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Abstract
DNA polymerases are a family of enzymes responsible for regulating DNA replication and repair,
which in turn maintains the integrity of the genome. However, despite intensive kinetic,
crystallographic and computational studies, elucidation of the detailed enzymatic mechanism still
presents a significant challenge. We recently developed an alternative strategy for exploring the
fidelity and mechanism of DNA polymerases, by probing leaving group effects on nucleotidyl
transfer using a series of dGTP bisphosphonate analogues in which the β, γ-bridging oxygen was
replaced by a series of substituted methylene groups (X=CYZ, where Y,Z=H, halogen or other
substituent). Pre-steady state kinetic measurements of DNA polymerase-catalyzed incorporation of
correctly base paired (R) and mispaired (W) analogues demonstrated a strong linear free energy
relationship (LFER) between the polymerase rate constant (kpol) and the highest pKa of the free
bisphosphonic acid corresponding to the leaving group. However, unexpectedly, the data segregated
into two distinctly different linear correlations depending on the nature of the substituent. The
discrepancy between the two lines was considerably greater when the dGTP analogue formed an
incorrect (G•T) rather than a correct (G•C) base pair, although the reason for this phenomenon
remains unexplained. Here, we have evaluated the complete free energy surfaces for bisphosphonate
hydrolysis in aqueous solution and evaluated the corresponding LFER. Our study, which employs
several alternative solvation models, finds a split of the calculated LFER for the mono- and dihalogen
compounds into two parallel lines, reflecting their behavior in the polymerase-catalyzed
condensation reaction. We suggest that the division into two linear subsets may be a generalized
solvation phenomenon involving the overall electrostatic interaction between the substrates and
enzyme and would be observed in solution in the absence of the enzyme. In contrast, the amplified
differences between the LFER lines for the incorporation of matched and mismatched
deoxynucleotides could arise from differences in the electrostatic interaction between the TS charges
in the polymerase active site. An understanding of the mechanism of this reaction in solution could
thereby provide a stepping-stone for understanding the factors governing the fidelity of DNA
polymerases.
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I. INTRODUCTION
Since the discovery of DNA polymerase in Escherichia coli more than 50 years ago(1,2), this
enzyme, including both it’s high and low fidelity forms(3,4), has been under continuing and
intense study to improve our understanding of its structures and functions. As the field has
matured, explorations have moved beyond individual isolated polymerases to encompass
interactions with accessory subunits, including protein complexes involved in DNA replication
and repair (e.g. Refs. (5–7)). Nevertheless, a comprehensive characterization of the enzymatic
mechanism has not yet been achieved, and remains a challenge to biochemists.

A detailed understanding of the mechanisms governing DNA synthesis is essential to establish
at the molecular level not only how correctly paired deoxyribonucleotides are incorporated
into DNA, but, equally importantly, how the polymerase discriminates against incorporating
non-Watson-Crick base pairs. X-ray crystallographic studies, in which polymerase/primer-
template/dNTP ternary complexes are captured at high resolution(8–11) show how correctly
and incorrectly paired dNTPs are aligned within the polymerase active site. These geometric
“snapshots” are unquestionably important in deducing how dNTP-p/t DNA orientations
occurring in the polymerase ground state may either facilitate efficient phosphodiester bond
formation for W-C base pairs or impede the incorporation of non-W-C base pairs(11), but the
nature of the activated structures occurring on the catalytic reaction pathway cannot be deduced
from the structural studies without additional theoretical “interpolations”(12–15). Such
theoretical studies can greatly benefit from experimental information about the mechanism of
the incorporation reaction. However, extracting such information in a unique way is
challenging.

Recently, we developed a strategy to explore mechanism and fidelity from the perspective of
the polymerase transition state. The approach is based on probing the nucleotidyl transfer
mechanism for leaving group effects (downstream from the transition state) using a series of
dNTP bisphosphonate analogues in which the β, γ-bridging oxygen of pyrophosphate was
replaced by a series of substituted-methylene groups(16,17) (X = CYZ, where Y,Z = H, halogen
or other substituent: Fig. 1). For example, using the set Y,Z = H, F, Cl and Br, the electrostatic
properties of the bisphosphonate moiety can be tuned to provide a wide dynamic range in the
basicity of the new oxyanion formed by Pα-O bond cleavage, which should inversely reflect
the pKa values for the corresponding free bisphosphonic acids(11,18). We have proposed the
construction of a linear free energy relationship (LFER) correlating the logarithm of the
catalytic rate constant kpol to the highest leaving group pKa for such a series of synthetic dNTP
analogues as a means to directly probe the energetics of the chemical steps of nucleotidyl
transfer that relate the height of leaving group elimination barriers to other steps in the reaction
pathway(16,17).

To implement this new approach, we have examined the LFER for human DNA polymerase
β using a series of dGTP analogs (Fig. 1) constructed from bisphosphonates having pKa

4s
spanning a range of 7.8–10.5(16,17). The G analogs were either correctly incorporated opposite
template C or misincorporated opposite T. The resulting plots of log kpol versus log pKa are
reproduced in Fig. 2.

The data exhibited strong linear correlations between log kpol and leaving group bisphosphonic
acid pKa

4 for correct (G•C, denoted R in the text) (Fig. 2A) and incorrect (G•T, denoted W in
the text) base pairs (Fig. 2B). This result is expected in an LFER model in which a single
activation barrier is rate-limiting for the chemical step for correct and incorrect substrates.
However, the data unexpectedly segregated into two different linear correlations, one for a
group comprised of the natural substrate with the unsubstituted methylene and
monohalomethylene analogues, and the other for the dihalomethylene analogues, with the
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difference being significantly greater for the mispairs – i.e., the LFER plots were fidelity-
dependent (Fig. 2). This remarkable difference between the C•G and T•G incorporation rates
for the monohalo - vs. the dihalomethylene analogue groups, as well as the diminished catalytic
activity exhibited with the dihalogen-bridging analogs, is unexplained(16,17). It should be
noted that monohalo nucleotides are mixtures of two diasteromeric forms, differing in
configuration at the P-C-P carbon. However, were one form less effective as a substrate than
the other the observed turnover rates would be relatively decreased, not increased, even if
saturating substrate concentrations were not used. We have considered several possibilities to
account for the diminished activity of the dihalomethylene compounds in the enzymatic
system, e.g., leaving group elimination might be hindered by intramolecular repulsion between
the negative charge developing on the αβ oxygen and the pro-S halogen(17) or alternatively,
the halogens may engage in sterically debilitating steric/electrostatic interactions with nearby
amino acid side chains in the pol β active site(17), but neither of these rationales is fully
convincing. Thus it is important to consider the possibility that the disparity in rates of release
of the mono- and dihalobisphosphonate leaving groups reflects, at least to some extent, a trend
that already exists in the uncatalyzed reference reaction in solution.

To address this issue, it is necessary to explore the mechanism of the uncatalyzed solution
reaction in order to understand the origin of the LFER in the enzyme. Such a study is also
important for understanding the catalytic power of the enzyme, which reflects the difference
between the reaction in the enzyme and in solution. Furthermore, characterisation of the
solution reaction is crucial for the calibration and validation of theoretical models that are being
used for studying enzymatic reactions, as was demonstrated in previous studies(19). However,
studying phosphate ester hydrolysis in solution is a difficult problem, as even the solution
reaction can proceed through a variety of different reaction mechanisms (see e.g. Refs. (20–
22)). Broadly speaking, phosphate hydrolysis can proceed via one of two mechanistic extremes,
that is, pathways that can be associative or dissociative in nature, depending on the degrees of
bond breaking to the leaving group and bond formation to the nucleophile, respectively, and,
despite decades of research, the precise nature of both the solution and enzyme-catalysed
reactions remain controversial(23–33).

Computational studies that map the full energy surface(19,21,22,34,35) for phosphate
hydrolysis rather than examining isolated transition states have demonstrated that it is possible
to accurately reproduce the LFER for phosphate hydrolysis in solution. Such studies examine
the free energy surface by means of More O’Ferrall-Jencks (MFJ) plots(36,37), a sample of
which is shown in Fig. 3. MFJ plots are projections of the full free energy surface defined in
terms of two reaction coordinates. At each point on the plot, these coordinates are frozen while
all other degrees of freedom are allowed to optimise without constraints. The full MFJ can thus
be obtained by careful reaction coordinate pushing, and solvation can be simulated using a
continuum model.

There are a number of advantages to using this approach. Firstly, it allows us to identify and
directly compare different viable mechanisms in the presence of the same nucleophile and
substrate. Secondly, the MFJ can be used to identify the approximate location of key stationary
points, the precise geometry of which can then be obtained by unconstrained geometry
optimisations. Finally, it should be noted that it can be quite difficult to study the relevant
reference reaction in solution for an enzymatic reaction experimentally, as the enzyme can
restrict the reaction in various ways order to follow a specific mechanism, whereas in solution
there are multiple mechanistic possibilities. For instance, in the case of the system studied here
it is quite possible that experimentally, the nucleophile does not attack in the same position as
in Pol β, but rather that the terminal (γ) phosphate would react much faster and as such it would
only be possible to obtain an upper limit for P – O cleavage between the α and β phosphates.
However, it is essential to model precisely the same reaction as in the enzymatic system when
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studying the reference reaction, and this is an advantage of using a computational approach,
where one can effectively place constraints on the reaction in such a way as to accurately
reproduce the correct reference state for the enzymatic reaction.

To address the issue of whether the disparity in rates of release of the mono- and
dihalobisphosphonate leaving groups reflects, at least to some extent, a trend that already exists
in the uncatalyzed reference reaction in solution, and in order to gain more information about
the reference solution reaction in general, we have carried out a computational analysis of the
hydrolysis of these compounds in solution, using a variety of solvation models. Our study
focused on the change in the rate of hydrolysis of the above series as a function of the observed
of pKa for the corresponding bisphosphonic acid, which he have examined by generating the
full free energy surfaces for each system studied. The calculations indicated that the trend
observed in the LFER of the reaction in pol β already exists in solution.

II. THEORETICAL BACKGROUND
The main focus of this work is to study the effect of halogen substitution at the β,γ-bridging
position of this series of dGTP analogues on the basic chemistry of these phosphate derivatives
in solution rather than the reproduction of absolute energetics; therefore, we have used a
simplified series of model compounds, in which the nucleoside is replaced by a methyl group,
as shown in Fig. 4. The general methodologies are described in our earlier studies(19,21,22,
34,35).

Separate energy surfaces were generated for each of the compounds in the series, both in the
gas-phase and in solution. In each case, the reaction surface was defined in terms of two reaction
coordinates: the phosphorus oxygen distance to the leaving group (P–Olg, Fig. 3, x-axis) and
nucleophile (P–Onuc, Fig. 3, y-axis). At each point on the plot, only these two degrees of
freedom were constrained, and all other degrees of freedom were allowed to freely optimize.
P–Olg distances where scanned in the range of 1.6–3.2Å (in 0.2Å increments), and P–Onuc
distances were scanned in the range of 1.65 to 3.0 Å (in 0.15Å increments). It should be noted
that, even though in principle the reaction could proceed via either an inline (nucleophile
attacking from the opposite face as the departing leaving group) or a non-inline (nucleophile
attacking from the same face as the departing leaving group) mechanism (though both pathways
have been suggested to proceed with fairly similar energetics), here the only constraints we
have placed on the system are distance constraints on the phosphorus oxygen distances to the
leaving group and nucleophilic oxygens, and thus the nucleophile is left free to orient itself in
such a way as to follow the lowest energy path. Thus, the full free energy surface was obtained
by precise reaction coordinate mapping, and the geometries and energies at each point on the
plot were examined to ensure that the 2D plot obtained is the true lowest energy free energy
surface.

All ab initio calculations were performed using the Gaussian software package(38), and
Becke’s three level hybrid functionals, which combine Hartree-Fock exchange with density
functional theory (DFT) exchange correlations(39). Initial gas-phase geometries were obtained
using the 6-31+G* basis set, followed by a single-point correction using the 6-311+G** basis
set to obtain the relevant energetics. Finally, solvation was simulated by applying a solvation
correction to the gas-phase geometries, using the 6-311+G** basis set and not only COSMO
(40,41), but also by the PCM(42–46) and the Langevin Dipole (LD)(47) models for
comparison. In the case of the COSMO and PCM models, the UFF model (which places spheres
on all hydrogen atoms, thus treating them explicitly, using radii from the UFF forcefield)(48)
was used rather than the standard UA0 model, in order to account for any possible proton
transfer between the attacking water molecule and the phosphate. This approach has been
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demonstrated to accurately reproduce experimental activation barriers for phosphate
hydrolysis(19,22,34,35).

III. RESULTS AND DISCUSSION
Fig. 5 shows the free energy surface for the hydrolysis of the parent dGTP analog (X=O) in
solution, and the geometry of the transition state for this reaction is shown in Fig. 6. As can be
seen from Fig. 5, the reaction proceeds through a single concerted associative (ANDN) pathway,
with P – O distances of 1.8 and 2.0 Å to the leaving group and nucleophile respectively in the
transition state. The calculated activation barrier to this hydrolysis is 38.6 kcal/mol, as
compared to an activation barrier of 28.6 kcal/mol for the pol β catalysed hydrolysis of dGTP
opposite a correct (R) template base(17). It should be noted that we have estimated free energies
and rate constants based on a temperature of 250° C. This is due to the fact that such a high
temperature that would be required for an experimental study of such a reaction in solution
(see for instance Refs. (35,49) for a similar reaction), and we believe that that a comparison to
an experimental value at the original temperature necessary for obtaining the experimental data
is more reliable than comparison to the rate constants extrapolated to 25° C.

The energy decomposition of the calculated activation barrier for the hydrolysis of the dGTP
analogues examined in this work is shown in Table 1, the rate constants (obtained from
transition state theory, assuming a temperature of 250°C) are shown in Table 2, and the
calculated LFER is shown in Fig. 7. As with the enzymatic reaction(17) (Fig. 2), the mono-
and di-halo compounds show significantly different kcalc behavior, with the analogue closest
to the native dGTP (X=O), the methylene analogue and the monohalogenated compounds
conforming to one linear relationship, and the dihalogenated compounds conforming to a
separate linear relationship that deviates significantly from methylene and monohalogenated
analogues. However, qualitatively, the free energy surfaces for the hydrolysis of all the dGTP
analogues in solution are similar (see Supplementary Information). In all cases, hydrolysis
proceeds through a single concerted pathway, with only subtle variations in transition state
geometries. In each case, a proton is transferred from the attacking water molecule to the
phosphate concomitantly to P–O formation/cleavage, as can be seen from the transition state
depicted in Fig. 6.

Table 3 shows the P–O distances to the nucleophile and leaving group respectively in the
transition state for the hydrolysis each of the dGTP analogues. From this table, it can be seen
that not only does each hydrolysis proceed through a concerted ANDN transition state, but also
within small variation, these transition states are similar in geometry. Thus, despite the fact
that the compounds clearly form two subsets, each conforming to a different linear relationship,
the hydrolysis of each compound proceeds through a qualitatively similar reaction pathway
and transition state.

The calculated activation barriers for the hydrolysis of the dGTP analogues in the gas phase
and the corresponding calculated LFER are shown in Table 4 and Fig. 7, respectively, for
comparison to the solution LFER. There is no longer a segregation of the dGTP analogues into
two subsets, but rather, despite the presence of some scattering, all compounds approach a
single linear relationship, suggesting that the effect observed in the solution LFER is a solvation
effect. Table 5 shows select atomic charges in both the reactant and transition states, that were
obtained by performing charge fitting to the electrostatic potential at points selected according
to the Merz-Singh-Kollman(50,51) scheme using the COSMO solvation model. From this it
can be seen that there are really only very small differences across the series, but that the charges
show a systematic trend, and thus the only way to explore their meaning is by means of solvation
calculations.

Kamerlin et al. Page 5

Biochemistry. Author manuscript; available in PMC 2009 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



From the energy decomposition shown in Table 1, it can be seen that there is a significant
difference in solvation between the monohalogenated compounds and their dihalogenated
counterparts – that is, when the halogen substituent is chlorine or bromine, there is a somewhat
larger solvation contribution (ΔΔGsolv) to the overall activation barrier (ΔG≠

calc) in the case
of the dihalogenated compound than in the case of the monohalogenated compound. However,
this trend is reversed in the case when the halogen substituent is fluorine. Here, ΔΔGsolv is
much larger in the case of the monohalogenated compound than in the case of the dihalogenated
compound. In order to verify that these observed trends are not coincidental, we simulated
solvation using the PCM. Table 6 shows a comparison of ΔΔGsolv for each compound using
both solvation models. From this table, it can be seen that even though the absolute value of
the solvation contribution is dependent on the precise solvation model, the trend remains the
same regardless of whether we simulate solvation using COSMO, PCM. Finally, we also
examined the trends in solvation by means of the LD model. Once again, the overall trend was
the same as that seen in COSMO and PCM, i.e. for both chlorine and bromine substituents,
ΔΔGsolv was much smaller for the mono- than for the dihalogenated compounds. It should be
noted that our LD calculations were not calibrated to the case where the halogen substituent is
fluorine, as in view of the difficulty of the calculations, their possible instability and the
predictive feature of our approach, we prefer to focus on the most stable cases (in this case
chlorine and bromine).

In summarizing the above results, it is important to clarify what we have been trying to examine
in this work and what we have actually been able to determine. We start by noting that the
observed trend in the reactivity of these compounds can be classified in terms of two different
effects, i.e. i) having an LFER that correlates ΔG≠ to the leaving group pKa, and ii) having two
sets of LFER. The basic origin of the LFER is conceptually simple, but difficult to quantify
computationally. That is, the true basis of the LFER is the relationship between ΔG≠, i.e. the
activation barrier of the reaction, and ΔG0, i.e., the free energy difference between the reactants
and products (see the discussion in Ref. (52) and references therein). The problem becomes
more complex when we are dealing with several intersecting parabolae(27). Now, the
dependence of the reaction rate on the leaving group pKa comes indirectly from the correlation
between the pKa and ΔG0. Thus, we would expect correlation between the intersections of the
Marcus parabolae (and thus ΔG≠) with the pKa of leaving group, if the intersection is correlated
to the energy of the product state, and if the energy of the product state is in turn correlated to
the pKa. However, although we have succeeded to reproduce a LFER that correlates the
calculated ΔG≠ with the observed pKa, we have encountered major difficulties when trying to
quantify the origin of the LFER, since correlating ΔG≠ to ΔG0 gave unstable results. This is
partly due to the fact that the nature of the proton transfer (PT) step changes in the different
systems, where in some cases PT occurs before the rate-determining step and in others after
this step.

While the quantification of the precise origin of the observed LFER is left for further studies,
we have demonstrated that the reason for the different behaviour of the mono- and dihalogens
can be explored by simply examining the energies of the corresponding transition states at the
observed pKa in solution. If the calculations can reproduce the difference in ΔG≠ between the
mono and dihalogens at any given pKa, then we may explore the reason for this computational
difference. Indeed, after finding out that the calculations reproduced the observed trend, our
study indicated that the change in the TS charge distribution led to a difference in the
corresponding solvation energy that we suggest is principally responsible for the segregation
of the data into two separate LFER.
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IV. Conclusions
DNA polymerase catalysis and fidelity studies typically compare the incorporation of W-C
correct pairs versus non-W-C mispairs, where the leaving group is the natural pyrophosphate.
Recently(16,17), we altered the electronic and steric properties of the leaving groups by
replacing PPi by a series of halomethylene derivatives in the β,γ-bridging position. This strategy
made possible the investigation of the catalytic mechanisms of right and wrong incorporations
proceeding “downstream” from the transition state. Here, we have performed an extensive
computational analysis, involving the evaluation of the complete free energy surface in solution
for each of the systems explored, while using different simulation models. The calculations
were used to explore whether the separate linear of the mono- and dihalogenated dNTP analogs
might result from their intrinsic properties when undergoing hydrolysis in aqueous solution,
while being modulated by the polymerase active site. More specifically, a key element of the
analysis is the use of MFJ plots to characterise transition states for the hydrolysis of the dGTP
analogues presented in Refs. (16,17), in both the gas-phase and in solution. In all cases, the
reaction proceeds through a single concerted ANDN associative transition state, with no clear
trend in P–Onuc and P–Olg distances across the series (cf. Table 3). The calculations reproduced
a LFER with a similar trend to the one observed in the enzyme when using the calculated
activation barriers and the observed pKas in solutions. The only clear difference between the
mono- and di-halogenated dGTP analogues occurred when examining the energy
decomposition of the total calculated activation free energies in each case (Table 1). Here, there
is a clear difference in the solvation contribution to the total free energy between the
monohalogenated and dihalogenated compounds. When the halogen is chlorine or bromine,
there is a significantly larger ΔΔGsolv in the case of the dihalogenated than that of the
monohalogenated compounds, and this trend is reversed when the halogen is fluorine.

We only observe this phenomenon in solution. In the gas-phase, there is no clear pattern
distinguishing hydrolysis rates for the mono- and dihalogens, with both sets of compounds
falling roughly on one line (Fig. 9). Thus, the present study indicates that the main cause for
the discrepancy in the rate constants between the two series of compounds arises from the
difference in how these compounds are interacting with the solvent. In order to verify this, we
simulated solvation using three different solvent models (COSMO, PCM and LD), and, in all
three cases, we observed the same trend. The origin of this solvation effect was traced to a
small but well-defined change in the TS charge distribution between the two systems. The
difference in the interaction of these TS charges and the solvent leads to the split between the
two LFER. If this finding stands the test of time, then the origin of the discrepancy in the
magnitude of this segregation in the polymerase reaction for the correct and incorrect base
pairs is due, at least in part, to the change in the electrostatic interaction between the protein
active site and the TS charges.

At this point, we must emphasize that the calculations reported here are extremely challenging,
since we are dealing with small effects that compensate the gas phase trend in a way which is
not fully intuitive. Thus, our results still present a somewhat speculative prediction (the
experimental data for the solution hydrolyses of the halomethylene derivatives are not currently
available to make a direct comparison with theory). However, we note that in cases where
experimental data are available, we have accurately reproduced experimental activation free
energies for phosphate hydrolysis using our current protocol(19,22,34,35). Here, we have used
exactly the same approach as in our previous studies, which have shown to successfully
reproduce solution LFER for phosphate hydrolysis(19,22). Thus, we believe that despite the
absence of experimental rate constants for the reaction in solution, our predictions with regards
to the trend we observe for the hydrolysis of these compounds are likely to represent the actual
chemistry in solution. Of course, the final judgment will be obtained by solution experiments,
in which the solvent dielectric constant is varied, and the subsequent analysis of these
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experiments. Perhaps the most noteworthy result of the computational analysis is that the LFER
in solution follows the same trend as that observed for the pol β catalysed reaction1,2, with the
native dGTP analogue including compounds with monohalogenated substituents conforming
to one linear relationship and the compounds with dihlaogenated substituents fitting to a second
independent linear relationship (compare Figs. 2 and 7).

As stated at the end of the previous section, our results suggest that the split of the LFER plots
for the pol β-catalyzed incorporation of the dGTP analogues(16,17) into two subsets reflects
a generalized solvation phenomenon (where we define such effects as the overall electrostatic
interaction between the substrate and the enzyme plus solvent system). Thus, the fact that the
discrepancy between the two subsets of compounds is larger in the case of W than R nucleotide
incorporation is likely to reflect the differences in the electrostatic interaction between the TS
charges and the active site microenvironments induced and by introduction of the mismatched
vs. matched nucleotides.

We believe that our results highlight the importance of the ability to differentiate between
effects that are caused by the enzyme and effects that are a result of the basic chemistry of the
substrate and would already be observed even in solution in the absence of the enzyme. Careful
examination of the hydrolysis of these dGTP analogues in solution should allow us to move
on to the enzymatic reaction in order to understand why there is a larger discrepancy between
the two subsets in the case of W rather than R nucleotide insertion. We believe that
understanding the hydrolysis of these compounds solution is an essential stepping-stone
towards understanding the factors governing the fidelity of DNA polymerases.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of dGTP and β,γ-substituted analogues. X=CF2, CFCl, CCl2, O, CHF, CBr2, CHCl,
CHBr and CH2(16,17).
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Figure 2.
LFER for dGTP and analogues, incorporated opposite (A) the correct template base, C, and
(B) the mispairing template base, T. This figure was originally presented in Ref. (17).
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Figure 3.
Sample More-O’Ferrall-Jencks plot(36,37). RS and PS denote reactant and product states
respectively and ≠ denotes a transition state, which can be either stepwise (AN+DN or
DN+AN) or concerted (AN+DN).
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Figure 4.
Model compounds. X= CF2, CFCl, CCl2, O, CHF, CBr2, CHCl, CHBr and CH2.
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Figure 5.
Free energy surface for the dGTP analog where X=O. All distances are in Å, and ≠ denotes a
transition state.
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Figure 6.
Concerted (ANDN) transition state for the parent dGTP analog (X=O).
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Figure 7.
Calculated LFER for the hydrolysis of the dGTP analogues in solution.
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Figure 8.
Calculated LFER for dGTP and analogues in the gas phase.
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Table 2

Calculated activation barriers and rate constants for the hydrolysis of the dGTP analogues in solution.

X pKa
Δ G≠

calc,sol k Log(k)

O 8.9 38.6 9.80 × 10−4 −3.01
CHF 9.0 36.7 6.30 × 10−3 −2.20
CHCl 9.5 42.8 1.10 × 10−5 −4.95
CHBr 9.9 45.0 2.15 × 10−6 −5.67
CH2 10.5 45.8 9.98 × 10−7 −6.00
CF2 7.8 40.0 2.63 × 10−4 −3.57
CFCl 8.4 40.9 1.11 × 10−4 −3.95
CCl2 8.9 46.8 3.80 × 10−7 −6.41
CBr2 9.3 45.7 1.10 × 10−6 −5.96

ΔG≠calc,sol denotes the calculated activation barrier for each compound, and k denotes the corresponding rate constant as obtained by transition state
theory (assuming a temperature of 250°C).
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Table 3

P–O distances to the nucleophile and leaving group in the transition state for the hydrolysis of the dGTP analogues
in solution.

X pKa P-Onuc P-Olg

O 8.9 2.0 1.8
CHF 9.0 2.0 1.8
CHCl 9.5 2.0 1.8
CHBr 9.9 2.0 1.95
CH2 10.5 2.0 1.65
CF2 7.8 2.0 1.8
CFCl 8.4 2.0 1.95
CCl2 8.9 2.0 1.8
CBr2 9.3 2.0 1.8
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Table 4

Calculated activation barriers and rate constants for the hydrolysis for the dGTP analogues in the gas phase.

X pKa
Δ E≠

calc,gas k log(k)

O 8.9 23.6 1862.1 3.27
CHF 9.0 30.5 2.45 0.39
CHCl 9.5 30.0 1.66 0.22
CHBr 9.9 34.9 0.04 −1.45
CH2 10.5 32.0 0.56 −0.24
CF2 7.8 25.5 263.0 2.42
CFCl 8.4 27.1 64.6 1.81
CCl2 8.9 33.9 0.09 −1.03
CBr2 9.3 33.7 0.11 −0.94

ΔE≠calc,gas denotes the calculated activation barrier for each compound, and k denotes the corresponding rate constant, as obtained from transition state
theory (assuming a temperature of 250°C).
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Table 6

A comparison of the solvation contribution (ΔΔGsolv) to the total activation barrier (ΔG≠
calc) as obtained from

the COSMO, PCM and LD solvation models.

X pKa ΔΔGsolv,COSMO ΔΔGsolv,PCM ΔΔGsolv,LD

O 8.9 30.1 29.8 30.9
CHF 9.0 30.0 29.7 39.2
CHCl 9.5 14.0 13.9 17.6
CHBr 9.9 7.0 19.7 11.1
CH2 10.5 11.6 11.4 15.5
CF2 7.8 16.0 15.5 13.9
CFCl 8.4 21.0 20.8 28.8
CCl2 8.9 23.7 23.4 24.2
CBr2 9.3 21.6 21.4 17.1
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