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ABSTRACT The mechanism by which genetic information was copied prior to the evolution of ribozymes is of great interest
because of its importance to the origin of life. The most effective known process for the nonenzymatic copying of an RNA tem-
plate is primer extension by a two-step pathway in which 2-aminoimidazole-activated nucleotides first react with each other to
form an imidazolium-bridged intermediate that subsequently reacts with the primer. Reaction kinetics, structure-activity relation-
ships, and X-ray crystallography have provided insight into the overall reaction mechanism, but many puzzles remain. In partic-
ular, high concentrations of Mg" are required for efficient primer extension, but the mechanism by which Mg®* accelerates
primer extension remains unknown. By analogy with the mechanism of DNA and RNA polymerases, a role for Mg?* in facilitating
the deprotonation of the primer 3'-hydroxyl is often assumed, but no catalytic metal ion is seen in crystal structures of the primer-
extension complex. To explore the potential effects of Mg binding in the reaction center, we performed atomistic molecular
dynamics simulations of a series of modeled complexes in which a Mg?* ion was placed in the reaction center with inner-sphere
coordination with different sets of functional groups. Our simulations suggest that coordination of a Mg?* ion with both O3’ of the
terminal primer nucleotide and the pro-S, nonbridging oxygen of the reactive phosphate of an imidazolium-bridged dinucleotide
would help to pre-organize the structure of the primer/template substrate complex to favor the primer-extension reaction. Our
results suggest that the catalytic metal ion may play an important role in overcoming electrostatic repulsion between a depro-
tonated O3’ and the reactive phosphate of the bridged dinucleotide and lead to testable predictions of the mode of Mg®" binding
that is most relevant to catalysis of primer extension.

SIGNIFICANCE Prior to the evolution of complex enzymes, the replication of genetic material must have relied on
nonenzymatic mechanisms. Nonenzymatic RNA template copying can be achieved through the extension of a primer by
reaction with a 2-aminoimidazole (2Al) bridged dinucleotide in the presence of Mg?*. Despite progress in understanding
the mechanism of this reaction, the catalytic role of Mg®" remains poorly understood. Here, we present a series of
molecular dynamics simulations of a model RNA primer-extension complex in different potential reactive conformations.
We find that one configuration of both the 2Al moiety and coordination state of the Mg®* promotes a geometry that is most
favorable to reaction, suggesting a potential structural role for Mg®* and providing insights to guide future experiments.

INTRODUCTION nucleotides to polymerize spontaneously on a template strand.
The Orgel lab first demonstrated the template-directed poly-
merization of nucleoside 5'-phosphorimidazolides in 1968
(4), then in 1982 showed that 2-methylimidazole was a supe-
rior activating group that enabled faster and more extensive
copying of G/C-rich templates (5). Many other potential acti-
vating groups have since been examined. The Richert group
has studied the templated polymerization of nucleotides
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The idea that nonenzymatic RNA replication preceded the
evolution of macromolecular catalysis of replication has a
long history, going back to the early experimental work of Or-
geletal. (1-3). Much subsequent work has focused on a search
for optimal activation chemistry that would enable activated
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FIGURE 1 Overview of simulation system and
reaction-center dynamics without Mg>". (A) The
template is shown in gray and helper oligo in
blue, and reacting imidazolium-bridged dinucleo-
tide and primer are colored by atom type.
Hydrogen atoms are not shown for clarity. (B) A
zoomed in view of (A), showing the attack of the
template 3'-hydroxyl on the phosphate of the dinu-
cleotide and subsequent displacement of the acti-
vated monomer. (C) Schematic of the RNA
complex used in this work. Five-nucleotide-long
primer and helper oligonucleotides sandwich the
G*G bridged dinucleotide (shown in blue) and

basepair with the 12-nt template. (D) Structure of
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i X 2 the primer-extension reaction site, showing the
3-OH:3.7 A last primer nucleotide and the G*G bridged dinu-
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4.6 A, tween reacting O3’ and P atoms, and R, atoms of

the backbone phosphates are indicated. The inset
shows the 2AI-R, oxygen hydrogen bonds. (E)
Probability distribution of the distance between
03’ and P atoms observed in the 3'-hydroxyl
without Mg2+ (Sim1; dark blue) and 3'O~ without
Mg** (Sim2; light blue). Dashed lines show me-
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four nucleotides. Furthermore, we and others have found pre-
biotically reasonable pathways for the synthesis of 2AI (8—11)
and for the activation of nucleotides with 2AI (12—14). Given
that 2Al is a potentially prebiotic activating moiety, the mech-
anism by which 2Al-activated nucleotides undergo template-
directed polymerization is of considerable interest.

Our laboratory has extensively characterized nonenzy-
matic primer extension with 2Al-activated monomers as
a model of prebiotic template copying (15-17). Nonenzy-
matic RNA primer extension with 2Al-activated
substrates involves two chemical steps. First, two 2AI-
activated monomers react with each other to form an
imidazolium-bridged dinucleotide (18,19) (or a mononu-
cleotide bridged to an oligonucleotide), which binds to
the template strand adjacent to the primer. In the second
step, the 3/-hydroxyl of the terminal primer nucleotide at-
tacks the adjacent phosphate of the bridged intermediate
(Fig. 1, A and B), leading to the formation of a new phos-
phodiester bond and displacing an activated nucleotide (or
oligonucleotide) as the leaving group. Hence, the primer
is extended one nucleotide at a time whether the interme-
diate is an imidazolium-bridged dinucleotide or a mono-
nucleotide bridged to an oligonucleotide (21). Kinetic
studies have shown that the intermediate can form both
in solution and on the template (19).

Our understanding of nonenzymatic primer extension has
benefited greatly from high-resolution crystal structures of
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RNA primer/template complexes with a template-bound
imidazolium-bridged guanosine dinucleotide (G*G). In
such complexes, the G*G dinucleotide is bound to the tem-
plate through two canonical Watson-Crick basepairs (20). A
well-ordered G*G bridged dinucleotide was observed next
to the terminal primer nucleotide, with a distance of 4.6 A
between the 3’-hydroxyl and the reactive phosphate of the
nucleotide in the +1 position. We were subsequently able
to observe both the formation of the imidazolium-bridged
intermediate from activated monomers and its subsequent
reaction with the primer in a series of time-resolved crystal
structures (20). Although it has been informative to observe
the two-step process of primer extension by crystallography,
many aspects of the reaction mechanism remain unresolved
or entirely unseen.

Perhaps the least well understood aspect of the primer-
extension reaction is the role of the catalytic metal ion, typi-
cally Mg*". In our previous detailed kinetic studies of
primer extension, the reaction does not proceed in the
absence of Mg>" and is initiated by the addition of Mg*"
at concentrations in the range of 100 mM (19). Some earlier
studies have used significantly higher concentrations of
Mg*" to achieve optimal rates (22-24). Such high concen-
trations are far beyond what is needed to stabilize the
primer-template duplex or even the binding of the imidazo-
lium-bridged intermediate. Thus, it has been widely
assumed that Mg " plays a critical catalytic role, but one



in which binding of the catalytic Mg>" ion in the reaction
center is extremely weak. Presumably because of this
weak binding, none of the crystal structures determined to
date have captured Mg”" coordinated to functional groups
in the reaction center. Additionally, while crystal structures
have provided a three-dimensional view of the mechanism
of primer extension, crystal lattice interactions may sup-
press structural fluctuations that occur in solution. Struc-
tures solved to date have been determined using constructs
in which critical template residues are restricted to a single
sugar conformation using conformationally locked nucleo-
tides (25,26).

How might Mg®" ions catalyze nonenzymatic primer
extension? Mechanistic studies have shown that Mg*"
ions play vital roles in ribozyme catalysis by stabilizing
leaving groups, activating nucleophiles, and coordinating
nonbridging phosphate oxygens (27). In principle, Mg*"
ions could catalyze primer extension in similar ways. For
example, inner-sphere coordination with the oxygen of the
3’-hydroxyl would significantly decrease the pK, of that hy-
droxyl, thus favoring its deprotonation and formation of a
metal-alkoxide nucleophile (28). Alternatively, Mg*" coor-
dination with a nonbridging phosphate oxygen of the
bridged dinucleotide would make the phosphorus atom
more electrophilic. Finally, a bridging interaction between
the 3’-hydroxyl and the adjacent phosphate could decrease
electrostatic repulsion between the alkoxide nucleophile
and the phosphate being attacked, thereby decreasing the
O3’-P distance. This is an attractive possibility, since phos-
phodiester bond formation involves a decrease in the O3’-P
distance of about 3 A (from 4.6 Ato 17 A). Understanding
how this occurs will require an appreciation of the dynamic
nature of the primer-extension reaction site as well as so-
phisticated quantum-mechanical (QM) simulations of the
reaction pathway.

Computational studies involving molecular dynamics
(MD) simulations have played a key role in understanding
RNA structure, dynamics, and functions involved in pro-
cesses at various lengths and timescales (29) such as base-
pair opening (30), sugar puckering and bond rotations
(31), dynamics of tetraloop structures (32), ion binding
(33,34), the mechanistic role of metal ions (35,36) and ri-
boswitch conformational changes (37). Here we study the
possible mechanistic roles of Mg>" in nonenzymatic primer
extension. In this study, we have used MD simulations to
explore the potential roles of the catalytic metal ion through
its effects on the structure and dynamics of the RNA primer/
template/bridged-intermediate complex. Our simulations
provide an atomistic perspective of the pre-catalytic
Mg*"-free state and of several different models of Mg*"-
bound ground states. Our MD simulations lead to testable
predictions of the metal ion coordination state that is most
favorable for primer extension. Mechanistic and structural
insights into how the metal ion stabilizes the catalytically
competent structure may facilitate further improvements
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in the efficiency, extent, and accuracy of nonenzymatic
primer extension.

MATERIALS AND METHODS

A computational model of a 12-bp RNA duplex (5-GGAUG G*G
GUAGG-3'/5'- CCUACCCCAUCC-3") was generated using the nab script-
ing language (38), where G*G represents an imidazolium-bridged guano-
sine dinucleotide intermediate that is bound to the -CC- template
nucleotides (Fig. 1, A—C). We chose a G*G bridged dinucleotide and flank-
ing guanosine residues to mimic the sequence used for crystallographic
studies (20). The sequence design includes G-C terminal basepairs to stabi-
lize the termini of the RNA duplex. The G*G bridged dinucleotide was
placed within the RNA duplex by aligning the generated RNA duplex
model used in our work with a previously solved crystal structure (PDB:
6C8E) (20). These structures were aligned using Tcl scripting in VMD
(39). The 5-nt oligomer downstream of the bridged dinucleotide acts as a
helper oligonucleotide. Downstream helper oligonucleotides have been pre-
viously suggested to contribute to primer extension by favoring a pre-orga-
nized reactive conformation of the primer-template-intermediate complex
(21,25) and also by stabilizing the RNA duplex.

In each MD simulation, the RNA complex was placed in a cubic periodic
box with at least 15 A to the box boundaries and was neutralized by adding
magnesium ions and a further 0.15 M MgCl, in the solvent. The standard
CHARMM36 (40,41) force field was used to represent the nucleic acid
and ions. The force-field parameters of the imidazolium-bridged dinucleo-
tide were developed on the basis of the CHARMM General Force Field
(CGenFF) (42) through analogy to existing parameters (Table S1). All
oligonucleotide strands are capped with STER and 3TER residues within
the VMD plugin psfgen on the 5" and 3’ end, respectively, except in the
case of the unprotonated 3’ end of the primer strand where after removal
of the hydrogen, charge was distributed to the 3’ oxygen and neighboring
atoms as previously described (43). The TIP3P water model was used to
represent explicit water molecules.

The NAMD 2.14 program (44) was used to perform MD simulations.
Nonbonded interactions were smoothly switched off at 10-12 A, and
long-range interactions were calculated using the particle-mesh Ewald
(PME) method. For all simulation steps, bond distances involving hydrogen
atoms were fixed using the SHAKE algorithm. Minimization was done for
10,000 steps followed by 250-ps equilibration at 300 K in the NVT
ensemble. Subsequent simulations were performed in the NpT ensemble
at 1 atm using a hybrid Nosé-Hoover Langevin piston method, and temper-
ature was controlled using Langevin dynamics with a damping coefficient
of ¥ = 1. The O3’-P and O2'-P distances were restrained to those observed
in the crystal structure (PDB: 6C8E (20))—4.6 A and 6.5 A when the
2-NH,-Im group of the imidazolium bridge faces the major groove and
4.6 A and 6.0 A when the 2-NH,-Im group of the imidazolium bridge faces
the minor groove—for the first 5 ns of the NpT simulations (Fig. S1). Re-
straints were applied using the NAMD collective variables module (45).
This initial simulation stage was discarded, and the following 200-ns run
was used for all analysis, resulting in a total of 5 ns of equilibration and
200 ns of production MD. Convergence during equilibration was confirmed
by tracking root-mean-squared deviation (RMSD) (Fig. S2). Simulations
were run with a 2-fs timestep, and coordinates were saved every 10 ps.

To place a Mg?" ion in the reaction center, we extracted frames with the
smallest O3'-P distance from our simulations without Mg?" and then intro-
duced a Mg?* ion within 2 A of the 03’ atom and either the R, or S, oxygen
atoms on the reactive phosphate of the bridged dinucleotide using Packmol
(46). For an overview of simulation systems, see Table S2.

We performed five replicates for all MD systems yielding a total of 1-us
simulation time for each system (Simsl1-8, Table S2). Overall, we
analyzed =7 us of simulation data in the current work. To prevent basepair
fraying during the simulations, we applied weak restraints on the distances
d(N4,06), d(N3,N1), and d(O2,N2) on the terminal G-C basepairs using the
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NAMD collective variables module (45). Canonical RNA geometries were
also maintained by applying weak restraints between the C1’ atoms of the
primer/template and helper/template nucleotides 2 nt upstream and down-
stream of the nicked backbone.

Structural analysis of the MD trajectories was performed using CPPTraj
V5.1.0 (47), MDTraj 1.9.4 (48), and VMD (39). RMSD was calculated by
superposing the simulation frame onto the first frame of the simulation tra-
jectories prior to minimization. RMSD values were calculated for all nu-
cleic acid atoms and bridged dinucleotide atoms. RMSD of the reaction
center was computed using the G*G bridged dinucleotide and the 3'-termi-
nal primer guanosine. Sugar puckering was calculated from the five torsion
angles of the five-membered sugar ring. The torsion angles were converted
to the pseudorotation phase angle and amplitude parameters based on the
Altona-Sundaralingam definition (49). Each point on the circular histogram
plots corresponds to a value of the phase angle (0°-360°) moving clockwise
from a vertical value of 0° and the amplitude of the pucker (0°~70°), which
increases radially from the center of the plot. Ribose rings avoid a planar
conformation and are usually present in the C2-endo or C3’-endo
conformation.

The CHARMM force field has been considered by some to be less accu-
rate than the AMBER force field for MD simulations of nucleic acids (29).
We therefore carried out control simulations on the same major-groove-fac-
ing-2Al configuration as described above, starting from the same initial co-
ordinates but using the AMBER OL3 force field (50) to simulate the RNA
duplex primer, template, and helper nucleotides (Sim9). Parameters were
converted to AMBER using the CHARMM-GUI Force Field Converter
(51,52), and simulations were run using NAMD 2.14 using the TIP3P
explicit model of water and 12-6-4 ion force field. Bonded parameters for
the imidazolium-bridged dinucleotide, including bonds, angles, and dihe-
drals, were taken from those generated in CGenFF. Nonbonded parameters
for the imidazolium group were generated using OpenFF, while OL3 pa-
rameters were used to represent the remaining nonbonded terms for the ba-
ses of the imidazolium-bridged dinucleotide. The final system was
minimized for 10,000 steps, followed by 250 ps of equilibration in which
the nucleic acid backbone heavy atoms were constrained with a force con-
stant of 1 keal mol~! A~2 and non-backbone nucleotide heavy atoms were
constrained with a force constant of 0.5 kcal mol™' A~ Production MD
was performed in the NpT ensemble at 1 atm using a hybrid Nosé-Hoover
Langevin piston method. Simulation parameters, including temperature and
pressure control, PME, hydrogen atom constraints, and timestep were im-
plemented exactly as above, except for a 1-4 scaling term of 0.833333, a
cutoff of 9 A, and rigid tolerance of 0.0005, as suggested by NAMD devel-
opers when using the AMBER force field (ks.uiuc.edu). Analysis of the
control simulation was performed as described above.

Finally, the lack of polarization or charge-transfer effects in standard
force fields can result in inaccurate thermodynamic and kinetic properties
of Mg®* binding in aqueous systems (29,53). To better characterize the
RNA backbone-Mg*" interaction in our simulations and to validate the
classical simulations, we carried out mixed QM/molecular mechanical
(QM/MM) simulations on the same major-groove-facing-2Al with S, and
deprotonated O3’-oxygen bound Mg?* configuration as described above us-
ing NAMD’s QM/MM interface ((54); Sim10). The 3’ primer sugar, 2AI-
bridged backbone up to the 5" carbons of each monomer in the bridged
dimer, the interacting Mg”", and four inner-sphere coordinating water mol-
ecules were all treated at the QM level (49 atoms in total; Fig. S3 A), result-
ing in a multiplicity of 1 and no net charge for the QM region. The rest of
the system was treated at the classical level using the CHARMM force field
as described above. The QM calculations were performed by ORCA (55)
using the HF-3c semi-empirical Hartree-Fock method (56). The HF-3c
method was developed for relatively large biomolecular systems, with ge-
ometry and energy predictions showing a high level of agreement with
large-basis methods (56), and thus is an ideal choice for the current study
with a reasonable trade-off between accuracy and computational cost. Inter-
actions between the QM and MM regions were treated with an electrostatic
embedding scheme, and covalent bonds split at the QM/MM boundary were
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treated with a charge-shifting method. Charge distribution in the QM region
was taken from ORCA and updated at every step using the Mulliken charge
calculation mode. Other than the use of a 0.5-fs timestep, parameters for the
MM region were identical to those described above for CHARMM simula-
tions. Analysis of the QM/MM simulation was performed as described
above. Self-consistent field electron density and electrostatic potential
maps were generated using the orca_plot command and the molecular or-
bitals output by ORCA and plotted with an isovalue of 0.085. Gibbs free
energy for the QM region was calculated in ORCA using the HF-3c method
and the universal continuum solvation model of implicit solvent using co-
ordinates from the final frame of Sim10 with and without Mg*" and coor-
dinating waters. A second simulation was performed for =10 ps without
the reactive Mg?" and coordinating waters (Sim11) using coordinates
from the equilibrated Sim2, resulting in a quantum region of 36 atoms
and a —2 charge. Simulation parameters and analysis methods were iden-
tical to those described above. To observe the repulsive effect of removing
the coordinating Mg ", a third QM/MM simulation was performed starting
from the same coordinates as Sim10 but with the Mg>" and coordinating
waters removed, again giving a quantum region of 36 atoms and —2 charge
(Sim12).

RESULTS AND DISCUSSION

Effect of protonation state of the primer
3'-hydroxyl in the absence of Mg®*

Previous work has suggested that the active nucleophilic
species in nonenzymatic primer extension is a 3’-alkoxide.
This conclusion was supported in part by the absence of
any significant solvent deuterium isotope effect, which is
consistent with the necessary proton transfer occurring prior
to the transition state. In addition, the pH dependence of the
reaction rate has been interpreted as reflecting the metal-
ion-dependent deprotonation of the 3’-hydroxyl (28). How-
ever, these experiments are indirect, and the possibility that
the nucleophile is the protonated hydroxyl cannot be fully
discounted. We have therefore modeled the reaction center
with the 3’-hydroxyl either protonated or deprotonated in
the ground state, which represents the structure prior to
the initiation of the chemical reaction. In principle, the
3/-hydroxyl could be deprotonated by proton transfer to a
Mg?" coordinated with five water molecules and a hydrox-
ide ion, such that O3’ would not be inner-sphere coordinated
with the Mg " ion. Such an alkoxide would be more nucle-
ophilic than a directly metal coordinated alkoxide and much
more nucleophilic than a protonated 3’-OH (27). To provide
atomistic insight into the dynamics of the ground state and
structural implications of a deprotonated O3/, we first
compared MD simulations in which O3’ was a protonated
3’-OH (Sim1) versus an O3’ alkoxide (Sim2), both in the
absence of Mg”".

We first carried out simulations with the conformation of
the bridged dinucleotide such that the 2-amino group of the
2AI was hydrogen bonded with the R, oxygen atoms of the
flanking phosphates (2-NH,-Im:R,, Fig. 1 D; Siml),
referred to as the major groove-facing conformation in
(20). Overall, the structure in simulations when O3’ is pro-
tonated show low RMSD with respect to the starting
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conformation, indicating excellent maintenance of the dou-
ble helical structure (Fig. S2, A and B). The higher RMSD of
the G*G bridged dinucleotide and reaction center when O3’
is deprotonated (Sim2) indicates that the deprotonated spe-
cies makes the reaction center slightly more dynamic
(Fig. S2, C-E and G), which could inhibit the formation
of a pre-organized state necessary for reaction.

To further characterize the reaction center and understand
the origin of the increased flexibility of the reaction center
in the deprotonated case, we compared the distance between
the O3’ atom of the terminal primer nucleotide and the P of
the adjacent phosphate of the bridged dinucleotide (Fig. 1
D). Shorter distances, which would favor the primer-exten-
sion reaction, are observed when O3’ is protonated, while
the median distance increases from 3.7 A t0 5.3 A in the de-
protonated case (Fig. 1 E). In our most recent crystal struc-
ture (PDB: 6C8E (20)), the corresponding distance is 4.6 A.
Crystal structures solved with G(5")ppp(5')G—an analog of
the imidazolium-bridged dinucleotide—in the absence of
helper oligos (PDB: SUED (57)) show the distance between
03’ and the nearest phosphorous atom to be 4.1 A. In the
presence of helper oligos (PDB: 6AZ4 (25)) the correspond-
ing distance is significantly shorter, 3.7 A. Our protonated
O3'-P distances lie within the range of those observed in
these crystal structures, but this key distance increases
significantly when the 3'-hydroxyl is deprotonated.

To examine the effect of the protonation state of the 3'-hy-
droxyl on the ribose conformation, we calculated the pseu-
dorotation angles of the ribose sugar of the terminal primer
nucleotide. Fig. S4 shows the simulated conformational
ensemble projected on a circular plot where the phase angle
increases clockwise from a vertical value of 0° and the puck-
ering amplitude increases radially from the center. The re-
sulting probability density plot shows that the most
prominent conformation observed is the C3’-endo for both
protonated and deprotonated O3’ simulations. During our
MD runs, the ribose sugar exhibits reversible conforma-
tional switches to the C2’-endo conformation (Fig. 2, C
and D). As seen in Fig. S5, this conformational change
from C3’-endo to C2’-endo occurs through the O4’-endo
conformation in most cases, while in others the transition
occurs without visibly occupying an intermediate state.
These apparently instantaneous transitions are likely the
result of the change occurring on a timescale faster than
the 0.01 ns DCD output frequency used. The C2'-endo
conformation is observed for longer periods in the deproto-
nated case, and the time spent in this conformation increases
from 3.5% when O3’ is protonated to 30% when O3’ is de-
protonated. In contrast, the terminal primer nucleotide
sugars in the crystal structure (PDB: 6C8E (20)) are all in
the C3’-endo conformation (Fig. S4 A).

During the simulation runs, periods of high O3'-P dis-
tance are highly correlated with the primer ribose conforma-
tion switch to C2'-endo (Figs. 2, S6, and S7) in both
protonated and deprotonated cases. It is unclear whether
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the increase in distance is a cause or consequence of the
sugar conformation switch. Nevertheless, the correlation ex-
plains why modified primer 3’-nucleotides with sugars with
an increased preference for the C3’-endo conformation are
better at primer extension (26,58,59) because this conforma-
tion is associated with shorter distances of attack. The larger
O3'-P distances and the prevalence of the C2'-endo sugar
conformation observed when O3’ is deprotonated in our
simulations suggest that deprotonation without a bound
Mg>" (while highly unlikely to occur) would be anti-cata-
lytic. This observation is consistent with the possibility
that the deprotonated O3’ primer is stabilized by coordina-
tion with a metal ion, which may act to overcome the elec-
trostatic repulsion between the deprotonated O3’ and the
phosphate it is attacking.

Orientation of the 2-aminoimidazole affects the
03'-P distance and angle of attack

To examine the effect of the orientation of the imidazolium
moiety of the bridged dinucleotide on the geometry of the
reaction center, we performed MD simulations beginning
with the minor groove-facing conformation, in which the
imidazolium 2-NH,-Im group forms hydrogen bonds with
the S, oxygens of the flanking phosphates (2-NH,-Im:S,,,
Fig. 3 A). As before, we performed these simulations for
both the protonated (Sim3) and deprotonated states (Sim4)
of the primer 3’-hydroxyl. As in the major groove-facing
orientation discussed above, the minor groove-facing orien-
tation simulations show a smaller O3'-P distance of attack
when O3’ is protonated (Fig. 3 B). When O3’ is deproto-
nated, the median distance increases by 1.7 A, similar to
the 1.6-A increase seen in the major groove-facing simula-
tions discussed previously.

The minor groove-facing orientation of the imidazolium
group has relatively minor effects on the ribose pucker of
the 3'-primer nucleotide. In both protonation states, the
sugar is predominantly in the C3’-endo conformation
(Fig. S8). However, when O3’ is deprotonated, the terminal
primer sugar shows a slightly higher probability of a
C3’-endo conformation as opposed to when O3’ is proton-
ated, which is opposite to the trends observed for the major
groove-facing imidazolium state (compare Figs. S4 and S8).
The sugar conformation is also not as well correlated with
the O3'-P distance. We hypothesize that the increased dis-
tance between the primer and the bridged dinucleotide
(Fig. 3 B) allows the sugar pucker and the O3'-P distance
to vary independently of each other. The first sugar of the
bridged dinucleotide (G1) is predominantly C3’-endo for
the simulations with a major groove-facing imidazolium,
but predominantly C2’-endo for the minor groove-facing
imidazolium orientation (Fig. S9 A), while the ribose of
the second sugar (G2) is always predominantly C3’-endo
(Fig. S9 B). Overall, in the four simulation systems dis-
cussed so far, the maximum probability for the C3’-endo
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FIGURE 2 Correlation of sugar conformation and O3'-P distance during MD simulations without Mg**. (A and B) Molecular figures showing the confor-
mation of the terminal primer sugar in the (A) C3’-endo conformation and (B) C2'-endo conformation. (C and D) Time series of the primer 3'-nt sugar pucker
pseudorotation angle for the (C) 3'-hydroxyl (Sim1) and (D) 3’0 (Sim2) simulation systems, without Mg>" in the reaction center. Sugar pucker angles close
to 0° correspond to the C3’-endo sugar conformation, and angles close to 180° correspond to the C2'-endo sugar conformation. Time series for cosine of the
angle (cos ) are shown for clarity, and angle (6) values are indicated. (E and F) Time series of the distance between O3’ (primer) and P (bridged dinucleotide)
for the (E) 3'-hydroxyl and () 3’0~ simulation systems, both without Mg>" in the reaction center. The horizontal dashed lines indicate the crystal structure
value. Intervals with larger distance values and C2'-endo sugar conformations are highlighted in gray. For all time-series plots, dark traces show the data
averaged over a 1-ns window, while the lighter envelope shows the full range of the data recorded at 10-ps time steps in our simulations. All simulation

replicates are shown in Figs. S6 and S7.

sugar conformation for all three ribose sugars is seen when
the primer O3’ is protonated and the bridged dinucleotide is
in the major groove-facing orientation.

The orientation of the imidazolium moiety also affects the
angle of attack between the 3’-hydroxyl and the P-N bond to
be broken during phosphodiester bond formation. A more
favorable angle for in-line attack (closer to 180°) is primar-
ily seen in the major groove-facing conformations (Fig. 3
C). This is in contrast to the crystal structures, where the an-
gles of attack are 132° and 170° for the major groove-facing
and minor groove-facing conformations, respectively. While
the cause of this discrepancy is unclear, it may reflect an
artifact of fitting both possible orientations into the same
density in the crystal structures, while MD simulations pro-
vide insights into the relaxed conformations explored during
the time course of the simulations.

The O3'-P distance, the terminal primer sugar pucker, and
the angle of attack are key structural characteristics of the
primer-extension reaction center. In summary, we observe
a shorter O3’-P distance, increased C3’-endo conformation
of the terminal primer sugar, and a higher than = 150° angle
of attack when the imidazolium 2-NH,-Im faces the major
groove of the RNA duplex. All three parameters shift toward
less catalytically favorable values when the 2-NH,-Im faces
the minor groove. Therefore, while both conformations are
likely to occur, we suggest that the major groove-facing
conformation of the bridged dinucleotide imidazolium is
more favorable for phosphodiester bond formation.

While orientation of the imidazolium group influences
the geometry of the reaction center, this orientation is in
turn influenced by ionic interactions. Our MD simulations
suggest that the major groove-facing conformation of the
bridging 2-Al group may be stabilized by water-mediated
coordination with a Mg®" ion that is distinct from the cata-
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lytic Mg>" coordinated by the 3'-hydroxyl. In a crystal
structure (PDB: 6C8D (20)) in which two template-bound
2'-deoxyguanosine-5’-monophosphate monomers sit next
to the primer in an RNA duplex, a metal ion (Sr*>" ion in
PDB: 6CAB (20)) forms water-mediated contacts with N7
and O6 of the 3'-terminal primer guanosine and with the
N7 atoms of the G1 and G2 template-bound monomers.
Both inner-sphere and outer-sphere interactions of Mg*"
with the N7 atom of guanosine have been observed in a large
number of solved RNA crystal structures (60). Interestingly,
in our MD simulations, we observe water-mediated interac-
tions between a Mg2+ ion and N7 of the first guanosine (G1)
of the bridged dinucleotide, and with its O6 atom. Addition-
ally, the same metal ion forms water-mediated interactions
with the G2 nucleobase of the bridged dinucleotide, which
supports its previously suggested role in the better copying
chemistry of G*G as opposed to other nucleobases (Fig. S10
A). Moreover, it is possible that this Mg may also form a
water-mediated contact with the 2-amino group of the
bridging imidazolium when it is in the major groove-facing
conformation (Fig. S10 A). This imidazolium-ion contact is
mediated through water molecules and does not occur when
the imidazolium faces the minor groove (Fig. S10 B).
Hence, we posit that a secondary metal ion may help to
pre-organize the catalytically favorable major groove-facing
conformation of the bridged dinucleotide.

To determine the extent to which the observed dynamics
are dependent on the choice of force field, a 200-ns equili-
bration simulation without constraints was performed on
the major groove-facing system with protonated O3’ using
the AMBER force field (Sim9; see materials and methods
for simulation details). For analysis, the simulation was split
into two 100-ns subtrajectories to test for self-consistency
(61). Compared to the first 100 ns of the first replicate
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simulated using the CHARMM force field on the same ma-
jor groove-facing configuration, the AMBER system ex-
hibited similar terminal primer sugar puckering (Fig. S11,
A-C), RMSD of nucleic acid heavy atoms (Fig. S11 D),
O3'-P distance (Fig. S11, E and F), O-P-N attack angle
(Fig. S11 G), and stability of Watson-Crick base pairing in
sites flanking the imidazolium-bridged dinucleotide
(Fig. S11 H). While some variability is observed in the de-
gree of fluctuation between systems, the probability distri-
butions show similar mean values (Fig. S11, D-F, insets).
Additionally, similar variability is observed between subtra-
jectories using the CHARMM force field (Fig. S6, first and
second rows). Finally, the terminal primer sugar in the
CHARMM simulation does exhibit a greater propensity
for switching to a C2'-endo conformation compared to the
AMBER simulation. However, this simulation replicate ex-
hibited the highest conformational dynamics in the terminal
primer sugar of all the CHARMM simulation replicates
(Fig. S6), suggesting that the sugar conformational
ensemble seen in the AMBER simulation is comparable to
the CHARMM simulations in aggregate (Fig. S4 A). These
parameters are summarized and compared for the AMBER
and CHARMM systems in Fig. S11 1. Overall, these results
suggest that the dynamic effects presented in previous and
subsequent simulations are the result of differences in the
systems being investigated and not the simulation
methods used.

Effects of Mg?™ coordination to the primer O3’
and the adjacent phosphate of the bridged
dinucleotide

To identify potentially important interactions of a Mg*" ion
in the reaction center, we introduced a Mg2+ ion with inner-
sphere interactions with a deprotonated O3’ and either the S,
or R, oxygen atoms on the reactive phosphate of the bridged

dinucleotide. These systems will be referred to as 3’0~
Mg>*@S,, 2-NH,-Im:R, (SimS; Fig. 4 A) and 3’0"
Mg2+@Rp, 2-NH,-Im:R,, (Sim6; Fig. 4 B), respectively.
We also performed simulations with the Mg>" coordinated
to the R, oxygen and the 2-NH,-Im facing the minor groove
(3’0~ Mg2+@RP, 2-NH,-Im:S;,, Sim7) (Fig. 4 C). When we
attempted to start our MD simulations in the remaining
3’0~ Mg2+@Sp, 2-NH,-Im:S,, arrangement (Sim8), the
Mg®" ion spontaneously switched its coordination from
the S, to the R, oxygen. In all replicates of our three
Mg "-bound simulations, the ion forms stable bridging in-
teractions between the terminal primer nucleotide and the
bridged dinucleotide.

Comparison of Sim5 (3’0~ Mg>" @S, 2-NH,-Im:R,)
(yellow curve in Fig. 4 D) with the corresponding protonated
simulation ensemble lacking a bound Mg®" ion (Siml;
dark-blue curve in Fig. 4 D) shows a similar unimodal
O3'-P distance distribution with the same median of 3.7
A. The median O3'-P distance of 4.0 A is slightly larger
for Sim6 (3’0~ Mgf*@Rp, 2-NH,-Im:R,,; purple curve in
Fig. 4 D). The 0.3-A increase in the median O3’-P distance
is too small to indicate that Mg>" coordination with one or
the other of the phosphate oxygen atoms would significantly
favor the primer-extension reaction. However, in the latter
case where both the 2-NH,-Im and the Mg”" are coordi-
nated to the same oxygen atom, the reaction might be
affected for other reasons, such as effects on the nucleophi-
licity of the 3’0~ or the electrophilicity of the reactive phos-
phorous atom.

Our previous simulations in the absence of bound Mg*"
showed that deprotonation of the 3’-hydroxyl is correlated
with longer O3'-P distances. However, when there is a
Mg®" ion bridging the primer and the phosphate, the
O3’-P distances in our MD simulations greatly decrease,
with the median distance decreasing from 5.7 A (red curve
in Fig. 3 B) to 3.9 A (green curve in Fig. 4 D). Hence,
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although deprotonation was anti-catalytic in the absence of
Mg ", a bridging Mg®" atom coordinating with the deproto-
nated O3’ overcomes this effect and plays an important role
in preventing the primer and bridged dinucleotide from
moving apart from each other. This effect of Mg®" is inde-
pendent of which of the oxygen atoms of the bridged dinu-
cleotide the Mg2+ coordinates with, or the orientation of the
imidazolium 2-NH,-Im.

To further characterize the ground state of the primer/
template/bridged-intermediate complex, we have also
examined the terminal primer sugar conformation, angle
of attack, and RMSD of the reaction center in the presence
of Mg”". In addition to decreasing the O3'-P distance, the
presence of a bridging Mg”" ion is correlated with the ter-
minal primer nucleotide sugar being almost exclusively in
the C3’-endo conformation (Figs. 4 E and S12), which has
been shown experimentally to favor primer extension
(58,59). In simulations where the imidazolium 2-NH,-Im
group faces the major groove the G1 sugar pucker is pre-
dominantly C3’-endo, but when the imidazolium 2-NH,-
Im group faces the minor groove the G1 nucleotide sugar
pucker conformation shifts toward being C2'-endo
(Fig. S13 A), consistent with our simulations without
Mg*" in the reaction center (Fig. S9 A). In the simulation
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in which both the Mg®" ion and the imidazolium 2-NH,,
are interacting with the R, oxygen of the phosphate, the
Gl sugar adopts a range of conformations including
C4’-exo, C1’-exo0, and C2'-endo, with very low probability
of C3'-endo sugar puckering (Fig. S13 A). As seen in simu-
lations without Mg>", the sugar pucker of the G2 nucleotide
does occasionally adopt the C2’-endo conformation, but the
C3’-endo conformation shows a larger population density
(Fig. S13 B). Recent work has shown that the primer-exten-
sion reaction is faster when the bridged dinucleotide sugars
are in the C3’-endo conformation (62). From our simula-
tions, only Sim5 (3’0~ Mg>* @S, 2-NH,-Im:R,) exhibits
a primarily C3’-endo conformation for both G1 and G2.
Sim5 (3’0~ Mg2+@Sp, 2-NH,-Im:R,,) also shows a favor-
able angle for in-line attack (Fig. 5 A, median value of 148°,
yellow curve in Fig. 5 B), which is comparable to the median
value of 150° for the simulations with protonated O3’
without a Mg”" ion (dark-blue curve in Fig. 5 B). All other
simulation systems with Mg show less favorable angles of
attack. Overall, a reaction-center organization in which the
imidazolium group faces the major groove and the Mg*"
ion forms inner-sphere contacts with the S, oxygen of the
reactive phosphate would appear to favor the primer-exten-
sion reaction. Moreover, a lower RMSD of the basepaired
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primer/template and helper/template regions (Fig. S14 A)
and the bridged dinucleotide (Fig. S14 B) region for Sim5
30~ Mg”@Sp, 2-NH,-Im:R,,) suggest that the presence
of the bridging metal ion in the reaction center has a global
effect in stabilizing the primer-extension complex.

Interestingly, we also observed that when O3’ is deproto-
nated and no Mg>" is present in the reaction center, the
average O2'-P distance is less than the average O3'-P dis-
tance, which might suggest an increased probability of
forming a 2'-5' linkage. Previous studies from our labora-
tory have shown that primer extension by reaction with an
imidazolium-bridged dinucleotide intermediate increases
the proportion of 3’-5" linkages formed, compared to reac-
tion with an activated monomer (63). Our results suggest
that through its role in stabilizing the conformation of the
bridged dinucleotide, the metal ion also prevents the forma-
tion of the incorrect 2'-5" extended product. This is further
validated by the QM/MM simulation without Mg*"
(Siml11), in which a spontaneous reaction between the
2’-oxygen and reactive phosphate occurred in =5.5 ps. Dur-
ing this reaction, the O2’ proton was simultaneously trans-
ferred to the deprotonated 3’ oxygen (Fig. SI15 A). This
reaction was not observed in the entire 100-ps simulation
in which Mg?" is present. Furthermore, the predicted favor-
able metal coordination with the S, oxygen atom of the
bridged dinucleotide (yellow symbols in Fig. S15 B) typi-
cally shows a more significant difference between the
average O3'-P and O2'-P distances, increasing the likeli-
hood of formation of the 3’-5’ linkage.

To further validate models used for the interaction be-
tween RNA and Mg”", a 100-ps QM/MM simulation was
performed on the 3’0~ Mg“@SP, 2-NH,-Im:R,, system,
with the reaction center modeled at the HF-3c semi-empir-
ical Hartree-Fock level (Sim10; Fig. S3 A; see materials and
methods for simulation details). The QM/MM simulation
exhibited similar O-P-N angle (Fig. S3 B) compared to the
CHARMM simulations (Fig. 5 B), and average O3’-P dis-
tance was 3.8 A in the QM/MM simulation (Fig. S3 C)
compared to 3.7 A in the CHARMM simulation (Fig. 4
D), suggesting that these parameters are well modeled

T T
120 150 180
Angle (°)

— ‘ and Sim7 (30" with Mg*"@R,, 2-NH,-Im:S,;
green). Dashed lines show median values for the dis-
tributions. The black and gray dashed lines show the
crystal structure angle for the major groove-facing
and minor groove-facing conformations, respec-
tively.

without the effects of polarizability. The O3’—Mg2+—O(Sp)
angle was measured (Fig. S3, D and E) and was similar to
the angle observed in the CHARMM simulations between
the same three atoms (Fig. S16). Finally, the QM/MM sys-
tem exhibited similar terminal primer sugar puckering
(Fig. S3 F) compared to the CHARMM simulations
(Fig. S12 A), although the QM/MM simulation exhibited a
slight preference for a C4'-exo conformation relative to
the CHARMM simulation. While the timescale limitations
make it difficult to discern whether this is a favorable
conformation or the system is in transition from one state
to another, experiments and simulations have shown the
C4’-exo conformation to be significantly populated in other
RNA systems (64). A potential molecular explanation for
this deviation can be found in the polarizability of the
QM/MM system (Fig. S3, G and H), in which the calculated
charge of the H2' atom was 0.33 at the end of the QM/MM
simulation, while the same atom had a fixed charge of 0.09
in the MM simulation. This resulted in a tighter interaction
between the H2' and O3’ in the QM/MM simulation (Fig. S3
I), which biases the geometry of the sugar toward a more
planar configuration. Despite this difference in charge be-
tween the classical and QM/MM simulations, classical
modeling of essential geometric parameters such as O3'-P
distance, O-P-N angle, and O3’ -Mg”-O(Sp) angle agree
with the quantum calculations over the timescale sampled.
These parameters are summarized for the QM/MM and clas-
sical system in Fig. S3 J.

In addition to validating the choice of force field, the
polarizability of QM/MM simulations provide a more thor-
ough opportunity to investigate the role of electrostatic
repulsion and attraction in determining the geometry of
the reaction center. A second QM/MM simulation was per-
formed without Mg2+ in the reactive complex (Sim11), and
the electrostatic potentials, O3’-P distances, and Coulombic
forces were compared. The darker color of the electrostatic
map exhibited by the system without Mg>" and depletion of
negative charge in the system with Mg>" (Fig. S17, A and B)
qualitatively suggest a reduction of electrostatic repulsion
when Mg®" is present, and this manifests as a shorter

Biophysical Journal 123, 1579-1591, June 18, 2024 1587



Mittal et al.

1 B Mg?* coordinated
with R, oxygen,
2AIl major groove

A Mg* coordinated
with S, oxygen
2Al major groove

C  Mg* coordinated

D No Mg
2Al major groove

with R, oxygen,
2Al minor groove

R

1
|
|
1
|
3 1
|
|
|
1
|
|

&,
R
éﬂ
Sim5 Simé
E O3'-P Distance |
3.7A : 40A
TF AttackAngle ': """"" 1
148° : 107°
__________ L |
G Primer Sugar Pucker |
C3'-endo ! C3'-endo
1

Sim7
|
3.9A : 53A
_________ Emmmmmmm -
88° ; 153°
_________ s i
) C3'-endo/
C3"-endo : C2"-endo

FIGURE 6 Summary of simulation systems and associated measured parameters. (A—D) Molecular figures of the indicated systems showing the 2AI-
bridged dimer, terminal primer nucleotide, and Mg>" when present. (E-G) Average values for the indicated parameters measured during the simulations.
Red values indicate parameters that are most favorable to the primer-extension reaction.

O3'-P distance (Fig. S17, C and D). Additionally, the pres-
ence of Mg?" results in a lower Gibbs free energy and elec-
tronic energy for the reaction center calculated from the
same geometry with and without Mg®" (Fig. S17, A and
B). Coulombic force was calculated based on the charges
and distances between O3’ oxygens, S, oxygens, reactive
phosphates, and Mg>" when present for each respective
simulation. The repulsion between the O3’ oxygen and S,
oxygen was similar for Sim10 and Sim11 despite a larger
03'-P distance in the system without Mg®", while the attrac-
tion between the O3’ oxygen and the reactive phosphate was
larger when Mg”" was present (Fig. S17 E). In the system
where Mg2+ was removed (Sim12), the Coulombic force
begins at the same value as for Sim10, but the O3'-P dis-
tance immediately increases and within = 1 ps reaches equi-
librium. During this time, the Coulombic force increases for
O3'-P attraction and decreases for 03'-O(S,) repulsion to
values similar to those in Simll (Fig. S17 E). When
Mg®" is present (Sim10), the Coulombic force between
the O3’ and S, oxygens and the Mg " is strongly negative
(Fig. S17 F). Collectively, these results strongly suggest
that reduction of electrostatic repulsion may be an important
role for Mg " in catalyzing nonenzymatic primer extension.

The structural features expected for optimal reaction-cen-
ter geometry such as short O3’-P distance, C3’-endo sugar
conformations, in-line angle of attack, and 3’-5' regioselec-
tivity are either absent or not present for extended time-
scales in Sim7 (3’0~ Mg2+@Rp, 2-NH,-Im:S;,) and Sim6
(30" Mg>*@R,, 2-NH,-Im:R,). In the latter case, the
hydrogen bond between the 2-NH,-Im and the R, oxygen
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is likely to be weakened due to the Mg>" being coordinated
with the same oxygen atom (Fig. S18 E). Thus, Mg*" coor-
dination with the S, oxygen and 2-NH,-Im hydrogen
bonded to the R, oxygen—the major groove-facing orienta-
tion—is likely to be the preferred geometry for the pre-orga-
nization of the reaction center.

CONCLUSION

Understanding the structure and dynamics of the primer-
extension reaction center may offer insight into how to
improve the rate (18) and fidelity (65) of primer-extension.
In the present study, we performed MD simulations of a
primer/template/bridged dinucleotide complex in the
absence or presence of a catalytic Mg”" in the reaction cen-
ter. We modeled the system with both a protonated and a de-
protonated 3'-hydroxyl, and with both likely orientations of
the imidazolium moiety of the bridged dinucleotide inter-
mediate. Only one conformation tested, Sim5 (3O~
Mg”@Sp, 2-NH,-Im:R})), exhibited favorable results for
all main parameters analyzed (Fig. 6). From these results,
we suggest that this represents a plausible structural model
of the primer-extension reaction complex.

By analogy with the mechanism of enzyme catalyzed
primer extension, one possible model for nonenzymatic
primer extension is that inner-sphere coordination of the
3'-hydroxyl with Mg®>" lowers the pK, of the hydroxyl,
thereby facilitating its deprotonation to form an alkoxide
nucleophile. Our MD simulations are consistent with a
role for a bridging Mg?" in overcoming the electrostatic



repulsion between the ionized O3~ and the negatively
charged phosphate. In our simulations, the median distance
from the primer O3'~ to the phosphorous atom of the adja-
cent phosphate is 3.7 A in the presence of Mg " in the reac-
tion center, but much greater in the absence of a coordinated
Mg " ion. Along with the organizing role of Mg*" in the re-
action center, the major groove-facing conformation of the
imidazolium moiety of the bridged dinucleotide is corre-
lated with an increased fraction of the C3’-endo sugar
conformation and a higher in-line angle of attack. Our com-
parison of Mg®" coordination with either of the two non-
bridging phosphate oxygen atoms, S, and R, of the
bridged dinucleotide suggests that an inner-sphere coordina-
tion with the S, oxygen atom is structurally favorable for the
catalytic step. We have recently tested our predicted 3’0~ -
with—MgH@Sp coordination by phosphorothioate metal
rescue experiments (36,66,67), providing experimental evi-
dence that the ?)'Of-with-MgH@Sp coordination is
preferred.

Based on studies of primer extension with modified 3'-ter-
minal sugars, Giurgiu et al. proposed that the primer-exten-
sion reaction involves an increase in the puckering
amplitude of the terminal sugar as the O3’ atom attacks the
adjacent phosphorous atom of the bridged dinucleotide
(26). In some of our MD simulations we do see an associa-
tion of larger puckering amplitude with configurations with a
shorter O3'-P distance. Interestingly, this trend is strongest in
the system proposed above to be most favorable for primer
extension, i.e., Sim5 (3’0~ with Mg”@Sp, 2-NH,-Im:Ry),
where Mg”" is coordinated to the S, oxygen and the amine
of the bridging 2-Al is hydrogen bonded with the R, phos-
phate oxygen (Figs. S19 and S20 A). Since modified sugars
can significantly impact the rate of the primer-extension re-
action, future computational studies incorporating sugars
such as ANA, DNA, and LNA in the primer/template/
bridged dinucleotide complex may reveal the contribution,
if any, of increasing sugar pucker amplitude and structural
factors related to the rate of the primer-extension reaction
(26,68-70). Because transient intermediate conformations
cannot be sampled efficiently through conventional MD,
alternative biased simulation strategies may provide further
insights into the primer-extension reaction. In addition, our
current study is limited by the choice of force field (29)
and does not consider the subsequent steps on the reaction
pathway such as O3'-P bond formation, expulsion of Mg*"
from the reaction center, and the structural dynamics of the
leaving group, all of which will require more extensive
QM studies using QM/MM techniques.

In summary, we have used MD simulations to examine a
set of models of the primer-extension reaction center in
which a Mg”" ion has been placed in alternative coordina-
tion geometries. We predict a specific catalytically favorable
coordination of the metal ion within the reaction center. This
prediction can be tested by thiol-metal substitution experi-
ments in combination with conventional and time-resolved

Mg?* coordination in primer extension

X-ray crystallographic studies. We suggest that the catalytic
Mg*" ion may play multiple roles including facilitating de-
protonation of the 3’-hydroxyl and increasing the electrophi-
licity of the reactive phosphorous. We propose that the
catalytic Mg>" also plays an electrostatic role in over-
coming repulsion between the negative charge of a deproto-
nated O3’ and the phosphate being attacked and plays an
organizational role in stabilizing the conformation of the
bridged dinucleotide and its position relative to the terminal
primer nucleotide.
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