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DNA polymerases require two divalent metal ions in the active site for catalysis. Mg?" has been
confirmed to be the most probable cation utilized by most polymerases in vivo. Other metal ions
are either potent mutagens or inhibitors. We used structural and topological analyses based on

ab initio QM /MM calculations to study human DNA polymerase A (PolL) with different metals in
the active site. Our results indicate a slightly longer O3'—Pa. distance (~ 3.6 A) for most inhibitor
cations compared to the natural and mutagenic metals (~3.3-3.4 A). Optimization with a larger
basis set for the previously reported transition state (TS) structures (Cisneros et al., DNA Repair,
2008, 7, 1824.) gives barriers of 17.4 kcal mol ! and 15.1 kcal mol ™' for the Mg?>* and Mn*"
catalyzed reactions respectively. Relying on the key relation between the topological signature of
a metal cation and its selectivity within biological systems (de Courcy et al., J. Chem. Theor.
Comput., 2010, 6, 1048.) we have performed electron localization function (ELF) topological
analyses. These analyses show that all inhibitor and mutagenic metals considered, except Na ™,
present a “split” of the outer-shell density of the metal. This “splitting” is not observed for the
non-mutagenic Mg " metal. Population and multipole analyses on the ELF basins reveal that the
electronic dipolar and quadrupolar polarization is significantly different with Mg?* compared to
all other cations. Our results shed light at the atomic level on the subtle differences between
Mg ™, mutagenic, and inhibitor metals in DNA polymerases. These results provide a correlation
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between the electronic distribution of the cations in the active site and the possible consequences

on DNA synthesis.

1. Introduction

Replication and repair of DNA by DNA polymerases are
critical processes. Errors in either of these transactions can
result in mutations, some of which can lead to disease or even
death."> DNA polymerases catalyze the addition of an
incoming nucleotide on the nascent DNA chain by nucleophilic
attack of the primer terminus O3’ on the Pa of the incoming
nucleotide with resulting release of pyrophosphate (PPi). This
mechanism has been proposed to be facilitated by two metal
ions in the active site.>* Studies with several polymerases have
confirmed that the most probable cation used in vivo by DNA
polymerases is Mg>*.> Experimental and theoretical studies of
this reaction have supported the two metal hypothesis
(see ESI} for reaction scheme).®!” These two metals have
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been denoted as metal 1 and metal 2. Metal 1 binds to the
primer base (Mgl in Fig. 1A). Metal 2 binds to the incoming
nucleotide (Mg2 in Fig. 1A).

Some metal cations, including chromium, nickel, cadmium
and cobalt, have been shown to be carcinogenic and/or
genotoxic. These effects arise due to the inhibition of the
DNA repair process.”® In particular, this inhibition affects
several DNA repair pathways including base excision repair
(BER), nucleotide excision repair (NER) and mismatch repair
(MMR).?%2! Another possibility for carcinogenic action is a
loss of fidelity of replication of DNA induced by carcinogenic
metals.?! Replacement of the two Mg>" ions in the active
site of DNA polymerases by certain other metals inhibits
and/or causes an increase in errors during DNA replication
(loss in DNA replication fidelity). Indeed, several carcinogenic
or mutagenic metals decrease fidelity, while other non-mutagenic
metals inhibit DNA synthesis.*?

This inhibitory or mutagenic effect has been studied on the
basis of crystallographic analyses of ternary structures of
DNA polymerases. Pelletier et al. solved structures of DNA
polymerase B (Polp) with different cations in the active site.”*
Their results show that the cation in the metal 2 site
coordinates differently to the phosphate of the incoming
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Fig. 1 Active site representation (A) and ELF basin attractor
positions (B) for Pol\ with Mg>" in the active site. Labels follow
AMBER notation: Mgl, Mg2: core basins of the cations; O2A, O2B,
03G: core basins of the O atoms from the incoming nucleotide
triphosphate (dU) that bind to the metals; LP1, LP2: valence basins
corresponding to the lone pairs for selected oxygens; ODx: core basins
of the aspartate oxygen atoms binding the metals; OW: core basin of
the water molecule in the active site; O3’: core basin for O3’; HO:
valence basin for the O3’~H bond; P: core basin for Pa; unlabeled
basins in red: valence basins for lone pairs of O atoms; unlabeled
basins in orange: valence basins for bonds of Pa.

nucleotide for any cation different than Mg®". All tested cations
different than Mg>" also change the side-chain position of
D192, one of the three aspartates that coordinate the two cations
in the active site. In addition, their results suggest that Mn>"
may promote greater reactivity than Mg®*. The role of different
metals on enzymatic catalysis has also been studied computa-
tionally in staphylococcal nuclease and DNA polymerase p.24%

Polpf is a member of the X family, along with DNA
polymerases A, p and TdT. Experimental studies have shown
that the reaction catalyzed by Pol\ in the presence of Mn* " is
faster than that with Mg>*,?® consistent with the results from
Pelletier e al.*

The reaction mechanism of Pol\ has been recently studied
by QM/MM methods.?” This study considered both Mg?"
and Mn?" as metals in the active site. The results from these
simulations showed that there is a significant charge transfer
between the metals and their surrounding ligands as the
reaction proceeds. The calculated potential energy barriers

for the rate limiting steps of the Mg>" and Mn?" catalyzed
reactions are around 17 kcal mol™' for both cations.
Therefore, these studies were inconclusive with regard to the
metal differences based on energetic considerations.

In this contribution, we report calculations to determine
whether the effects observed experimentally between different
metal ions are due, at least in part, to electronic effects. To this
end, we present QM/MM optimizations followed by Electron
Localization Function (ELF) topological analyses on Polk
with different cations in the active site: the “‘natural” metal
(Mg?"), three inhibitors (Na™, Ca?" and Zn*>") and five
mutagenic metals (Co®>", Cr*", Cu®>", Mn?*" and Ni*").
ELF can be interpreted as a signature of the electronic pair
distribution, and provides a chemically intuitive picture of the
localization of bonds, lone pairs, efc. Structural analyses on
the optimized structures show slight differences between the
structures with inhibitor cations and the other metals. Energy
differences for re-optimized transition state structures show a
lower barrier for the Mn?>" catalyzed reaction compared to
when Mg®" is in the active site. Chemically intuitive multi-
polar analyses of the total charge distribution on the ELF
basins show significant difference in dipolar and quadrupolar
polarization of the active site environment between Mg? " and
the other metals.

2. Results

2.1 Structural analysis

QM/MM optimizations were carried out on Polh with nine
different cations in the active site including Mg? " *,Ca%",
Zn?t, Co®", Cr2Y, Cu?", Mn?" and Ni2". In all cases
the initial structure was taken from our previous study
(see Methods section).?” We assume that the coordination
mode is similar for all cations in both binding sites.

The re-optimized structures for Mg>" and Mn?" show
differences of less than 0.1 A compared with those previously
obtained at a lower level of theory.?” The overall arrangement
of the active site remains largely unchanged with the different
cations. However, subtle differences arise when the Mg>" is
replaced by other metals. In particular,the distances between
the cations and the atoms of the first coordination shell
increase around 0.2 to 0.4 A in the Na* and Ca®>"
(see ESIY).

The nucleophilic attack distance (O3’ to Pa) increases from
3.3 in the Mg>" structure to 3.6 A for two of the three
inhibitor cations, Na™ and Ca®". In the case of the mutagenic
metals, the nucleophilic attack distance is similar or slightly
larger, 0.16 A, for the largest difference in the Mn>* structure.

In most cases the inter-metal distance in the inhibitor and
mutagenic cation structures is similar to that of the Mg>"
structure. Three cations, Ca’>", Cr*" and Mn°", exhibit an
inter-metal distance of ~3.7 A. This increase in distance is
consistent with the difference in ionic radii (iR) for these
cations (0.8-1.0 A) compared to Mg>* (0.72 A).zs

The only cation where a distance increase was expected but
not observed is for the Na® structure (iR = 1.02 A). A
possible explanation for the lack of distance increase is that
the difference in charge for the cations (+ 1 for Na compared

structures
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to +2 for all others) results in less repulsive Coulomb
interactions and the enzyme can provide an environment that
helps maintain both Na™ at a distance almost equal to that
found in the Mg>" structure.

Crystal structures for Poll with Na™ in the active site
have been previously reported.?” These structures, along with
kinetic results,® suggest that Na* inhibits catalysis by forming
a catalytically inactive structure.’® In the experimental
structure, the reported nucleophilic attack distance is 4.66 A.
This is due to a C3’-endo conformation of the ribose on
the primer-terminal nucleotide, compared to a C2’-endo
conformation in the catalytically active structure. However,
it is not possible to differentiate between Na™ and Mg>"
crystallographically since they are isoelectronic. For this
particular crystal structure, Na™ was assigned as the ion in
the metal 1 site and Mg>" in the metal 2 site based on
distances for the 1st coordination shell of the metals and lack
of octahedral coordination for the cation in the metal 1 site.”

We performed additional optimizations of a system with
Na™ and Mg®" in the metal 1 and metal 2 sites respectively.
When the primer-terminal ribose is in the C2’-endo conforma-
tion the nucleophilic attack distance is increased only to 3.6 A.
This is the same as the distance obtained with two Na™ in the
active site. When the conformation of the ribose is changed to
C3'-endo the distance increases to 4.6 A. However, in our
hands, this structure reverts to the catalytically active C2’-endo
conformation after optimization.

The reversion to C2’-endo could be due to a possible bias
imposed by the MM environment. Another possibility is that
the C2'-endo conformation is more stable since this results in
an octahedral conformation for the cation in the metal 1 site
(Na ™ in this case) as opposed to the C3’-endo orientation. The
latter structure results in a distorted tetrahedral geometry.?’
The higher coordination may thus lead to a more stable
structure in solution (as in our simulations), whereas the
C3’-endo structure could be thermodynamically lower or
equivalent to the C2’-endo conformation in the solid phase.

As mentioned in the introduction, the reaction mechanism
of Pol has been studied previously for Mg®>* and Mn>*.?’
The calculated reaction path comprises two stable
transition states (TSs). The first TS (TS1) corresponds to the
de-protonation of O3’ on the primer base. The second TS
corresponds to the nucleophilic attack of O3’ on the aP of the
incoming nucleotide (see ESIf). The resulting energy differ-
ence between the barriers was not large enough to determine a
cation preference. This was mainly due to the small basis sets
used in the previous studies.?’

We have re-optimized the transition state (TS) structures
with the 6-31G(d) basis for all atoms. The re-optimized
structures give energy differences (relative to the reactant) of
17.4 and 12.5 kcal mol™" for the two TSs in the Mg> " reaction
path. For the Mn?" structures the energy differences are
15.1 and 11.7 keal mol™'. Frequency calculations show that
only the structures corresponding to the first TS have one
imaginary frequency.

For the TS2 structures, all calculated frequencies are real,
that is, these are not true TSs. This is consistent with the
observed increase in the nucleophilic attack distance with
respect to the original TS structures. The calculated distances

are 2.7 A and 3.0 A for Mg " and Mn>" respectively. This can
be contrasted with the previously reported distances of 2.3 A
and 2.4 A, obtained with the smaller basis set.?’

The experimental barrier is estimated to be around
16.6 kcal mol~"'.® Moreover, experimentally it is known that
the estimated barrier for the Mn>" catalyzed reaction in Pol\
is around 1 kcal mol~! lower than that for Mg® ", compared to
2.3 kecal mol™! for our calculations.?® Our results for the
re-optimized TSs point to the first TS (proton abstraction
from O3’ on the primer base) as rate limiting. This is similar to
the exonuclease reaction catalyzed by the & subunit of DNA
polymerase III, where once the nucleophile is formed the
reaction proceeds downhill.*

The potential energy barriers obtained with the larger basis
are in good agreement with the experimental reports both for
the barrier height and cation preference. However, there are
no obvious structural differences between the TS structures for
the two cations (see ESIt). That is, the difference in energies
for the catalytic step does not appear to arise because of
structural changes between the two different cations.

The structural and energetic results from the optimized
structures do not provide a clear explanation for the difference
in inhibitory or mutagenic activity between the cations
compared to the “natural” metal. Based on this, we now turn
to ELF topological analyses for a deeper insight and to
investigate differences at the electronic level.

2.2 ELF analyses

To gain a deeper understanding of the differences between the
PolA structures with different cations in the active site we
performed ELF calculations based on the wavefunctions
obtained from our QM/MM optimizations. Topological
analyses of the ELF have been used extensively to analyze
chemical bonding and reactivity.’’** In addition, ELF
topological analyses have been applied to model systems of
biological significance.” Here, we went a step further and
applied ELF to QM/MM wavefunctions as done recently to
study low-barrier hydrogen bonds.** In this case, we have
limited the analyses to a subset of the QM atoms as detailed in
the Methods section.

The ELF topological analyses on the studied systems show
large differences between the cations. As shown in Fig. 2 the
structure with Mg? ™ shows a single basin around each cation.
That is, there is a single basin which corresponds to the core
density of the cation. In contrast, all other cations show several
attractor positions, which suggest a spatial delocalization
around them (see Fig. 2 and ESIf). This has been shown in an
ELF study of model systems for proteins from the blood
coagulation cascade, where the concept of “subvalence” was
introduced™ linking the topological signature of a metal cation
to its selectivity within biological systems. de Courcy et al.
showed that the outer-shell core basins of the cations can be
delocalized.* Indeed, this delocalization was suggested to be
correlated to their chemical hardness, nA.36‘37

A correlation is also observed between the hardness of the
cation, 774, and the subvalence splitting in Pol\. The hardest
cation, Mg?", has a hardness of 32.55 and shows no splitting
of the subvalence. The inhibitor cations Na™ and Ca?" have
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Fig.2 ELF topological analyses of the PolA active site with different cations. Figures show the atoms in the QM region, only part of the incoming
dU is included in the QM (see Methods section). The isovalue for the ELF isosurfaces is 0.8 for structures with Mg? " and mutagenic metals except
for Mn?>" (0.73). For the inhibitor cations the isovalues are 0.865, 0.88 and 0.77 for the Na™, Ca®>* and Zn®" structures respectively (see ESI+ for

images of Na™* and Ca®" at a smaller isovalue).

na values of 21.1 and 19.52 respectively. In this case, no well
defined splitting was observed on the Na™ cation. Conversely,
the splitting of the subvalence is beginning to become apparent
on the Ca®". The last inhibitor, Zn>"*, has a much lower 4 of
10.88 and exhibits considerable splitting. Finally all mutagenic
cations have hardness values between 9.2 and 7.23 and exhibit
a strong delocalization of the outer-shell core basins.
Differences in the valence regions were also observed. One
such difference is for the lone pairs (LP) of O2A (Fig. 2). This
basin is different for the structure with the “‘natural” metal

compared to all other cations (see also ESIt). Moreover three
of the five considered mutagens show three basins for the
valence region of O2A corresponding to the lone pairs.

We have carried out population and distributed multipole
analyses on these basins to understand the physics that arise
from these distributions. Table 1 shows the populations
and multipoles for the valence of the oxygens from the
triphosphate that bind to the metals (see Fig. 1 for labels).
There are significant differences in the distributions of the
inhibitor and mutagenic metals compared to Mg>™.
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Table 1 ELF populations (Pop) and multipole analyses (first (M1) and second (M2) moments (in au)) for the lone pair basins, V(O), of the
oxygen atoms from the incoming phosphate that bind to the metals (see Fig. 1). The first number corresponds to the basin labeled “LP1”* and the

second to “LP2”

Natural Inhibitors Mutagens
Mg2+ Na+ Ca2+ Zn2+ C02+ Cr2+ Cu2+ Mn2+ Ni2+
Pop 3.61,241 495,098 3.76,2.20 1.98,63.98 1.89,4.08 2.19,2.22, 1.60¢ 0.89, 1.05, 0.45“ 2.03, 2.48, 1.53¢ 1.82,4.15
V(O2A) M1 2.11,0.83 4.23,0.71 2.48,0.80 1.36,3.24 0.85,3.14 0.81, 0.87, 0.46* 0.89, 1.05, 0.45* 0.57, 0.80, 0.55 0.65, 3.81
M2 1.90,0.56 3.53,0.61 2.78,0.50 1.10,4.18 0.67,3.77 0.69, 0.75, 0.34* 0.73, 0.93, 0.32¢ 0.44, 0.62, 0.52¢ 0.43, 5.13
Pop 2.48,4.09 6.45° 2.67,3.87 1.71,4.81 1.69,4.84 1.88,4.72 1.46, 5.08 1.75, 4.79 1.72, 4.81
V(02B) M1 093,3.14 6.85° 1.25,3.70 0.58,4.15 0.64,422 0.67, 3.85 0.54, 4.54 0.75, 4.14 0.63, 4.17
M2 0.81,4.16 7.09° 1.04,5.79 0.66, 5.21 0.65,5.41 0.73, 4.18 0.59, 5.29 0.59, 4.98 0.65, 5.20
Pop 2.40,4.12 291,341 269,378 1.54,493 1.58,4091 1.79, 4.77 1.22,5.28 1.65, 4.85 1.55,4.93
V(03G) M1 097,281 143,2.06 1.18,2.26 0.65,4.11 0.61,4.04 0.69, 3.80 0.53,4.74 0.65, 3.90 0.61, 4.08
M2 094,179 1.09,1.80 0.89,1.29 0.62,2.76 0.617,2.62 0.79, 2.40 0.55,3.73 0.64, 2.36 0.61, 2.71

“ The valence density for the lone pairs of these atoms splits into three basins. ” The valence density for the lone pairs of this atom is found in a

single basin.

The number of basins and calculated populations for the
lone pairs presents an interesting picture (see Fig. 1B and
Table 1). For the lone pairs on O2A in the mutagenic metals
there are two main cases for the number of basins. The first
corresponds to structures where there are three basins for the
lone pairs of O2A (Cr**, Cu®>* and Mn?"). The remaining
mutagenic cations (Co®" and Ni**) have only two basins
corresponding to the two lone pairs, LP1 and LP2 (see Table 1
and Fig. 1B). The populations for the lone pairs on O2A for
the mutagenic metals with two basins and for Zn>" are
observed to be inverted between LP1 and LP2 compared to
Mg?*. That is, in the case of Mg®" the populations in LP1
and LP2 are 3.61 and 2.41 respectively. On the other hand, the
magnitude of the populations is reversed for Co?", Ni** and
Zn>". In the case of Na ™, the populations are consistent with
Mg?*, although there is a much larger population on LPI
compared to LP2.

In the case of O2B and O3G, the populations are observed
to be smaller for the corresponding LP1 and LP2 for most
of the cations except for Ca?" and Na'. An interesting
feature in the latter structure is that there is only one basin
on O2B (see Table 1), implying that there is no splitting of the
lone pairs and they occupy the same center for that oxygen.
That is, the lone pairs on O2B are found in the same location
instead of on two centers when Na' is present in the
active site.

The multipolar analyses reveal striking differences in the
populations between the “natural” (Mg®*) and other cations.
In particular mutagenic metals display much larger first
moments (M1) on the ELF basins than the ones calculated for
the Mg>* structure. For O2A, the M1 follow the population
and the distribution is observed to be inverted, with the larger
dipole on LP2 for the mutagenic cations compared to LP1 for
Mg” " . In the case of the inhibitors, Na™ and Ca>* show larger
M1 for O2A and O2B, albeit to a lesser extent than the
mutagenic cations. Zn>" shows a similar behavior to the
mutagenic cations on the lone pair basins. However, the calcu-
lated M1 on the basins of the split subvalence are on the order of
1 au for the largest one, which is in agreement with the other
two inhibitors. Conversely, the largest M1 for the subvalence
basins in the mutagenic metals is around 0.5 au. Moreover, the
Zn*" structure shows a distorted geometry for the lone pairs of

O2A, somewhat similar to that found on the Na™ structure
(see ESIT).

For the second moments (M2) the differences are even more
evident. In all cases, the calculated M2 for O2A and O2B are
markedly different for the Mg>" structure compared to all
other structures. For O3G a significant increase in M2 is
observed for all other metals except for Na™ compared to
the Mg>* cation.

Taken together, the ELF results suggest that the major
differences between the cations relate to the electronic
distribution. This is consistent with an electrostatic contribution
to catalysis.®® Our results show that there are significant
differences in the dipolar and quadrupolar polarization of
the active site when inhibitor or mutagenic metals occupy the
active site, compared to the ‘“‘natural” cation. Moreover,
the Mg>" cation does not exhibit any splitting of the sub-
valence compared to all inhibitor and mutagenic cations
(except Na™). In the case of Na™, the valence distribution
shows marked differences with Mg”, in particular, for
the lone pairs of O2A. Additionally, the largest changes in
population and multipoles are observed on O2A, O2B
and O3G. This points to a marked change in dipolar and
quadrupolar polarization effects on the incoming nucleotide
depending on the cation that occupies the active site. Thus, the
inhibitory or mutagenic effect can be ascribed, at least in part,
to the polarization and hyper-polarization of the phosphate
group where the reaction will take place and on the leaving
pyrophosphate.

The ELF analysis on the re-optimized TS structures also
corroborates the polarization hypothesis. As can be seen
from Table 2, the populations for O2A, O2B and O3G are
significantly different between the Mgt and Mn?* TSs. In
particular, VO2B is observed to have 2 and 3 basins, respectively,
in the TSI and TS2 structures with Mn>*, compared to only one
in the Mn*>* TSs. The populations and moments for both TSI
structures are similar to the ones in the reactant structure, with
the exception of O2B in the TS2 with Mn** .

The ELF analysis shows a population of 2 electrons on the
H-OD2 basin which shows that the proton has been fully
transferred to the aspartate residue in TS1 with Mg®".
This basin in the Mn?>" TSI structure shows a population
of 0.6 electrons. This is also consistent with the structural
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Table2 ELF populations (Pop) and multipole analyses (first (M 1) and second (M2) moments (in au)) for the lone pair basins, V(O), of the oxygen

atoms from the incoming phosphate that bind to the metals, O3’, OD2 on D490 (see Fig. 1)

Mg>* Mn2*
TSI TS2 TSI TS2
Pop 3.42,2.61 3.06, 2.99 2.04,2.33, 1.67 1.58, 3.08, 1.38
V(02A) Ml 1.67, 0.93 1.49, 1.25 0.65, 0.67, 0.49 0.54, 1.21, 0.66
M2 1.67, 0.69 1.42, 0.95 0.52, 0.56, 0.36 0.35, 0.90, 0.33
Pop 2.49, 4.10 2.42,1.72, 1.51 6.58 4.82
V(02B) Ml 0.94, 3.15 0.93, 1.11, 0.90 7.06 4.01
M2 0.82, 4.11 0.81, 0.85, 0.74 8.15 4.16
Pop 245, 4.08 2.32,4.20 1.61, 4.89 1.51, 5.01
V(03G) Ml 1.02, 2.57 091, 2.97 0.70, 3.96 0.74, 4.21
M2 0.96, 1.71 0.92, 2.01 0.64, 2.38 0.62, 3.03
Pop 32,32, 148 4.88, 1.97 3.67, 1.50, 1.70 6.90
V(03') Ml 1.34,0.53, 0.74 3.74,0.70 1.9, 0.88, 1.08 7.65
M2 0.86, 0.53, 0.59 3.08, 0.57 0.89, 0.72, 0.60 8.87
Pop 2.09¢, 5.10 1.914,5.23 0.60“, 4.97, 1.62 1.914, 5.17
V(0OD2) Ml 1.98, 4.66 1.48, 5.05 0.14, 4.36, 0.83 1.53, 4.89
M2 2.33,5.36 1.25, 6.17 0.3, 4.86, 0.71 1.41, 6.00

“ This basin corresponds to the H-OD2 bond resulting from the proton abstraction from O3’ by OD2 on D490 (see text).

°

features where the O3’'-H and H-OD?2 distances are 1.61 A
and 1.04 A for Mg>" and 1.48 A and 1.08 A for Mn>".

The multipolar analysis also reveals a markedly different
dipolar and quadrupolar polarization for all the atoms
between the Mg>* and Mn>" structures. In particular, O3’
in the TS2 structure with Mn>" shows a single basin with very
large M1 and M2 values. Conversely, the TS2 structure with
Mg?" shows two basins with significantly smaller M1 and M2.
These results are consistent with, and provide a plausible
explanation for the experimental observation of increased
mutagenicity of Mn>" in the highly homologous Polp as
discussed in ref. 23. These calculations do not take into
account the cation binding affinity, which are higher for the
transition metals than for Mg>™.

To confirm the differences in polarization we have
carried out energy decomposition analysis using the Restricted
Variational Space (RVS) method on active site model systems
based on the Mg®>* and Zn?" structures.’>** These models
consist of nine monomers that represent the two metal ions
and small fragments for the first coordination shell. The
fragments include formate ions for the aspartates, methyl
triphosphate for the incoming nucleotide, 1 methyl ribose for
the primer terminus and two water molecules. The calculations
were done at the RHF/6-31G(d) level.

The total RVS intermolecular interaction (BSSE corrected)
for the Mg®" model is —1562.5 kcal mol™! and for the Zn?"
model is —1584.3 kcal mol~'. For the Mg® " structure, 86% of
the total interaction energy corresponds to the first order
components, Coulomb and Exchange repulsion. In contrast,
the first order terms contribute only 83% of the total
intermolecular interaction in the Zn>* structure. Moreover,
the calculated polarization energies for the Mg> " cations are
less than —0.1 kcal mol™" for both cations. On the other hand
the polarization energies for the Zn>" cations are —0.8 and
—1.5 keal mol~'. These model RVS calculations show that the
strongest cation is very weakly polarizable, compared to a
softer cation that is more polarizable. This leads to the
splitting of the subvalence density similar to that observed in
blood coagulation proteins.*

ELF calculations have also been performed on three active
site model systems. These correspond to the two above (Mg®*
and Zn“) as well as Mn?". In all three cases, the subvalence
splitting is similar to the one observed in the enzyme
(see ESIT). This is consistent with the initial proposal of
subvalence splitting, where this phenomenon is observed in
formate—cation complexes®’ in addition to models of enzyme
active sites. Therefore, the splitting of the subvalence is a
property of the cation.

The population and moments of the basins in the clusters
show a marked difference with respect to the full system, in
particular for Zn>" and Mn®". This reveals the importance of
the inclusion of the electrostatic environment from the MM
subsystem in the QM/MM calculation. Indeed, the choice of
atomic charges plays an important part and ideally it would be
preferable to employ a FF that provides an accurate
description of the charge density such as the Gaussian
Electrostatic Model.*! This FF has been shown to provide
correct polarization of QM/MM wavefunctions in non-
bonded model systems.*?

These results show that the subvalence splitting in the cations
induces a different dipolar and quadrupolar polarization
on the ligands. The dipolar and quadrupolar polarization
depends on the extent of the splitting. This results in a different
environment for the ligands in the active site. The difference in
electronic environment affects the catalytic ability of the
polymerase and may explain (at least in part) the inhibitory
or mutagenic effects of the different cations.

3. Computational methods
3.1 Structure optimizations

QM/MM optimizations were carried out based on our
previously optimized reactant structure, see ref. 27 for details.
Briefly, the initial structure of Pol) was taken from the X-ray
structure for the pre-catalytic state (pdbid 2PFO).”
This structure was subjected to minimization and MD
relaxation using the PMEMD module of AMBER9.** After
equilibration, a single snapshot was selected and the QM
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subsystem was chosen to include both active site metals, the
side chains of residues D427, D429 and D490, the primer dC
nucleotide (excluding C5" and the phosphate group), a part of
the incoming nucleotide (triphosphate and C5’) and two water
molecules that complete the coordination spheres of the
metals. This results in a total of 72 QM atoms including
5 boundary atoms. The remaining atoms were included in
the MM subsystem and treated with the parm99 force field.**
The charge of the triphosphate on the incoming dUTP
was maintained as in our previous study.?’” Following the
pseudobond methodology, the charges of the atoms near the
boundary have been set to zero. The previously optimized
structures were shown to be a good representative of Polk
since the RMSD for all heavy atoms in the active site for both
the reactant and the product is below 0.3 A 0.2 A for the
product).?’

All calculations involving transition metal (TM) cations in
the present work (except for Zn>") were performed assuming
a high spin state with all electrons on both cations unpaired,
see ref. 27. Optimizations for the current work have been
performed by replacing the two metal ions with the following
cations: Na*, Ca?™, Co?™, Cr**, Cu**, Mg>", Mn?*, Ni*™
and Zn>". All structures, including the previously calculated
Mg®" and Mn>", have been re-optimized at the B3LYP
level**** with the 6-31G(d) basis on all atoms. This level of
theory has been previously shown to be in good agreement
with MP2 and other functionals (e.g. MO6) for ELF
calculations of similar bio-systems.**> All optimizations have
been carried out with modified versions of Gaussian 09 and
TINKER.**7 All systems were optimized with an iterative
method described in ref. 48 and 49 using the pseudobond
method for the boundary atoms.>®>! The TS structures were
re-optimized using the quadratic synchronous transit (QST3)
method>>* as in our previous study.”” QM/MM simulations
have been performed on a large number of enzymatic
systems.54’55

3.2 ELF calculations

The electron localization function, #(r), may be interpreted as
a measure of electron localization in molecular systems.>®>’
The topological analyses of the ELF are based on the theory of
gradient dynamics as applied to a scalar potential function,
n(r). In this case ELF represents a continuous and differentiable
scalar field in 3D space. The topological analyses of the ELF are
achieved by the partition of the molecular space via the
gradient vector field Vn(r). This partition results in a set of
non-overlapping molecular volumes denoted as basins, which
are localized around the maxima (attractors) of #(r). The
boundaries between basins, separatrices, are defined as
surfaces which obey the zero-flux condition, that is, the normal
vector of the surface at each point is 0. The quantum theory of
atoms in molecules (QTAIM) employs similar methodology,
except that the potential function corresponds to the molecular
electronic density, p(r).%*>

The ELF basins closely match the domains for the valence
shell electron pair repulsion (VSEPR) model.® The partition
of the ELF as obtained from a computation on a 3D grid
results in separation of core and valence regions for the atoms,

C() and V() respectively. The valence regions can be associated
with lone pairs, V(X), or chemical bonds, V(X,Y), where
X and Y represent atoms in the molecule. In addition to the
partitioning of the molecular space, the ELF topological
analyses provide the possibility of integration of the electronic
population or distributed electrostatic moments within
the basins.®!

All ELF grids were set to sizes of 200° au with a step size of
0.1 au and generated using the molecular orbitals obtained
from the QM /MM calculations. That is, the molecular orbitals
for the ELF calculations include the polarization from the
MM environment explicitly. Since the QM subsystem is
relatively large, only 15 atoms were considered for the grid
generation. These include the two cations, all oxygen atoms
occupying the first coordination shell of the metals, the primer
terminus O3’ and H and incoming nucleotide Pa. The ELF
calculations were performed with a modified version of the
TopMod package®'-®2.

4. Conclusions

QM/MM optimizations and ELF topological analyses have
been performed on PolA with nine different cations, Mg“,
Na™, Ca?*, zn?", Co*", Cr**, Cu®™, Mn®>" and Ni**.
Distances between the metals and the atoms in the first
coordination shell are seen to increase for some ligands in a
cation dependent fashion. However, structural results show no
significant differences that would indicate an effect on catalytic
ability between the Mg> ™ structure and any of the inhibitor or
mutagenic cations. On the other hand, ELF results paint a
very different picture. The “natural” cation, Mg>*, is the only
cation observed not to split its subvalence density. Conversely,
all other cations show distributed subvalence populations.
This subvalence splitting may be correlated to the hardness,
na, of the cations, with softer cations giving much stronger
splitting of the subvalence domains. Population and
multipolar analyses reveal that the dipolar and quadrupolar
polarization of the active site for the Mg®" structure, the
presumed wild-type cation, is unique. All other cations present
different populations and multipolar distributions compared
to Mg?". The most marked difference is observed on the
oxygen atoms from the tri-phosphate group on the incoming
nucleotide. Previously reported TS structures for Mg>" and
Mn?" were re-optimized with a larger basis set. The resulting
energy barriers are in good agreement with experiment for
barrier height and cation preference. ELF analysis on the TS
structures shows markedly different dipolar and quadrupolar
polarization between the natural and the mutagenic Mn>*
cation, consistent with the reactant structures. The differences
on the population, polarization and hyper-polarization on the
tri-phosphate are responsible (at least in part) for the marked
differences in activity for the inhibitor cations and diminished
fidelity for the mutagenic cations. RVS calculations on two
model active site systems show that the Mg>* structure has
smaller polarization interactions compared to when Zn>" is
present in the active site. This leads to the localization of the
subvalence on the softer cations, which in turn leads to the
different ELF populations and multipolar distributions. By
using the ELF we have discerned the differences between a
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polymerase with the natural metal, Mg> ", and inhibitor or
mutagenic cations in the active site of a DNA polymerase at
the electronic level. These differences help explain the observed
experimental results for inhibitor and mutagenic cations
compared with Mg>*.
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