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Abstract

Polymerases (Pols) synthesize the double-stranded nucleic acids in the Watson-Crick (W-C)
conformation, which is critical for DNA and RNA functioning. Yet, the molecular basis to catalyze
the W-C base pairing during Pol-mediated nucleic acids biosynthesis remains unclear. Here,
through bioinformatics analyses on a large dataset of Pol/DNA structures, we first describe the
conserved presence of one positively charged residue (Lys or Arg), which is similarly located near
the enzymatic two-metal active site, always interacting directly with the incoming substrate
(d)NTP. Incidentally, we noted that some Pol/DNA structures showing the alternative Hoogsteen
base pairing were often solved with this specific residue either mutated, displaced or missing. We
then used quantum and classical simulations coupled to free-energy calculations to illustrate how, in
human DNA Pol-n, the conserved Arg61 favors W-C base pairing through defined interactions with
the incoming nucleotide. Taken together, these structural observations and computational results
suggest a structural framework in which this specific residue is critical for stabilizing the incoming
(d)NTP nucleotide and base pairing during Pol-mediated nucleic acid biosynthesis. These results
may benefit enzyme engineering for nucleic acid processing and encourage new drug discovery

strategies to modulate Pols function.
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Introduction

More than 25 DNA and RNA polymerases (Pols) with different specializations catalyze nucleic
acid extension within the cell. This is an essential process for storing, retrieving, and transmitting
genetic information."? For this reason, Pols are often effective therapeutic targets to treat
pathogenic infections, neurodegenerative diseases, and cancer onset.” Importantly, Pols’ function
allows the elongation of DNA and RNA by progressively incorporating the incoming (d)NTP
nucleotide into the growing primer strand. This vital reaction leads to the formation of antiparallel
nucleic acid strands, adopting the canonical Watson-Crick (W-C) base-pair conformation (G*C and
Ae*T base pairs). The W-C base pairing generates optimal electrostatic fingerprints for protein-
nucleic-acid recognition,® while its conformational plasticity permits nucleosome positioning’ and
epigenetic-driven structural rearrangements.”

Nevertheless, alternative base pairing models exist in physiological conditions. One example is
the Hoogsteen (HG) base pairing, in which a purine base is flipped by 180° (3.14 rad) around the
glycosidic bond (N9—C1’) through the so-called anti-to-syn transition.” HG geometry, however, has
prevalently been observed in structures such as triple-helical or G-quadruplex nucleic acids, or has
been identified as a transient base-pair conformation during certain DNA-repair mechanisms.'®!!
Notably, experiments have demonstrated that both W-C and HG base pairs exist as transient
conformations in thermal equilibrium when the DNA is freely dispersed in solution, with
spontaneous interconversion between these base-pair geometries.'>'* Nonetheless, the molecular
strategy by which Pols synthesizes and shapes the growing nucleic acid duplex in the W-C
conformation remains unknown.

To shed light on the molecular strategy adopted by Pols, we performed bioinformatics analysis
on a broad set of 28 ternary Pol/(R)DNA/(d)NTP complexes (see Fig.1, Supplementary text and
Supplementary Tab. S1), which includes Pol members belonging to 5 different superfamilies. These
cover all domains of life. First, we show that a key positively charged residue (Lys or Arg, hereafter
referred to as “K(R)”) is always spatially located close to the enzymatic two-metal active site in all
the structures, thus further extending previous observations.”” Moreover, we noted that K(R)
establishes defined interactions with the incoming (d)NTP nucleotide, which have been reported to
aid catalysis in Pols.'®! Incidentally, we also noted that K(R) is either displaced, missing or
mutated in a few ternary Pol/DNA/NTP complexes in which DNA has been found in a distorted W-
C conformations or even in HG base-pair model such as in the structures of low-fidelity human
DNA Pol-t'® and the African swine fever virus Pol-X." Then, quantum and classical molecular
dynamics (MD) simulations, coupled to free-energy computations, were used to exemplify how the

K(R) Arg61 helps shaping the canonical W-C double-helix during nucleic acid biosynthesis
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operated by Y-family human DNA Pol-n.'® Taken together, our structural observations and findings

may help resolving some incongruities between W-C and HG geometries of debated Pols

18;20;21
structures,

during DNA and RNA Pols catalysis.

and further elucidate a unifying structural framework for correct base pairing
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Results

A Conserved, Spatially Preserved, and Positively Charged Residue in the Active Site of Pols.

Through bioinformatics analysis performed across 28 representative X-ray structures of
polymerases (Pols) in ternary Pols/(R)DNA/(d)NTP complexes, we describe a conserved, aliphatic
and positively-charged amino acid (lysine or arginine, hereafter referred to as “K(R)”) identically
located in the first coordination-shell of the canonical two-metal-ion (2M) architecture (see Fig. 1,
Supplementary text and Supplementary Tab. S1).>*** K(R) is invariantly positioned nearby the two
catalytic Mg®" ions, with the latter regularly chelated by a set of conserved carboxylate groups, i.e.
the DEDD-motif. This 2M-centered enzymatic structure also includes second-shell basic amino
acids and monovalent cations that have been recently identified at structurally conserved
positions.24 In this respect, K(R) a-carbons are always positioned along the so-called O-Helix (or its
structural homologue), which is a conserved and functional portion of the fingers subdomain
involved in substrate discrimination and replication fidelity.**°

Interestingly, all the analyzed DNA and RNA Pols, albeit innate differences in the overall shape,
molecular size and biological role, display the K(R) a-carbon on top of the catalytic metals, at a
distance ranging from ~7.5 A to ~13 A (see Fig. 1). The presence of this residue has already been
reported for RARp from poliovirus (PV, PDBid 1RA6),” the reverse transcriptase (RT) from human
immunodeficiency virus type 1 (HIV, PDBid IRTD),*® the DdDp from bacteriophage RB69
(PDBid 11G9),”’ and the DdRp from bacteriophage T7 (PDBid 1S76),*° as representatives of the
four Pols superfamilies.15 For those Pols, K(R) was proposed to act as general acid during Pols
catalysis, thus mediating proton-transfer events during nucleotide incorporation.'> Here, we noted
that the conserved K(R) is present in 5 different enzymatic classes, thus further extending previous
observations,” as follows: 1) DNA-dependent DNA-Polymerases (E.C. 2.7.7.7), ii) DNA
nucleotidylexotransferase (E.C. 2.7.7.31), iii) DNA-directed RNA-Polymerases (E.C. 2.7.7.6), iv)
RNA-directed RNA-Polymerases (E.C. 2.7.7.48) and v) RNA-directed DNA-Polymerases (E.C.
2.7.7.49). These enzymatic classes include, for example, the A-family bacteriophage $29 DNA Pol
(PDBid 2PYJ),*' the B-family E.coli DNA Pol-II (PDBid 3K59),** the C-family G. kaustophilus
DNA Pol-III (PDBid 3F2B)** and the human DNA Pol-n (PDBid 5KFZ),** thus covering all
kingdoms of life (see Supplementary text and Supplementary Tab. S1 for a complete overview).

In addition, the short distance between K(R) o-carbon and the two catalytic metals always
permits the K(R) side-chain to interact directly with the incoming substrate (d)NTP. This occurs
through two main conformations of K(R) side-chain, namely: 1) the so-called “A-conf”, observed in

22 X-ray structures (vide infra), which is characterized by the formation of a bifurcated H-bond
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between K(R) and the pro-R oxygen of the B-phosphate of the incoming (d)NTP, and 2) the so-
called “C-conf”’, found in 4 X-ray structures where K(R) forms one or two H-bonds with the
nitrogen atoms of the (d)NTP aromatic moiety or, alternatively, remains solvent exposed (PDBids
4KLF, 4QZ9, 2E9R and 5TYD).** Notably, in the remaining 2 structures K(R) sidechain has not
been solved (PDBids 4U6P and 2AQ4).%*°

K(R) is critical for incoming (d)NTP nucleotide binding and correct base pairing

Intrigued by this structural observation, we extended our analysis to consider the interaction
geometry between K(R) and the surrounding structural environment. We hypothesized that K(R)
may assist the formation of correct base pairs in Pols through dNTP stabilization, i.e. via the K(R)-
promoted and dNTP-mediated base-pair formation (see Fig. 2). On this basis, we analyzed the base-
pairing geometries formed between the incoming (d)NTP and its cognate nucleotide in all ternary
Pols/(R)DNA/(d)NTP complexes forming our dataset (see Supplementary Tab. S1 and Methods
section). Among them, we noted few ternary Pol/DNA/NTP complexes in which the DNA double-
helix is distorted or in the alternative and unusual Hoogsteen (HG) base-pairing architecture rather
than the expected Watson-Crick (W-C) geometry.'®'” Contextually, most of these structures have
K(R) either mutated, missing or slightly displaced (see more below). Thus, our bioinformatics and
structural analyses suggest K(R) as a key player in promoting the correct (d)NTP:(d)N base pairing
during Pol-mediated nucleic acid biosynthesis.

To further examine this hypothesis, we first considered the torsion angles describing the rotation
of the N-glycosidic bond of the incoming nucleotide dNTP and its 5’-templating base in all ternary
Pol/(R)DNA/(d)NTP structures. Precisely, we refer to wp, to identify the N-glycosidic bond of
purines (i.e. A and G, atoms O4’-C1°-N9-C8) in the nascent 3’-base pair, whereas wp, identifies the
N-glycosidic bond of the templating pyrimidines (i.e. C and T, atoms O4’-C1’-N1-C6) (see Fig. 3B
and Methods section). By analyzing p,[Jand[lwp, values in the Pol/(R)DNA/(d)NTP X-ray
structures in our dataset, we observed that the correct W-C base-pairing shows ~0.1 < wp, < ~0.7
and ~0.6 rad < wpy < ~1.1 rad (see Fig. 3B and Supplementary Tab. S2). On this basis, we further
divided our dataset into those structures where K(R) adopts A-conf and those where K(R) adopts C-
conf. When K(R) adopts A-conf it forms a bifurcated H-bond with the phosphate tail of the
incoming (d)NTP and a m-cation interaction with its aromatic ring(s). In this subset, our analysis
returned an averaged wp,[land[]wp, values respectively of ~0.6 and ~1 rad thereby indicating a
well-structured W-C base-pairing mode (see Supplementary Tab. S2). In contrast, in those

structures where K(R) adopts C-conf — featured by the formation of one/two H-bond with the
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incoming nucleobase and/or with its templating nucleotide — the nascent base-pair geometry at the
growing 3’-terminal deviates from the iconic W-C arrangement. A rotation of wp,Jand[]owpy
values, which are ~1.5 and ~0.5 rad, respectively, suggests a destabilization of the forming nucleic
acid double-helix. Interestingly, a similar rotation has been observed, for example, in Auman DNA
Pol-n bound to dsDNA during a functionally programmed misincorporation of dGTP opposite a
templating dT (PDBid 4J9K).*! Here, K(R) (i.e. Arg61) surprisingly adopts C-conf. The Arg6l
guanidine group is rotated and H-bonds the O4 atom of the templating dT. Concomitantly, Arg61l
interacts with the 3’end nucleobase via an additional H-bond established with the O6 atom of the
dGTP substrate. As a consequence, the 3’-terminal nucleotides get distorted, as shown by the wp, =
~0.9 rad, which is ~0.2 rad higher with respect to its value in the stable W-C base-pair geometry.

We also observed similar distortions in the nascent 3’-terminal base-pair solved in the active site
of the prokaryotic Dpo4 enzyme operating 7,8-dihydro-8-oxodeoxyguanosine (PDBid 2C2R)*
translesion synthesis, one of the most common DNA lesions resulting from reactive oxygen species
(ROS) metabolism.** Here, K(R) (i.e. K56) assumes an unusual solvent-exposed conformation that
prevents its interaction with the incoming dNTP. Again, the nascent 3’terminal base-pair
architecture is wobble and this is well shown by wp,landwp, values of’~1.4[Jand[1~0.8Jrad,
thus sensibly deviating from the wp,/Jand[Jwp,[Ivalues of the W-C geometry (i.e. ~0.6 and ~1.1,
respectively). This is likely because of the damaged templating 7,8-dihydro-8-oxodeoxyguanosine
or the unusual backbone distortion at the 3’-end of the primer strand.**

Even more severe structural alterations were observed in the forming 3’-terminal base-pair
geometry solved in the active site of the ternary complex formed by the Y-family human DNA Pol-
1, and the error-prone DNA Pol-X from the deadly African swine fever virus (PDBid 1T3N and
2M2W, respectively).'®!" Importantly, both complexes were obtained in the absence of K(R).
Specifically, K(R) (i.e. K77) is mutated into a leucine in the ternary Pol-UDNA/ANTP complex,
while K(R) is replaced by a valine (i.e. V120) in the ternary Pol-X/DNA/dGTP complex. In
particular, human DNA Pol-1 has been crystallized in both wild-type form, where K(R) is K77
(PDBid 1ZET),”" and K77L mutant form (PDBid 1T3N)."® As expected, the wild-type form, solved
in the prereactive state, shows the conserved K(R), K77, adopting the so-called A-conf that is
mainly described by the presence of H-bonds interactions with the B-phosphate of the incoming
dTTP. These interactions stabilizes the newly formed dTTP:dA W-C base-pair geometry, as
demonstrated by the wp,[land[]wpy values of ~0.7 and ~0.7 rad that match the values describing a
proper W-C geometry. Moreover, the stability of this nascent base-pair is also confirmed by the

interbase H-bond pattern, which depicts an averaged donor-acceptor length of ~3 A.
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In contrast, in Pol-t K77L mutant form, the incoming dTTP is found H-bonding its cognate
nucleotide through HG base pairing, rather than the expected W-C base architecture. Here, the
templating dA purine is rotated by 3.14 rad (wp, = ~ —2.4 rad) with respect to its conformation in
the wild-type complex. Consequently, dA exposes the so-called “Hoogsteen-edge”, which features
the HG geometry formed through two H-bonds with the incoming dTTP' (~3.2 A, measured in
between the O44rrp:N64a and N34rrp:N74a atoms). We stress again that the single mutation K77L is
the only difference between the wild-type active site and the mutant isoform (see Supplementary
Fig. S2).

More recent wild-type crystal structures of Pol-1 show the HG base-pair in presence of K77 (e.g.,
PDBid 2ALZ and 5KT2).**" In some of these structures, K77 is slightly displaced so to interact
with the y-phosphate of the incoming dNTP, which suggests a lower K(R)-mediated stabilization of
the incoming nucleotide. Nevertheless, these wild-type structures indicate a complex network of
interactions for the regulation of base paring in Pol-1. Notably, in all these Pol-1 structures, the HG
edge is formed by the rotation of the template base, which is more distant from K(R). The incoming
nucleotide is aligned for catalysis, here likely stabilized by the narrow catalytic site of Pol-1, which

preferentially accommodates Mn (over Mg, as in most Pols) as the metal ion cofactor.*®*’

K(R) and the Nascent Nucleic Acid Strand in Auman DNA Pol-n.

Intriguingly, it was proposed that Arg61 may somehow prevent Hoogsteen base pairing in human
DNA Pol-n,'® a trans-lesion Pol that shares all the common structural determinants of DNA and
RNA Pols.”™*" Thus, Arg61 would help correct base pairing in addition to its established role in
assisting the catalytic steps in Pol-n.'"%** However, Arg61 mutants have been actually solved with
DNA in W-C geometry,** which clearly indicates that Arg61 is not the only factor at play. To test
the mechanistic role of K(R) in promoting correct base-pair formation via ANTP stabilization, here
we performed extensive classical and first-principle molecular dynamics simulations coupled with
metadynamics-based free-energy calculations of Auman DNA Pol- in its wild-type and Arg61Ala
mutant form.

Through two independent classical MD simulations (~500 ns each) of the wild-type ternary Pol-
1n/dsDNA/dATP prereactive complex, we examined the evolution over time of two torsional angles,
opy *(i.e. O4’-C1’-N9-C8 of the incoming dATP, purine) and - wpy (i.e. O4’-C1’-N1-C6 of the
templating dT, pyrimidine), that well describe the rotation of the N-glycosidic bonds of the nascent
base-pairing and the consequent stability of the Watson-Crick (W-C) base-pairing geometry (see
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Fig. 3). During the entire MD simulations Arg61 maintained its native A-conf while wp, and wpy
shown a remarkable stability with an averaged values of 0.62 + 0.29 rad and 0.95 £ 0.29 rad (see
Fig. 3), thus well matching the X-ray values of (0.61 and 1.3 rad, respectively).”* As a consequence,
the W-C geometry is well structured and the two characteristics H-bond typical of A:T pair show an
averaged value 3.11 + 0.25 A. Different results were obtained through two independent simulations
(~500 ns each) of the prereactive Arg61Ala-mutant ternary Pol-n/dsDNA/dATP complex. Here, the
torsional wp, and[ wp, angles show a value respectively of 0.76 £ 0.27 and 1.15 + 0.25 rad,
indicating a less stable W-C geometry generated by the incoming dATP and its cognate dT (see Fig.
3). These computations, coupled with previous findings,” further indicate K(R) as one of the key
structural determinants in shaping the correct base-pair geometry in the nascent nucleic acid duplex.

Then, we used well-tempered metadynamics™ to energetically characterize the W-C stabilization
in the wild-type and the Arg61Ala mutant form." Toward this aim, we reconstructed the free-
energy surface (FES) as a function of two distinct collective variables (CVs) that well discriminate
between W-C and alternatives base-pairing modes (such as HG). Specifically, these CVs —
represented by torsion angles wp,and[lwp, (see Fig.[13) — respectively describe the N-glycosidic
bond of dATP (04’-C1°-N9-C8) and that of its templating dT (04’-C1’-N1-C6), allowing therefore
the exploration of the conformational space of nascent base-pair. Notably, wp,Jandwpy, adopt a
value of ~0.6 and ~1.1 rad when the nucleobases assume the syn conformation (i.e. W-C pairing).

The calculated FES for the K(R)-containing ternary Pol-n/dsDNA/dATP complex shows two
distinct minima representing the two alternative W-C and HG base-pairing geometries (see Fig. 4).
The most stable minimum is defined by an energetic basin of ~ -20 kcal/mol and is located at ~0.1
< opy < ~0.8 and ~1 rad < wpy < ~I rad. Here, we found an ensemble of dATP:dT conformations
depicting the W-C architecture with their typical interbase H-bonds of ~3 A. The W-C geometry is
here further stabilized by the Arg6l side chain, which through its A-conf establishes m-stacking
interactions with the dATP aromatic moiety while concomitantly coordinates the phosphate groups
of the incoming dATP. These conformations resemble the crystallographic pre-reactive Michaelis-
Menten complex50 (RMSD = ~3.5 A versus PDBid 4ECS).

To further test the stability of the W-C geometry in Pol-n, we evaluated the free energy barrier to
convert the W-C geometry into the HG base pair. This transition returned a barrier of ~10 kcal/mol
that is characterized by the so-called Hoogsteen-edge, in which the dATP H-bonds its templating
counter-base. In this way, the system falls in the second minima located at ~-1.5 rad < wp, < ~-3 rad
and ~-1 rad < wpy < ~2 rad (see Fig. 4) where the characteristic H-bond pattern typical of the HG
geometry is generated (i.e. O44rrp:N6ga and N3g4rrp:N744), as confirmed by the H-bond averaged
length of 3.1 A. The Arg6l side chain is now rotated into C-conf, forming stable H-bond
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interactions with the O6 atom of the templating dT and with the N6 atom of the aromatic base of the
incoming dATP. Notably, the computed energetic barrier for reconstructing the W-C base-pair
geometry is only ~2.5 kcal/mol, confirming that the W-C base-pair conformation is more favored.
For the ternary Pol-n/dsDNA/dATP complex that lacks K(R) (i.e. a ternary complex with the
Arg61Ala mutant form of Pol-n),'® the free-energy landscape again shows two distinct minima that
identify W-C and HG base-pairing geometries. This time, however, the deepest energetic basins,
located at ~-1.5 rad < wp, < ~-3 rad and ~-1 rad < wpy < ~1 rad for W-C and HG base-pairing
geometries are almost isoenergetic, with an energy difference of only ~2 kcal/mol in favor of the
HG base pairing (see Fig. 4). Interestingly, the possibility of HG base-pairing geometries was
suggested by Ling et al. in their report on the wild-type structure of Dpo4, an archaeal Pol-

n homologue.”

For comparison, we also evaluated the W-C < HG interconversion energy in the same DNA
duplex freely dispersed in solution. Here, using the same enhanced sampling approach that returned
a mechanism for W-C < HG interconversion rather similar to that observed in Pol-1, the two base-
pairing geometries are isoenergetic, suggesting an equilibrium ensemble of structures that can
equally interconvert between W-C and HG models (see Supplementary Fig. S3). This is in good
agreement with NMR studies, which recently indicated a thermal equilibrium between W-C and
HG geometries in the DNA duplex freely dispersed in solution.'*'*

Finally, Car-Parrinello quantum-mechanics/molecular-mechanics (QM/MM) simulations of both
Arg61Ala and wild-type forms (with Arg61 adopting either A- or C-conf) of human Pol-n were
used to investigate the direct participation of K(R) as a general base in the chemical step for
nucleotide incorporation (see Methods). We found that, when Arg61 adopts the A-conf, the
catalytic reaction has a barrier of ~12 kcal/mol, with Arg61 that helps catalysis through its
electrostatic contributions. This reaction barrier is ~4 kcal/mol lower than the one determined for

the other systems (see Supplementary Fig. S4).7

Discussion

Polymerases (Pols) synthesize double-helix nucleic acids by progressively elongating a primer
strand through a sequence of nucleotide [(d)NTP] incorporation events. Importantly, Pols catalyze
nucleic acid biosynthesis in the Watson-Crick (W-C) base pairing, although they can be
significantly different in size, shape, and specific biological role. Yet, the exact molecular basis

used by Pols to shape nucleic acid duplexes remains unclear.
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Here, through structural and bioinformatics studies, we first describe the conserved and
positively charged residue (a lysine or arginine, hereafter referred to as “K(R)”), located within the
two-metal-aided (2M) active site in a broad and multispecies set of 28 representatives ternary
Pols/(R)DNA/(d)NTP (see Fig.1, Supplementary text and Supplementary Tab. S1). Notably, this
result sensibly expands previous analyses on the conservation of this specific residue.'” In
particular, we found that K(R) a-carbons preserve a similar spatial localization on ‘top’ of the
catalytic metals, at a distance ranging from ~8.5 A to ~12.7 A (see Fig. 1 and Fig. 2). This is
illustrated well by the structural comparison between two phylogenetically distant enzymes — i.e. T.
thermophilus RNA Pol-I (PDBid 2CW0)*’" and Human DNA Pol-n (PDBid 4ECS).”> These Pols
exhibit striking 3D structural divergences. The RNA Pol-I is formed by five subunits (i.e.
p'Bo’o’'w), ~3361 amino acids, and its mass is ~375 kDa.”® The DNA Pol-n comprises a single
monomer of ~450 residues and its molecular weight is ~78 kDa.”® Nonetheless, K(R) is in a similar
location in the active site of both these Pols structures. In detail, K(R) identifies Argl239 in T.
thermophilus RNA Pol 1 and Arg6l Human DNA Pol-n, respectively. Importantly, mutagenesis
studies have shown reduced catalytic activity in both Pols when K(R) was either mutated or missing
(see Supplementary Tab. S1).' Hence, these observations suggest a convergent evolution of Pols
to strategically locate K(R) in their active site, likely because of its functional role for nucleotide
incorporation during nucleic acid extension.' "%

Incidentally, we noted here that the nascent Watson-Crick (W-C) base-pairs were often found
wobble or adopting the uncommon HG conformation when K(R) was found displaced, missing or
mutated. This is clear in the prereactive complex of Dpo4 operating 7,8-dihydro-8-
oxodeoxyguanosine (PDBid 2C2R)"" translesion synthesis, where K(R) (i.e. Lys56) unexpectedly
assumes an unusual solvent-exposed conformation that prevents any interaction with the incoming
dNTP. In this complex, the incoming dCTP is slightly distorted, as shown by the partial rotation of
the base with respect to the sugar moiety (i.e. dihedral angle taken along the N-glycosidic bonds wp,
and opy) of ~1.4 rad and ~0.8 rad, sensibly deviating from the W-C values (~0.6 rad and 1.1 rad,
respectively. See Results section).

In two additional Pols X-ray structures where K(R) is missing or has been mutated for
experimental needs, we observed more severe distortions in the nascent 3’-terminal base-pair
geometry. One example is the Lys77Leu mutant form of human DNA Pol-1 crystallized in complex
with dsDNA and incoming dNTP (PDBid 1T3N)." Surprisingly, this structure revealed the
dTTP:dA pairing geometry at the 3’terminal base-pair adopting the HG geometry. The templating
dA is rotated of 3.14 rad (wp,= ~-2.4 rad while wpy=~0.8 rad), sensibly deviating from the wp, jand

opy values typical of W-C base pairing (i.e. ~0.6 rad and ~1.1 rad for wp, and wpy, respectively).
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However, a second X-ray structure of human DNA Pol-t depicts the wild-type form of the ternary
Pol-DNA/dTTP (PDBid 1ZET)*' with the nucleic acids in the expected W-C base-pairing
geometry.”! In this case, the incoming dTTP is perfectly aligned with the templating dA and,
accordingly, displays the proper W-C wp, and wp, values and H-bond interactions. Indeed, in
contrast to the Lys77Leu mutant form, the 3’-terminal nucleotide here shows wp, and wpy values of
~0.7 rad, which fall within the appropriate range of values of a well-structured W-C base-pairing
geometry. Importantly, the K(R) mutation is the only difference between these two Pol-1 crystals
(see Supplementary Fig. S2). Recent wild-type X-ray structures of human Pol-1, however, captured
the HG base-pair in presence of K77, although here this flexible residue is slightly displaced so to
interact more closely with the y-, and not the a-/B-phosphate of the incoming dNTP.*¢ Anyhow,
these structures clearly denote a complex network of interactions to regulate base paring in Pol-1,

which necessarily involves other structural factors in addition to K(R). In this respect, it is worth
noting that all these structures with HG base-pairing in Pol-1 are formed through the rotation of the
template base, opposite the incoming nucleotide. Indeed, Pol-1 is known to have a restricted active-
site, which differs from the larger and solvent-accessible active site of other Pols, which allow
binding and bypass of bulky DNA lesions, like for UV-induced cyclobutane thymine dimers (T-T)
processed by Pol-n.%*% Instead, the narrow catalytic site of Pol-1, and its preference for Mn (vs
Mg)** at the catalytic site, are suggested to be critical factors for the kinetics and fidelity of
polymerase catalysis.®* These distinctive structural features are likely part of the complex network
of interactions that involve K(R) for incoming nucleotide binding and base-pair stabilization during
catalysis in Pol-1.

The K(R) residue is also missing from the error-prone DNA Pol-X of the deadly African swine
fever virus (PDBid 2M2W),"” a mutagenic DNA polymerase which introduces dG:dGTP mismatch
through non-Watson-Crick incorporation.'” Notably, here Vall20, which has been recently
suggested to be important for misincorporation activity of Pol-X,* replaces K(R). In the Pol-X
active site, the y-phosphate group of the incoming dGTP forms a single H-bond interaction with
Asn48. The nascent base-pair here adopts the HG geometry favored by two purines (the susceptible
nucleobases prone to WC to HG transition). Indeed, while the templating dG adopts the anti
conformation (with wp,; = ~1.3 rad), the incoming nucleotide dGTP is rotated ~3.1 rad, as shown
by wpy, value of ~-2.3 rad. It remains to be rationalized how these observations and mechanistic
hypotheses may relate to lower fidelity upon K(R) mutation in Pols.® 1t is tempting to hypothesize
that the lack of K(R) may represent an evolutionary strategy to produce mutagenic Pols essential for

life.*”® For example, lack of K(R) may lower Pols fidelity to favor recruiting wrong nucleotides for
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generating the functional mismatches (e.g. somatic hypermutation process).*"**”° This has been
observed in the X-family member DNA Pol-§ where R183A mutation drastically reduces enzyme’s
processivity,”" dNTP affinity (decreased up to ~12 fold)”' and pyrophosphate release, which
concludes the catalytic cycle.”” Lastly, the lack of K(R) may permit the proper accommodation of
the mismatched or hybrid base-pair,'®">"* by enlarging Pols’ active site.

Then, we tested our mechanistic hypothesis on the role of K(R) in promoting W-C formation via
(d)NTP-stabilization in Pols catalysis through a series of classical and first-principle molecular
dynamics simulations (MD) coupled with free-energy calculations. We considered Auman DNA
Pol-n, which is experimentally well-characterized.'®'””"*">"® In human DNA Pol-n, Arg6l is
suggested to somehow prevent Hoogsteen base pairing,'® in addition to its role for enzyme
efficiency and fidelity.'®'"™° Our simulations of the wild-type Pol-n confirms that Arg61 forms
defined interactions with the incoming nucleotide dNTP, favoring W-C base pairing. However,
when K(R) is mutated (i.e. Arg61Ala), the relative stability of the global minima is comparable,
with the HG base pairing model that becomes competitive to the W-C geometry (Fig. 4). Notably,
this situation resembles the conformational equilibria of the DNA freely dispersed in solution, in
which W-C and HG geometry were computed to be isoenergetic, in agreement with NMR studies.'*

The recurrent presence of a positively charged residue located in a similar area close to the 2M
catalytic site has been noted in four Pols superfamilies (see Results). It has been proposed that it
may directly participate as a general base in the chemical step for nucleotide incorporation.’” In this
respect, our Car-Parrinello QM/MM simulations show that the lowest catalytic pathway occurs with
a barrier of ~12 kcal/mol (see Supplementary Fig. S6) when Arg61 adopts the A-conf. In this
conformation, this residue aids catalysis through its electrostatic contributions, with no active role
in proton transfer events in the chemical step for nucleotide addition (see Supplementary Fig.
S4),1555:56:78

In summary, we propose that K(R) contributes in shaping the base pairing of the growing DNA
during Pol catalysis. This is based on our structural observations, bioinformatics analyses, and
simulations, which show (i) how the K(R) residue is conserved and spatially preserved in
eukaryotic, prokaryotic, and viral Pols, and (ii) how the K(R) residue establishes defined
interactions with the incoming (d)NTP nucleotide promoting its stability, which in turns may assist

correct base pairing of the growing nucleic acid strand during Pols catalysis.
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Conclusions

Our results suggest that the conserved and positively charged residue (Lys or Arg), strategically
located near the enzymatic two-metal active site in a broad dataset of polymerase enzymes, helps
promoting correct base pairing during nucleic acids biosynthesis. We illustrated the role of this
specific residue in human DNA Pol-n, where we found that the conserved Arg61 favors W-C base
pairing, relative to Hoogsteen, through defined interactions with the incoming nucleotide. Although
K(R) is clearly not the only element at play in shaping the base-pairing in Pols, our results indicate
that this residue is critical for ANTP binding and stabilization, which in turn favors correct base-
pairing of the nascent nucleic acid strand. Taken together, our findings describe and further clarify a
unifying structural framework for Pols catalysis in which K(R) promotes correct base pairing during
nucleic acid biosynthesis. These findings may have direct implications for enzyme engineering to

process nucleic acids and drug discovery.

Methods

Bioinformatics and Structural Models

For the bioinformatics and structural analyses, we considered the available X-ray structures
deposited in the Protein Data Bank of ternary complexes of wild-type-Pols bound to undamaged
(R)DNA and the (d)NTP nucleotide, captured forming a prereactive state with an integer two-
metal-ion active site. These comprise five enzymatic classes, for a total of 28 different and
representatives structures chosen among a total of 3,307 analyzed complexes, namely: i) DNA-
dependent DNA-Polymerases (E.C. 2.7.7.7), ii) DNA nucleotidylexotransferase (E.C. 2.7.7.31), iii)
DNA-directed RNA-Polymerases (E.C. 2.7.7.6), iv) RNA-directed RNA-Polymerases (E.C. 2.7.7.48)
and v) RNA-directed DNA-Polymerases (E.C. 2.7.7.49). In all these structures, K(R) was found to
be similarly located nearby the catalytic site. In Figure 1, we created a subset of 28 complexes
formed by those with the best resolution, per each family member, covering all kingdoms of life

(see Fig. 1, Supplementary text and Tab. S1 for further details).

Classical Molecular Dynamics Simulations

The ternary Pol-n/DNA/dATP complex used for MD simulations is based on the
crystallographic structure of the enzyme before completion of the nucleotidyl-transfer reaction and
consequent formation of products (PDBid 4ECS).>* To verify our mechanistic hypothesis, we first

performed classical MD simulations on three systems. The first system was the wild-type ternary

ACS Paragon P]Iés Environment

Page 14 of 28



Page 15 of 28

oNOYTULT D WN =

Journal of the American Chemical Society

Pol-n/DNA/dATP complex where K(R) is Arg61. We then investigated the Arg61Ala mutant form
of the same complex, aided by the wealth of mutagenesis and kinetics data on this specific
mutation.'® We also performed MD simulations on a dsDNA freely dispersed in solution. The
dsDNA was extracted from the ternary Pol-n/DNA/dATP complex. The all-atom
AMBER/parm99SB-ILDN”’ force field and parmbscO corrections® were adopted for the Pol-n in
complex with dsDNA, whereas dATP was treated with the general AMBER force field.*' The
atomic charges were derived by fitting the electrostatic potential according to the Merz-Singh-
Kollman scheme, also known as the RESP fitting procedure (see Supplementary Tab. S3). The
length of all covalent bonds, including hydrogen atoms, was set using the LINCS algorithm,
allowing a time-integration step of 2 fs. All simulations were performed using Gromacs 4.6.5
code.™ Long-range electrostatic interactions were calculated with the particle mesh Ewald method
with a real space cut-off of 12 A. Periodic boundary conditions in the three directions of Cartesian
space were applied. Constant temperature (310 K) was imposed using Langevin dynamics® with a
damping coefficient of 1 ps. A constant pressure of 1 atm was maintained with Langevin-Piston
dynamics with a decay period of 200 fs and a time constant of 50 fs. The metal active site was
treated with a flexible non-bonded approach based on the “atoms in molecules” partitioning scheme
of the DFT-BLYP electronic density of the active site (see Supplementary Tab. S3).** We could
thus consider the charge-transfer interactions between Mg”" ions and their ligands, permitting
possible structural rearrangements at the active site during the MD simulations. All the simulated
systems were hydrated using TIP3P* water molecules. A total of 7 Mg2+ ions were added to each

system to reach a final concentration of ~1 mM, while Na" and CI ions were added to neutralize
the total charge. The size of the final systems was approximately 116 x 94 x 92 A with ~12 000

water molecules and a total of ~102 000 atoms for both wild-type and Arg61Ala-mutant form of
Pol-n/DNA/dATP complex. It was 71 x 56 x 62 A, with ~6 000 water molecules and a total of ~23
000 atoms for the system in which the dsDNA is freely dispersed in solution. These equilibrated
systems (~150 ns of simulations time, in total) were propaedeutic for the enhanced sampling

simulations.

Free-Energy Metadynamics Simulations

We used well-tempered metadynamics™ to estimate the energy for the WC <> HG
interconversion in the presence/absence of K(R). Calculations were performed using the Gromacs
4.6.5% package as a molecular engine coupled to Plumed code® to enhance the sampling of our

simulations (see Supplementary Text for further detail). The free energy was determined as a
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function of two selected collective variable (CVs) that discriminate between W-C and HG base-
pairing geometries. Specifically, these CVs are the angles wp, and wpy (see Fig. 3), which describe
the same dihedral angle formed by the atoms O4’-C1°-N9-C8 (i.e. N-glycosidic bond) in purines
and atoms O4’-C1°-N1-C6 in pyrimidines in the nascent 3’-terminal base pair. While both wp, and
opy show a value of ~0.6 and ~1.1 rad when the nucleobases adopt the syn conformation (i.e. W-C

pairing) mainly op, changes to ~-2.5 rad when W-C <> HG interconversion takes place. The
fictitious temperature associated with the CVs was set to 1550 K while the Gaussian function
deposition rate was set to 1 ps. The initial hills height and width were set to 0.05 kcal mol ' and
0.01 kcal mol™', respectively. The well-tempered simulations were carried out until their
convergence (~350 ns), i.e. the progressive stabilization of the energetic minima on the free-energy
surface (see Supplementary Figs. S3, S5 and S6). All other parameters correspond to those used for

the plain MD simulations, described above.

Car-Parrinello Quantum Mechanics/Molecular Mechanics Simulations
Car-Parrinello (CP) simulations,” in the quantum mechanics/molecular mechanics (QMMM)

implementation,™*

were performed to dissect the contribution of K(R) (i.e. Arg61) during Pol-n
catalysis. In particular, we ran CP QM/MM simulations on three distinct Pol-n/DNA/dATP
complexes. In the first complex, Arg61 adopted the so-called A-conf. In the second complex, Arg61
was in C-conf. In the third complex, Arg61 was mutated into an alanine according to experimental
data. The nucleophile (i.e. 3’-O7) initiating reaction is considered as ready to react (i.e.
deprotonated)®’ and is ~3.6 A from the P, in agreement with crystallographic data (PDBid 4ECS,
3.3 A).>? The reactive region of the ternary complex was treated at the DFT/BLYP level and
includes the Mg®" coordination sphere (DED motif: D13, E115, D118, M14), part of the DNA
dATP:dT, dT_; nucleotides, Arg61, and solvation water molecules (for a total of 183 QM atoms, see
Supplementary Figure S4). The remaining part of the complex (~101 820 atoms) was treated using
the AMBER force field.”” The valence electrons are described by a plane wave basis set up to a cut-
off of 70 Ry. A 20 x 20 x 18 A’ cell includes the QM part of the system. The interactions between
valence electrons and ionic cores are described with norm-conserving Martins—Troullier
pseudopotentials.”® CP QM/MM dynamics is carried out with a time step of 0.12 fs (for a total
simulation time of ~250 ps, including plain and constrained QM/MM simulations) and a fictitious
electron mass of 500 au. Constant temperature simulations are achieved by coupling the system
with a Nose’~Hoover thermostat at 500 cm ™' frequency.’’** The interactions between the MM and
QM regions are coupled in a Hamiltonian scheme as discussed by Laio et al.*® Notably, a rigorous

Hamiltonian treatment of the electrostatic interaction between QM and MM regions is used, as in
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ref. 74. The approach has been shown to accurately describe a variety of metal-dependent
enzymes and, specifically, protein-DNA complexes.* %

The QM/MM protocol includes an initial equilibration of the configuration produced by MD
simulations, followed by a run where only the MM part is free to move, while the QM part is kept
frozen (~2 ps). Then, the whole system is allowed to move and heat up to 300K (~2 ps).
Trajectories are then collected for analysis. Configurations from the equilibrated QM/MM
simulations are used for free-energy calculations.” The Sn2-type phosphoryl-transfer reaction is
described with a reaction coordinate (RC) defined as the difference between the length of the
forming bond (-3’0O—P*) and that of the breaking bond (P*—O, where b stands for bridging). This
RC 1s well-suited for Sn2-like reactions. “Blue-Moon” ensemble simulations are carried out
adiabatically, constraining the RC, while leaving all other degrees of freedom free to evolve. The
free-energy surface (FES) of the reaction is obtained by thermodynamic integration.”” The pathway
from reactants to products is divided into nine steps, with a resolution of 0.2 A. This has been
shown to lead to a reasonable compromise between accuracy and CPU-time consumption
(additional steps with 0.1 A resolution are considered in the vicinity of the intermediate states).
Each step is simulated for at least 5 ps, or until the force on the constraint is equilibrated (i.e. the
running averages over 1 ps windows varies less than 5%). The free-energy profile is then obtained
by integrating the force profile, leading to the FES description. The error associated with the critical
points of FES is calculated by propagating the error on forces at every step, using the propagation
of error formula for linear functions. The free-energy values should be considered approximate.
This is because of the still-limited sampling accessible to first-principles-based DFT calculations,

the choice of a 1-D RC, and the limitations of current GGA XC functionals.
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Figure 2. Scheme of the mechanism for K(R)-mediated base-pair stabilization during nucleic acid
biosynthesis. (A) The positively charged side-chain of K(R) (i.e. cyan sphere) assists W-C
geometry by stabilizing the phosphate tail of the incoming nucleotide ANTP. Concurrently, K(R)
favors the formation of the Michaelis-Menten complex (i.e. key geometrical descriptors are

reported in red) as discussed in our previous studies.’®!

(B) The lack/mutation of the positively
charged K(R) side-chain provokes the disruption of the H-bond framework characteristic of a stable

W-C base-pairing.
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23 Figure 3. (A) Active site of human DNA Polymerase-n (Pol-n) in complex with dATP and dsDNA
25 substrates. Orange spheres represent the two catalytic Mg”" ions; dATP and dsDNA are depicted in
licorice; the protein is represented in cartoon. The image shows K(R) (i.e. Arg61) interacting with
28 the a- and B-phosphate group of the incoming dATP. Black dashed lines indicate the H-bond
30 typical of W-C base-pair geometry. (B) wp, (i.e. O4’-C1’-N9-C8) and wpy (i.e. 0O4’-C1’-N1-C6)
dihedral angles were monitored along plain MD simulations to investigate W-C base-pair stability
33 in both wild-type and R61A mutant systems. Optimal values refer to the wp, and wpy values
35 measured in Pol-n/dsDNA/dATP X-ray structure (PDBid 4ECS).”* (C) Frequency distribution of

37 opy and opy values in both wilt-type and R61-mutant MD simulations.
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Figure 4. Free energy simulations of Watson-Crick base pairing (W-C) stability in presence and
absence of K(R) side chain (i.e. Arg6l in Pol-n). Both free energies surfaces (FESs) were
reconstructed using wp, and wpy (see Fig. 3B and ‘Materials and Methods’ section) as collective
variables to energetically describe dATP:dT base-pair stability. (A) FES of wild-type system
showing two distinct energetic basins with different wp, and wpy values. The deepest corresponds to
Watson-Crick base pairing (W-C) while the relative one to the Hoogsteen base-pair (HG). (B) FES
of R61A mutant system showing large and deep energetic basins with different wp, and wpy values.
Here, the deepest energetic minimum represents an ensemble of dATP:dT architectures far from the
canonical W-C one. Among them, HG is the most sampled. On the contrary, a relative minimum

identifies a cluster of architectures close to the iconic W-C one.
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