA

P(O)(OH)(OH)(OH) 321.2 321.1 321.3 323.5 322.9 323.4 323.4

P(O)(O)(OH)(OH)� 451.7 451.3 451.9 453.4 453.2 452.4 452.4

P(O)(O)(O)(OH)2� 576.0 572.8 575.1 578.1 578.3 576.2 576.4

P(O)(O)(OH) 304.8 304.9 305.4 306.7 306.2 307.0 307.2

P(O)(OH)(–O–CH2CH2–O–) 321.8 322.4 322.7 324.9 324.6 323.7 324.1

P(OH)(OH)(–O–CH2CH2–O–)(OH*) 345.0 345.3 345.4 346.0 345.8 346.0 346.2

P(OH*)(OH)(–O–CH2CH2–O–)(OH) 335.7 335.9 336.2 337.2 337.0 336.6 336.8

P(OH*)(OH)(–O–CH2CH2–O–)(OCH3) 335.9 336.2 336.5 337.1 336.7 336.7 336.9

P(OH)(OCH3)(–O–CH2CH2–O–)(OH*) 344.7 345.5 345.5 345.5 345.5 345.8 345.4

P(OH*)(OCH3)(–O–CH2CH2–O–)(OH) 338.1 338.6 338.9 339.4 339.1 339.4 339.6

P(OH)(OH)(OH)(OH*)(OH) 343.9 343.8 343.9 345.5 345.1 345.3 344.9

P(OH*)(OH)(OH)(OH)(OH) 323.1 323.1 323.4 325.0 324.5 325.4 325.4

P(O)(OH)(OCH3)(OCH3) 323.4 323.4 323.7 325.3 324.9 326.1 326.0

P(O)(OH)(OH)(OCH3) 323.1 323.1 323.4 325.0 324.5 325.4 325.4

P(O)(O)(OH)(OCH3)
� 447.7 447.1 447.6 449.1 449.0 448.4 448.4

a The nomenclature convention for is shown in Scheme 3. All quantities are in kcal mol�1 and include the bond free energy correction from Table 3.

For molecules with more than one chemically distinct deprotonation state, the hydrogen position for deprotonation is superscripted with an asterisk

‘‘*’’. For molecules with two axial or two/three equatorial protons only the results from the lowest energy anion configuration are shown.

Deprotonation at the other site(s) yield nearly identical gas-phase basicity values (i.e., far less than the deviation between different methods).
b ‘‘Molecule’’ refers to the neutral molecule AH in eqn. (2).
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rivaling or exceeding the much more expensive multi-level
methods.

The corrected methods were applied to a set of biological
phosphorus compounds involved in phosphoryl transfer reac-
tions for which there is no experimental PA and GPB data
available. The results of these calculations reveal several inter-
esting trends for PA and GPB values for metaphosphate, cyclic
and acyclic phosphates and phosphoranes. The benchmark PA
and GPB data for biological phosphorus compounds provide a
first step toward the accurate calculation of pKa values of
reactive intermediates in phosphoryl transfer reactions.

Semiempirical methods commonly employed to study bio-
logical systems (e.g., MNDO, AM1, PM3, MNDO/d, and
SCC-DFTB) with QM/MM simulations are found to do be
unreliable for prediction of proton affinities, and cannot be
significantly improved with bond enthalpy, entropy, and free
energy corrections. This may have important consequences for
QM/MM simulations of phosphoryl transfer. The results of the
present work identify an important challenge in the design of
new semiempirical quantum models for linear-scaling and
hybrid QM/MM simulations of large-scale biological phos-
phoryl transfer reactions: the accurate prediction of PA and
GPB values. The benchmark data presented here can be used
to facilitate development of more accurate and robust quan-
tum models for biological reactions, a topic of intense effort by
the authors. The successful design of such new semiempirical
quantum models would represent a major advance in the
arsenal of computational simulation tools for the prediction
of pKa shifts and linear free energy relations of phosphoryl
transfer reactions in solution, enzymes and ribozymes.
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8 C. S. López, O. N. Faza, A. R. de Lera and D. M. York, Chem.

Eur. J., 2005, 11, 2081–2093.
9 W. P. Jencks, Chem. Rev., 1985, 85(6), 511–527.
10 D. Herschlag and W. P. Jencks, J. Am. Chem. Soc., 1990, 112,

1951–1956.
11 K. Range, M. J. McGrath, X. Lopez and D. M. York, J. Am.

Chem. Soc., 2004, 126, 1654–1665.
12 X. Lopez, M. Schaefer, A. Dejaegere and M. Karplus, J. Am.

Chem. Soc., 2002, 124(18), 5010–5018.
13 J. Davies, N. Doltsinis, A. Kirby, C. Roussev and M. Sprik,

J. Am. Chem. Soc., 2002, 124, 6594–6599.

14 Y. Alexeev, T. Windus, C. -G. Zhan and D. Dixon, Int. J.
Quantum Chem., 2005, 102, 775–784.

15 G. I. Almerindo, D. W. Tondo and J. R. Pliego Jr., J. Phys. Chem.
A, 2004, 108, 166–171.

16 Y. Fu, L. Liu, R.-Q. Li, R. Liu and Q.-X. Guo, J. Am. Chem. Soc.,
2004, 126, 814–822.
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