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Abstract: Energetically unfavorable Watson–Crick (WC)-like tautomeric forms of nucleobases are
known to introduce spontaneous mutations, and contribute to replication, transcription, and trans-
lation errors. Recent NMR relaxation dispersion techniques were able to show that wobble (w)
G•U mispair exists in equilibrium with the short-lived, low-population WC-like enolic tautomers.
Presently, we have investigated the wG•U→WC-like enolic reaction pathway using various the-
oretical methods: quantum mechanics (QM), molecular dynamics (MD), and combined quantum
mechanics/molecular mechanics (QM/MM). The previous studies on QM gas phase calculations
were inconsistent with experimental data. We have also explored the environmental effects on the
reaction energies by adding explicit water. While the QM-profile clearly becomes endoergic in the
presence of water, the QM/MM-profile remains consistently endoergic in the presence and absence
of water. Hence, by including microsolvation and QM/MM calculations, the experimental data
can be explained. For the G•Uenol → Genol•U pathway, the latter appears to be energetically more
favorable throughout all computational models. This study can be considered as a benchmark of
various computational models of wG•U to WC-like tautomerization pathways with and without the
environmental effects, and may contribute on further studies of other mispairs as well.

Keywords: QM/MM; MD; Watson–Crick; WC-like; mispair; wobble; tautomerization; G•U; reac-
tion energies

1. Introduction

The complementarity of purine and pyrimidine nucleobases (i.e., G-C and A-T) is es-
sential to form the double stranded DNA helix as proposed by Watson–Crick [1]. However,
occasional occurrence of the noncanonical mispairing of nucleobases (e.g., a base paired
to one of its less likely tautomeric forms [1]) leads to spontaneous mutations. Nucleic
acid bases due to the presence of their carbonyl and amino functional groups can exist in
multiple tautomeric forms, i.e., keto–enol and amino–imino [1,2]. The “major” tautomers
keto- and amino-forms are predominant under physiological conditions whereas, “mi-
nor” tautomers imino- and enol forms are rare. One such example is the guanine•uracil
(G•U) mismatch, which typically forms the wobble structure with the two hydrogen bonds
instead of three in a complementary WC G•C match.

RNA is a negatively charged [3,4] polymeric molecule essential in various biological
roles, like, coding, decoding, regulation, and expression of genes. The RNA biochemistry is
known to have notably influenced by tautomeric equilibria associated with guanine [5], e.g.,
recognition of ligands (xanthine/oxythiamine pyrophosphate) by purine riboswitch [6]
and thiamine pyrophosphate riboswitch [7]. Studies of tautomeric equilibria faced nu-
merous challenges due to the low abundance of the “minor” tautomers, fast exchange
rates, and high chemical and structural similarities with their “major” counterpart [8].
However, in the quest of understanding the mechanism of tautomerism involving con-
formations/structures known as ’excited states’ (ESs) in biomolecules [9], various types
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of experimental and theoretical studies have been performed. Traditional spectroscopic
techniques, such as, variable temperature NMR, 2-D IR [8,10], and X-ray crystallogra-
phy [11–16] have been employed to characterize such tautomers. Theoretical studies
by means of ab initio molecular orbital (MO), density functional theory (DFT) calcula-
tions [17–20], and molecular dynamics (MD) simulations [21–23] have been carried out
in order to elucidate the transition mechanism. Recently, NMR relaxation dispersion
techniques that enable the characterization of low-abundant, short-lived conformational
states were used to study base tautomerization in DNA and RNA duplexes [24–26] by
Al-Hashimi and co-workers. They demonstrated that wobble G•T/U mispairs exist in
dynamic equilibrium with WC-like tautomeric (Figure 1) and anionic ESs, which can cause
miscorporations during replication and translation processes.
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Figure 1. Structures of wobble G•U, and G•Uenol , Genol•U WC-like mispairs.

Earlier computational studies [27] showed that rG•rUenol is energetically more favor-
able compared to dG•dTenol while considering their wobble to WC-like enolic transition
pathways. This nicely corroborated to change the rapid rG•rUenol 
 rGenol•rU equilib-
rium in favor of rG•rUenol (40%) in RNA compared to dG•dTenol (20%) in DNA. Previous
studies have shown that tautomerization of the G•T mispair depends significantly on
the environment. For instance, G•T mispair adopt wobble configuration in case of A-
and B-DNA [11,28] whereas, depending on the polymerase variants G•T mispair adopts
WC-like structure in the closed state [14,29] and wobble structure in the open state [30].
Further, it has been reported that local microenvironment can modulate the wobble G•T

 WC-like enolic G•T equilibrium [31]. Several computational studies have revealed
that different solvent environments can influence the thermodynamics and kinetics of the
G•T tautomerization [18,32]. Recently, classical molecular dynamics (MD) simulations
and the free energy perturbation data indicated that in the case of human DNA poly-
merase λ, among various G•T mispairs, Genol•T is predominant over G•Tenol and wobble
structure [21]. Computational studies based on quantum mechanics/molecular mechanics
(QM/MM) umbrella sampling simulations focused on the impact of environmental effects
on G•T/U wobble to tautomerization mechanisms [33,34]. Free energy calculations on
various systems, such as, isolated G•T mispair in aqueous, and the G•T base pair incorpo-
rated in A-DNA, B-DNA and DNA polymerase exhibited different stabilities for wobble
G•T , Genol•T , and G•Tenol structures.

It is known that there is a high prevalence of non-canonical base pairs in RNA and of
all studies on WC-mismatches, the mechanism of G•U 
 WC-like G•U enolic equilibrium
is considerably less explored. However, implications of such mispair and its WC-like tau-
tomeric forms were found to play crucial roles in nucleic acid catalysis [35,36], RNA-ligand
recognition [6,8], expanding the decoding capacity of transfer RNA [37,38], and therapeu-
tic applications [39]. Hence, in the present work, we have focused our investigation on
the G•U mispair and its tautomeric variants. To this end, we have employed QM, MD,
and QM/MM methods in order to characterize various intermediates and transition states.
We have performed a systematic study in order to find the mechanistic pathway using ap-
propriate theoretical methods as given below: (1) Ab initio calculation of the isolated base
pair in gas phase. These results indicate that wG•U to WC-like tautomerization is exoergic
in nature. (2) MD simulations in order to sample the phase space of the hp-GU-20 RNA and
hp-GU-24 RNA in explicit water. As a result, a microsolvation environment surrounding
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the base pair was determined for further investigation. (3) Ab initio calculation of the base
pair model within a microsolvent environment (considering only one water molecule). The
obtained mechanistic pathway manifests an endoergic reaction. (4) QM/MM calculations
incorporating ribosomal environment in explicit water surrounding the base pair. The
resulting pathway shows similarities with that of the gas phase QM calculations consid-
ering the base pair with microsolvation. This indicates that modeling of such base pair
transition using theoretical methods needs systematic benchmarking. QM/MM results
specifically unveil that intrinsic effects originating from the immediate surrounding of the
base pair might be the rationale of the experimentally observed populations of various
G•U mispairs.

2. Computational Methods and Details
2.1. QM

Geometry optimizations of all base pairs including intermediates and transition states
(TSs) along the wobble G•U 
 WC-like G•U pathway were carried out using the density
functional theory (DFT) employing the Gaussian 16 [40] program package. The Becke3–Lee–
Yang–Parr (B3LYP) [41–45] hybrid functional in combination with 6-311++G(d,p) [46–49]
basis sets was used. We modeled the gas phase reaction first by taking only the base pair
and then by including microsolvation along with the base pair. Intrinsic reaction coordinate
(IRC) calculations in both directions following the normal mode of the imaginary frequency
corresponding to a TS lead to a reactant and product.

2.2. MD

Initial structures and sequences for hp-GU-20 and hp-GU-24 RNA hairpins (untau-
tomerised forms) were selected as the reference from the NMR experimental data of Al-
Hashimi et al. [24,50]. The structures were further built using the VDfold3 server [51]. The
sequence for the hp-GU-20 RNA loop is (5′-GCAGUGGCUUCGGCCGCUGC-3′) and, simi-
larly for the hp-GU-24, the sequence used was (5′-GGCAGGUAGCUUCGGCUGCCUGCC-
3′). We have performed MD simulations using the NAMD [52] program employing the
CHARMM36 force field [53] and modified TIP3P water [54]. A pre-equilibrated waterbox
of volume (64 Å)3 was used to solvate the RNA systems. Nineteen Na+ ions for hp-GU-20
and twenty-three Na+ ions for hp-GU-24 were also added to the system. Overlapping
water molecules (defined to be within 2.4 Å of the RNA system) were removed. The model
systems were solvated in this equilibrated solvent box by a 20 ps minimization followed by
a 1 ns equilibration in NVT ensemble. Particle mesh Ewald (PME) was used to calculate the
long range electrostatic interactions using a grid spacing of 1.0 Å. A cutoff of 12 Å was used
for the short range Coulombic and Lennard–Jones interactions. The nonbonded interactions
were truncated by using a switching function between 10 Å and 12 Å. During equilibration
the backbone and side chain atoms of the RNA loop were restrained. The atom pair-lists
were updated periodically at every 10 steps with an integration time-step of 2 fs. All bonds
that include a hydrogen atom have been treated as rigid. In all the simulations, the ter-
minal base pairs were harmonically constrained using force constants of 5 kcal/mol/Å2

to avoid base fraying throughout simulations. Periodic boundary conditions were used
to simulate a continuous system. The trajectories of the molecules were calculated using
the velocity Verlet algorithm. The SHAKE algorithm was used to constrain the length of
covalent bonds involving hydrogen atoms [55]. The system was further subjected to a
100 ns of unconstrained production in NPT ensemble at a constant pressure of 1 atm using
a Nosé–Hoover Langevin piston [56,57], and at 300 K temperature.

2.3. QM/MM

We have prepared an initial structure for performing QM/MM calculations using
a structure taken from the MD trajectory of hp-GU-20. Afterwards, we have replaced
the atomic coordinates of the QM-region by optimized geometries of the reaction inter-
mediates obtained from QM gas phase calculations. Structural alignments were done
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using the VMD [58] program. All of these initial structures were further optimized us-
ing QM/MM methods. QM/MM calculations were performed using the ChemShell [59]
program interfacing the Orca [60] QM and CHARMM [61] MM program packages, mak-
ing use of the electrostatic embedding with the link atom approach and charge shift
scheme [62]. B3LYP/6-31G* level of theory (unless stated otherwise) with the combina-
tion of CHARMM36 [63] RNA force fields and TIP3P waters [64] were employed for all
QM/MM calculations. For geometry optimizations, the DL-POLY [65] implementation
with the DL-FIND optimizer [66] (for minimas) and HDLC optimizer [67] (for transition
states) was used. Minima were located using the L-BFGS algorithm [68]. Transition states
(TS) were found by a microiterative procedure that uses the P-RFO algorithm [69] for the
reaction core employing an explicit numerical Hessian for eigenvector following, while the
rest of the system is dealt with the L-BFGS scheme. All the optimizations were performed
using HDLC coordinates [67]. The default convergence criteria [67] were used unless
stated otherwise. Additionally, in case of TS, verification was done, so that, the available
Hessian contained one negative eigenvalue corresponding to an appropriate transition
vector. The QM part includes the G•U base pair (see Figure 2) consisting of 28 QM atoms
including the two link atoms. The QM/MM model includes two waters, and therefore, has
34 QM atoms. The active region that is allowed to move during the optimization includes
3 base pairs above and below the G•U base pair and surrounding water molecules till 6 Å,
beyond which the MM region was kept frozen. For a detailed illustration of various regions,
see Figure 2. Infinite cut off was used for nonbonding MM and QM/MM electrostatic
interactions. A QM/MM calculation for a particular structure, for example wG•U took
about six times more computational time in comparison to a lone QM calculation, see
Table S1 of the Supporting Information.

Figure 2. QM/MM simulation system. The G•U base pair (without the phosphate and sugar groups)
and two water molecules (in balls and sticks representation) are included in the QM-region. Waters
shown in red belong to the MM-active region, and the rest (gray) is the MM-frozen part.
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3. Results and Discussion

Reaction energies calculated using various theoretical approaches (QM and QM/MM)
for the transition from wG•U to WC-like tautomers are presented and discussed in the
following sections. Geometrical parameters (especially along the interface of the G•U mis-
pair) of reaction intermediates and transition states are given for QM-pathways, and results
obtained from analyses of MD trajectories from two different RNAs are shown as well.

3.1. QM Profile without Microsolvation

The reaction energy profile for the tautomerization of wG•U to G•Uenol , followed by
a double proton transfer reaction between G•Uenol and Genol•U is shown in Figure 3. The
corresponding barrier energies are 18.5 and 5.2 kcal/mol, respectively, for TS1‡ and TS2‡.
These results are quite similar to previous QM studies by Brovarets’ and Hovorun [20],
and QM/MM MD studies by Pengfei et al. [33] in the case of wG•T to WC-like enolic
G•T transitions. They have reported barriers of about ∼15–20 kcal/mol for TS1‡, and
∼4–7 kcal/mol for TS2‡. Figure 3 shows that G•Uenol and Genol•U have almost comparable
energies with respect to the wG•U mispair. Besides, Genol•U is slightly more stable than the
G•Uenol , just by ∼0.4 kcal/mol. As a results, the G•Uenol → Genol•U transition is slightly
energetically favorable.
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Figure 3. Reaction energy profile and geometries of reaction intermediates and transition states of
the wG•U to WC-like tautomerization pathway obtained using QM calculations. Relative energies
(kcal/mol) are calculated with respect to the wG•U base pair.

This is quite similar to what has been found earlier in case of the G•T mispair [20,21,33].
The reaction free energies reported by Pengfei et al. indicates that wG•T → G•Tenol

tautomerization is endoergic in aqueous solution, and in A-form and B-form DNA duplexes,
but slightly exoergic in the DNA polymerase [33]. Unlike those, our present results show
that wG•U → G•Uenoltautomerization is slightly exoergic. However, previous studies
using NMR relaxation dispersion technique measured 99% population of the ground state
wobble G•T/U tautomers [24] indicating severe mismatch between the theoretical gas
phase and experimental data. Nevertheless, at this point our understanding remains
unclear whether obvious differences are arising because of the ribosomal G•U mispair, or
aqueous environment or even both.
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3.2. Conformational Space Sampling Using MD Simulations

To gain further insights into the ambiguous QM results of the gas phase G•U mispair,
we have extended our computations using MD simulations for two different RNA systems,
namely hp-GU-20 and hp-GU-24 RNA. Figure 4a depicts three different donor–acceptor
(DA) distances: 1 N3· · ·O6, 2 N1· · ·O2, and 3 N2· · ·O2. Figure 4b shows probability
distributions of three DA distances along the trajectory of the hp-GU-20 RNA. Similar
plots of the other hp-GU-24 RNA studied here are shown in the Supporting Information,
Figure S1. These distributions clearly show the existence of three majorly populated peaks
at the DA distance of about 2.8, 4.7, and 4.0 Å. It can be seen that DA 1 and 2 are almost
100% populated at about 2.8 Å. Additionally, the DA 1 arises at about 4.7 Å with below
10% population. Whereas, the DA 3 shows two peaks: One at about 2.9 Å, and the second
at 4.0 Å with about 40% and 100% probabilities, respectively. It is evident that DA 1 and
DA 3 are associated with two distinct populated states. Whereas, population of the DA 2
shows a single peak.
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Figure 4. Analyses of MD trajectories reveal two distinct states: (a) Three donor–acceptor (DA) distances: 1 N3· · ·O6, 2
N1· · ·O2, and 3 N2· · ·O2. (b) Probability distributions of three DA distances. (c) Relative energies of G•U base pair along
reaction coordinate O· · ·H corresponding to DA 1 computed at B3LYP/6-311++G(d,p). (d) G•U base pair is represented
with balls and sticks, and averaged positions of water molecules are shown in Cyan colored balls in hp-GU-20 RNA.

To gain further insights into the observed bifurcated populations of both DA 1 and
3, we performed single point QM energy computations of the G•U base pair along the
O· · ·H coordinate associated with the DA 1. Relative energies are plotted in Figure 4c.
Interestingly, in the PES along the O· · ·H reaction coordinate, two distinct structures were
present [70]. One state seems to be energetically less favorable compared to the other
state. However, from the equilibrium MD trajectories we did find that two states co-exist;
interactions with water molecules paved a way for that. In fact, these two DA distances
1 and 3 are separated by waters. To this end, we found averaged-positions of two water
molecules at two different states, see Figure 4d, top and bottom.
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3.3. QM Profile Including Microsolvation

Having found that interactions between the G•U base pair and water molecules play
a significant role in modulating the stabilities of the two distinct states (wG•U and w'G•U),
we have incorporated one water molecule along with the G•U base pair and performed
geometry optimizations and frequency calculations for all intermediates and transition
states (for energetics, see Figure 5).
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Figure 5. Reaction energy profile, and geometries of two types of wobble structures (wG•U and
w'G•U) and one transition state TS1‡ along the wG•U to WC-like tautomerization pathway obtained
using QM calculations with microsolvation, see Figure 3 for the remaining three structures G•Uenol ,
TS2‡, and Genol•U , which are identical to those obtained from QM gas phase calculations. Here,
one water molecule is present in addition to the G•U base pair. Relative energies (kcal/mol) are
calculated with respect to the wG•U base pair.

Surprisingly, the relative energy of the TS1‡ is lowered to 13.3 kcal/mol. In addition
to that, the w'G•U structure, which turned out to be the most stable intermediate along
the reaction energy profile, was located. This w'G•U structure has a relative energy of
about −2.0 kcal/mol. Various wobble mismatches were reported earlier in order to predict
novel pathways to connect WC-like Genol•T and G•T DNA base mispairs [20]; however,
no water was included into the system. Interestingly, now wG•U → G•Uenol becomes
endoergic as was reported in case of wG•T→ G•Tenol tautomerization [33]. As a result of
that, the relative energy of the TS2‡ increases to 15 kcal/mol, yet the G•Uenol → Genol•U
transition is slightly favorable as was found earlier from QM reaction energy profile without
the microsolvation. A point to be noted: In case of the QM-modeling of the G•Uenol →
Genol•U transition, as the water molecule is not directly taking part, while calculating
the relative energies of G•Uenol and Genol•U with respect to the wG•U structure, the
energy of one water molecule calculated at the same QM-level of the theoretical methods
(i.e., B3LYP/6-311++G(d,p)) was added with the respective intermediates and/or TS. The
TS2‡ shows higher activation barrier with water compared to that of without the water (see
Figure 5). However, the overall effects of the inclusion of the microsolvent environment in
the QM-gas phase model cannot be overlooked.

The ambiguity over structural and energetical characterizations of the wobble to WC-
like transformation with the incorporation of the water still lacks clear evidence because
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the TS1‡ without the water has five intermolecular H-bonding interactions (Figure 3). In
the case of the gas phase QM calculations, the inclusion of the water seems to overcome a
barrier that has the characteristic of an open configuration, see Figure 5. The desolvation
of the (inter-base) hydrogen-bonding partners induces a favorable structural rearrange-
ment. Besides, a slight non-planarity of the base pair is revealed. Earlier investigation
predicted that the wobble to WC-like transition occurs without opening the base pair,
and consequently tautomerizes to the WC-like base pair [20]. Until now, various studies
addressed the wobble to WC-like transition in case of the G•U mispair considering the
environmental contributions. However, conclusions drawn from them differ from exoergic
and/or endoergic in closed-model and/or open-model [16,34,71–74]. Energies obtained
from microsolvation seem to agree with experimental results [24] (ground state wG•U pop-
ulation >99%). This may indicate that solvation is important to get the qualitative trend
correct. In order to further validate this we have performed QM/MM calculations on the
hp-GU-20 RNA and obtained results are discussed in the following section.

3.4. QM/MM Profile

Studying chemical processes in DNA and RNA using the QM/MM approach which
is known to describe the environmental effects of a system better compared to a smaller
QM model, have become very popular [75–77]. In the current study, the computed reaction
energy profile from the QM/MM calculations are presented in Figure 6. Here, again the
relative energies of all intermediates and TSs are calculated with respect to the wobble
G•U model. Firstly, wG•U→ G•Uenol tautomerization process is consistently endoergic
without and with inclusion of the microsolvation environment in the QM region. In the ab-
sence of water in the QM region, the relative energies of the WC-like G•Uenol and Genol•U
structures were in the range of ∼5.0 kcal/mol, while in microsolvation environment their
relative energies reduced to ∼2.0 kcal/mol. Consequently, Boltzmann population ratios of
the G•Uenol :Genol•U changed from 41:59 in absence of water to 16:84 in presence of water.
The lone QM/MM values give an excellent agreement with the experimentally estimated ra-
tios [24] however, microsolvated QM/MM values differ. Secondly, the G•Uenol → Genol•U
transition is again slightly more favorable in both the cases. Figure S3 of the Supporting
Information shows the geometrical parameters (specially along the interface of the G•U mi-
spair) of reaction intermediates and transition states obtained from QM/MM calculations.

Understanding the exact role of solvents either in G•U/T 
 WC-like G•Uenol/Tenol

or in G•Uenol/Tenol 
 Genol•U /T transitions is not yet clear as we have discussed in
the preceding Section for QM models. From our QM/MM results, we see that water
molecules kind of influence the microenvironment of the G•U base pair. It can be seen
from the Figure S3c of the Supporting Information, the presence of water molecules tried
to maximize their interactions with the base pair while keeping the planarity due the
intra-base pair hydrogen bonding interactions. However, in case of the wG•U geometry,
water molecules tried to orient themselves best to increase their interactions but not as
efficiently as in enol forms. Therefore, stabilization of the enol forms is energetically more
favorable compared to the wobble form. As a results, relative energies of the enol forms
are reduced by about 2 kcal/mol at the microsolvated QM/MM level compared to the
QM/MM alone.



Int. J. Mol. Sci. 2021, 22, 5411 9 of 15

35.06b

TS1
‡′

R
el

at
iv

e 
en

er
gi

es
, k

ca
l/m

ol
 

QM/MM
QM/MM microsolvation

wG•U 

5

10

15

20

TS2
‡ 

TS1
‡ 

0.0

8.08a
13.34

10.72

4.73 4.52

2.28

G•U
enol

1.28

G
enol

•U 

35

Figure 6. Reaction energy profiles of wG•U to WC-like tautomerization pathways obtained using QM/MM calculations. In
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S3 and S4 in the Supporting Information. Relative energies (kcal/mol) are calculated with respect to the wG•U base pair.

One of the main objectives in this study was to calculate reaction barriers inclusively
with the environmental effects coming from the solvent and the RNA by its very nature.
However, locating TSs are not very straightforward specially, when various degrees of
freedom are not only coupled intramolecularly but also intermolecularly. In particular,
TS1‡, which has five intermolecular H-bonds including the bifurcated ones, was one of
the most challenging to find out. In order to identify a TS, probably the most simplistic
and intuitive approach is the constrained TS search. Here, a few (one and/or two) of the
reaction coordinates along which the reaction may occur is chosen to be constrained while
all other degrees of freedom are allowed to relax during the optimization. We have chosen
two reaction coordinates for each constrained TS search. In the case of the TS1‡, two such
2-dimensional (2-D) constrained TS searches are depicted in Figure S2a,b in the Supporting
Information. The highest energy point on the path can be considered as an approximation
to the first-order saddle point–the true TS. The presence of a negative eigenvalue in the
calculated Hessian matrix corresponding to the structure at the highest energy point in
the potential energy surface (PES) ensures a possible TS of interest. Likewise, we were
successful in locating a highest energy point (highlighted in Figure S2a in the Supporting
Information). However, despite obtaining the negative eigenvalue, the displacement
vectors for the normal mode did not correspond to TS1‡. Hence we did not consider it as a
probable TS1‡. Imaginary frequencies of all valid transition states found in this study are
listed in Table S2 of the Supporting Information.

Further, we have directly incorporated the TS1‡ geometry obtained from the QM gas
phase calculation into the QM-subsystem of the QM/MM-setup. The frequency calculation
of this particular structure gave us an imaginary frequency, and visualization of this
normal mode indicated the correct atomic displacements related to the TS1‡. During the TS
optimization with the default convergence criteria, the negative eigenvalue in the Hessian
disappears, possibly due to the smaller magnitude of the eigenvalue. Therefore, we have
reported one probable TS1‡ structure and its energy, which lies at about 8.0 kcal/mol in
the PES.
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In searching for a TS1‡ structure, another 2-D constrained TS search was performed,
simply based on a chemical intuition, see Figure S2b in the Supporting Information. Here,
we did find a TS that connects between the wG•U and Genol•U structures, with slightly less
tight convergence criteria (for details see the Supporting Information). It lies quite high in

the energy profile, by about 35 kcal/mol. In this transition state TS1‡', formation of an N–H
bond taking place concurrently with an N-H cleavage within this moiety G:N1· · ·H· · ·N3:U.
Maybe this is an alternate pathway with a higher energy barrier (due to the non-planarity
of the base pair) in comparison to the wG•U→ G•Uenol transition. A similar non-planar TS
was reported earlier, connecting a variant of the wobble geometries (authors named it as w2)
and the Genol•T with a barrier as high as ∼40 kcal/mol. Brovarets’ and Hovorun predicted
that, as the G•Tenol → Genol•T transition is energetically more favorable, the short lived
G•Tenol structure transforms fast into the Genol•T mismatch, hence playing the crucial role
indirectly in DNA replication [32]. Similarly, in the case of the G•U to WC-like transition

also, Genol•U is most likely to play a significant role, albeit indirectly, because, the TS1‡'
(Figure 6) has a higher barrier compared to that of the TS1‡. Therefore, the wG•U will
overcome the low-barrier TS1‡ and reach G•Uenol , and would be followed by an exoergic
G•Uenol → Genol•U transition via TS2‡, in spite of the marginal favorable stability of the
Genol•U tautomer.

Very recently, Li et al. calculated QM/MM free energies using umbrella sampling
simulations for G•T→WC-like G•Tenol transition in DNA, that is 15.7 kcal/mol, which
is very close to the experimental free energy value of ∼16 kcal/mol [33]. Here, we are
reporting QM/MM reaction energies for the G•U→WC-like G•Uenol transition in RNA,
with a barrier of 8.08 kcal/mol (QM/MM without the microsolvation). Apart from the
dissimilar base pairs, discrepancy may arise from various aspects, and could be explained
as follows: (1) Even though both studies use QM/MM methods, results may vary due
the computational protocols used therein, not only in terms of the exchange-correlation
(XC) functionals/basis sets used but also the way free energies/reaction energies are
calculated. Li et al. calculated the free energy barrier for the tautomerization process from
the configurations space, which was approximately sampled using 13 reaction coordinates
using the umbrella sampling techniques. In contrast, we have computed the barrier
(static) from the fully relaxed geometries. Further, varying experimental thermodynamic
conditions mentioned in [24] from the theoretical computations can also be one of the
reasons. Nevertheless, locating the TS1‡ (QM/MM) was really challenging in this study.
We need further investigation into QM/MM, dedicated solely to considering various
XC-functionals, and sizes of the QM-region, number of water molecules included in the
QM-region. Certainly, we cannot discard the possibility of variants of TS1‡ with slightly
varying energy barriers.

On the contrary, finding a TS2‡ structure was more straightforward. Figure 7 shows
the energy profile of the corresponding 2-D constrained TS search (see Section S2.1 in
the Supporting Information for details). The resulting TS connects between G•Uenol and
Genol•U structures. The TS2‡ exhibits a double proton transfer. Similar TS structure
was found earlier by computational studies connecting the WC-like G•Tenol and Genol•T
tautomers [20].
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Figure 7. Reaction profile of the constrained TS search along the reaction coordinate X and Y highlighted in the balls and
sticks representation of the G•U base pair for locating TS2‡ (6-31+G* basis sets used). Here, the QM-region consists of the
G•U base pair along with two water molecules. The highlighted point was used for the TS optimization. Relative energies
(kcal/mol) are calculated with respect to the wG•U base pair.

4. Conclusions

We have modeled the wG•U→WC-like tautomerization pathways using various
computational approaches, such as, QM, MD, and QM/MM. We have addressed the mi-
croenvironmental effects on the transition pathways as well. The low abundance, transient
nature, and involvement of dynamic protons make characterizing these energetically un-
favorable tautomeric bases a challenge. The methods that we have used could help to
further study other WC-like mispair reactions, which otherwise have proved elusive to
study experimentally. This could further help in understanding of nucleic acid catalysis,
RNA–ligand recognition, and in the therapeutic mechanisms of nucleic acid base analogues.
Furthermore, these methods help in studying their role in miscorporations during replica-
tion and translation, and could also help in drug design to prevent spontaneous mutations.
All of our studied models revealed a slightly favorable stability of the Genol•U tautomer.
The QM model with a single water molecule predicts an endoergic wobble to WC-like
tutomerization, which was an exoergic process in the absence of water. Relative energies
obtained from our QM model with microsolvation and QM/MM models agree with the
experimentally obtained population percentages of the wobble and enolic structures; ener-
gies obtained from the gas phase QM results did not agree, because the enolic structures
came out to be more favorable in comparison to wobble.

This clearly indicates that gas phase QM models have significant environmental
effects on the reaction energies, corroborating a very recent study on the G•T mispair
using QM/MM umbrella sampling free energy simulations [33]. However, QM/MM
models offer an endoergic tautomerization process irrespective of the microenvironment.
Within the microsolvation environment, the QM/MM reaction barrier is further lowered.
What are the intrinsic interaction properties of ribosomal nucleobases, and what are the
explicit waters that play significant yet characteristic roles in spontaneous mutations
are still outstanding questions. This study sets a benchmark of various computational
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models employed to study the wobble G•U to WC-like tautomerization pathways with
and without the environmental effects, and may contribute to further understanding the
mispair tautomerization pathways related to other biological important mispairs as well.
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Author Contributions: Conceptualization, U.D.P.; investigation, formal analysis, software, data
curation, and visualization, S.C.; partial investigation, T.J.; methodology and validation, S.R. and
U.D.P.; writing—original draft preparation, S.R.; writing—review and editing, all authors; super-
vision, project administration, and funding acquisition, S.R. and U.D.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the DST-SERB (grant no. EMR/2016/007697), DST/WOS-
A (grant, no. SR/WOS-A/CS-19/2018 (G), and IHub-Data, International Institute of Information
Technology, Hyderabad.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and supplementary material.

Acknowledgments: UDP thanks the Indian National Science Academy and the Royal Society of Edin-
burgh for a visiting fellowship. UDP also thanks Tell Tuttle and Devesh Kumar for fruitful discussions.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
The following abbreviations are used in this manuscript:

QM/MM Quantum Mechanics/Molecular Mechanics
MD Molecular Dynamics
DFT Density Functional Theory
NMR Nuclear Magnetic Resonance
WC Watson–Crick
guanine•uracil G•U
DNA Deoxyribonucleic Acid
RNA Ribonucleic Acid

References
1. Watson, J.D.; Crick, F.H. Genetical implications of the structure of deoxyribonucleic acid. Nature 1953, 171, 964–967. [CrossRef]
2. Topal, M.D.; Fresco, J.R. Complementary base pairing and the origin of substitution mutations. Nature 1976, 263, 285–289.

[CrossRef]
3. Draper, D.E. A guide to ions and RNA structure. RNA 2004, 10, 335–343. [CrossRef]
4. Lipfert, J.; Doniach, S.; Das, R.; Herschlag, D. Understanding Nucleic Acid–Ion Interactions. Annu. Rev. Biochem. 2014, 83, 813–841.

[CrossRef]
5. Singh, V.; Fedeles, B.I.; Essigmann, J.M. Role of tautomerism in RNA biochemistry. RNA 2015, 21, 1–13. [CrossRef] [PubMed]
6. Gilbert, S.D.; Reyes, F.E.; Edwards, A.L.; Batey, R.T. Adaptive ligand binding by the purine riboswitch in the recognition of

guanine and adenine analogs. Structure 2009, 17, 857–868. [CrossRef]
7. Thore, S.; Frick, C.; Ban, N. Structural basis of thiamine pyrophosphate analogues binding to the eukaryotic riboswitch. J. Am.

Chem. Soc. 2008, 130, 8116–8117. [CrossRef] [PubMed]
8. Singh, V.; Peng, C.S.; Li, D.; Mitra, K.; Silvestre, K.J.; Tokmakoff, A.; Essigmann, J.M. Direct observation of multiple tautomers

of oxythiamine and their recognition by the thiamine pyrophosphate riboswitch. ACS Chem. Biol. 2014, 9, 227–236. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/ijms22115411/s1
https://www.mdpi.com/article/10.3390/ijms22115411/s1
http://doi.org/10.1038/171964b0
http://dx.doi.org/10.1038/263285a0
http://dx.doi.org/10.1261/rna.5205404
http://dx.doi.org/10.1146/annurev-biochem-060409-092720
http://dx.doi.org/10.1261/rna.048371.114
http://www.ncbi.nlm.nih.gov/pubmed/25516996
http://dx.doi.org/10.1016/j.str.2009.04.009
http://dx.doi.org/10.1021/ja801708e
http://www.ncbi.nlm.nih.gov/pubmed/18533652
http://dx.doi.org/10.1021/cb400581f
http://www.ncbi.nlm.nih.gov/pubmed/24252063


Int. J. Mol. Sci. 2021, 22, 5411 13 of 15

9. Mulder, F.A.; Mittermaier, A.; Hon, B.; Dahlquist, F.W.; Kay, L.E. Studying excited states of proteins by NMR spectroscopy. Nat.
Struct. Biol. 2001, 8, 932–935. [CrossRef]

10. Early, T.A.; Olmsted, J., III; Kearns, D.R.; Lezius, A.G. Base pairing structure in the poly d (GT) double helix: Wobble base pairs.
Nucleic Acids Res. 1978, 5, 1955–1970. [CrossRef] [PubMed]

11. Hunter, W.N.; Brown, T.; Kneale, G.; Anand, N.N.; Rabinovich, D.; Kennard, O. The structure of guanosine-thymidine mismatches
in B-DNA at 2.5-A resolution. J. Biol. Chem. 1987, 262, 9962–9970. [CrossRef]

12. Brown, T.; Kennard, O.; Kneale, G.; Rabinovich, D. High-resolution structure of a DNA helix containing mismatched base pairs.
Nature 1985, 315, 604–606. [CrossRef]

13. Ho, P.; Frederick, C.; Quigley, G.; Van der Marel, G.; Van Boom, J.; Wang, A.; Rich, A. GT wobble base-pairing in Z-DNA at 1.0 A
atomic resolution: The crystal structure of d (CGCGTG). EMBO J. 1985, 4, 3617–3623. [CrossRef]

14. Bebenek, K.; Pedersen, L.C.; Kunkel, T.A. Replication infidelity via a mismatch with Watson–Crick geometry. Proc. Natl. Acad.
Sci. USA 2011, 108, 1862–1867. [CrossRef]

15. Wang, W.; Hellinga, H.W.; Beese, L.S. Structural evidence for the rare tautomer hypothesis of spontaneous mutagenesis. Proc.
Natl. Acad. Sci. USA 2011, 108, 17644–17648. [CrossRef] [PubMed]

16. Demeshkina, N.; Jenner, L.; Westhof, E.; Yusupov, M.; Yusupova, G. A new understanding of the decoding principle on the
ribosome. Nature 2012, 484, 256–259. [CrossRef]

17. Padermshoke, A.; Katsumoto, Y.; Masaki, R.; Aida, M. Thermally induced double proton transfer in GG and wobble GT base
pairs: A possible origin of the mutagenic guanine. Chem. Phys. Lett. 2008, 457, 232–236. [CrossRef]

18. Nomura, K.; Hoshino, R.; Shimizu, E.; Hoshiba, Y.; Danilov, V.I.; Kurita, N. DFT calculations on the effect of solvation on the
tautomeric reactions for wobble Gua-Thy and canonical Gua-Cyt base-pairs. J. Mod. Phys. 2013, 4, 422–431. [CrossRef]

19. Ol’ha, O.B.; Hovorun, D.M. New structural hypostases of the A· T and G· C Watson–Crick DNA base pairs caused by their
mutagenic tautomerisation in a wobble manner: A QM/QTAIM prediction. RSC Adv. 2015, 5, 99594–99605.

20. Brovarets’, O.O.; Hovorun, D.M. How many tautomerization pathways connect Watson–Crick-like G*· T DNA base mispair and
wobble mismatches? J. Biomol. Struct. Dyn. 2015, 33, 2297–2315. [CrossRef] [PubMed]

21. Maximoff, S.N.; Kamerlin, S.C.L.; Flori’an, J. DNA polymerase λ active site favors a mutagenic mispair between the enol form
of deoxyguanosine triphosphate substrate and the keto form of thymidine template: A free energy perturbation study. J. Phys.
Chem. B 2017, 121, 7813–7822. [CrossRef]

22. Satpati, P.; Åqvist, J. Why base tautomerization does not cause errors in mRNA decoding on the ribosome. Nucleic Acids Res.
2014, 42, 12876–12884. [CrossRef] [PubMed]

23. Hartono, Y.D.; Ito, M.; Villa, A.; Nilsson, L. Computational study of uracil tautomeric forms in the ribosome: The case of uracil
and 5-oxyacetic acid uracil in the first anticodon position of tRNA. J. Phys. Chem. B 2018, 122, 1152–1160. [CrossRef] [PubMed]

24. Kimsey, I.J.; Petzold, K.; Sathyamoorthy, B.; Stein, Z.W.; Al-Hashimi, H.M. Visualizing transient Watson–Crick-like mispairs in
DNA and RNA duplexes. Nature 2015, 519, 315–320. [CrossRef]

25. Szymanski, E.S.; Kimsey, I.J.; Al-Hashimi, H.M. Direct NMR evidence that transient tautomeric and anionic states in dG· dT form
Watson–Crick-like base pairs. J. Am. Chem. Soc. 2017, 139, 4326–4329. [CrossRef]

26. Kimsey, I.J.; Szymanski, E.S.; Zahurancik, W.J.; Shakya, A.; Xue, Y.; Chu, C.C.; Sathyamoorthy, B.; Suo, Z.; Al-Hashimi, H.M.
Dynamic basis for dG• dT misincorporation via tautomerization and ionization. Nature 2018, 554, 195–201. [CrossRef]

27. Orozco, M.; Hernández, B.; Luque, F.J. Tautomerism of 1-methyl derivatives of uracil, thymine, and 5-bromouracil. Is tautomerism
the basis for the mutagenicity of 5-bromouridine? J. Phys. Chem. B 1998, 102, 5228–5233. [CrossRef]

28. Hunter, W.N.; Kneale, G.; Brown, T.; Rabinovich, D.; Kennard, O. Refined crystal structure of an octanucleotide duplex with G· T
mismatched base-pairs. J. Mol. Biol. 1986, 190, 605–618. [CrossRef]

29. Koag, M.C.; Nam, K.; Lee, S. The spontaneous replication error and the mismatch discrimination mechanisms of human DNA
polymerase β. Nucleic Acids Res. 2014, 42, 11233–11245. [CrossRef] [PubMed]

30. Wu, E.Y.; Beese, L.S. The structure of a high fidelity DNA polymerase bound to a mismatched nucleotide reveals an “ajar”
intermediate conformation in the nucleotide selection mechanism. J. Biol. Chem. 2011, 286, 19758–19767. [CrossRef]

31. Xia, S.; Konigsberg, W.H. Mispairs with Watson-Crick base-pair geometry observed in ternary complexes of an RB69 DNA
polymerase variant. Protein Sci. 2014, 23, 508–513. [CrossRef]

32. Brovarets’, O.O.; Hovorun, D.M. The nature of the transition mismatches with Watson–Crick architecture: The G*· T or G· T*
DNA base mispair or both? A QM/QTAIM perspective for the biological problem. J. Biomol. Struct. Dyn. 2015, 33, 925–945.
[CrossRef] [PubMed]

33. Li, P.; Rangadurai, A.; Al-Hashimi, H.M.; Hammes-Schiffer, S. Environmental Effects on Guanine-Thymine Mispair Tautomer-
ization Explored with Quantum Mechanical/Molecular Mechanical Free Energy Simulations. J. Am. Chem. Soc. 2020, 142,
11183–11191. [CrossRef] [PubMed]

34. Kazantsev, A.; Ignatova, Z. Tautomerization constraints the accuracy of codon-anticodon decoding. bioRxiv 2020. [CrossRef]
35. Bevilacqua, P.C.; Yajima, R. Nucleobase catalysis in ribozyme mechanism. Curr. Opin. Chem. Biol. 2006, 10, 455–464. [CrossRef]

[PubMed]
36. Cochrane, J.C.; Strobel, S.A. Catalytic strategies of self-cleaving ribozymes. Acc. Chem. Res. 2008, 41, 1027–1035. [CrossRef]

http://dx.doi.org/10.1038/nsb1101-932
http://dx.doi.org/10.1093/nar/5.6.1955
http://www.ncbi.nlm.nih.gov/pubmed/673842
http://dx.doi.org/10.1016/S0021-9258(18)61060-9
http://dx.doi.org/10.1038/315604a0
http://dx.doi.org/10.1002/j.1460-2075.1985.tb04125.x
http://dx.doi.org/10.1073/pnas.1012825108
http://dx.doi.org/10.1073/pnas.1114496108
http://www.ncbi.nlm.nih.gov/pubmed/22006298
http://dx.doi.org/10.1038/nature10913
http://dx.doi.org/10.1016/j.cplett.2008.04.029
http://dx.doi.org/10.4236/jmp.2013.43A059
http://dx.doi.org/10.1080/07391102.2015.1046936
http://www.ncbi.nlm.nih.gov/pubmed/25932960
http://dx.doi.org/10.1021/acs.jpcb.7b04874
http://dx.doi.org/10.1093/nar/gku1044
http://www.ncbi.nlm.nih.gov/pubmed/25352546
http://dx.doi.org/10.1021/acs.jpcb.7b10878
http://www.ncbi.nlm.nih.gov/pubmed/29260566
http://dx.doi.org/10.1038/nature14227
http://dx.doi.org/10.1021/jacs.7b01156
http://dx.doi.org/10.1038/nature25487
http://dx.doi.org/10.1021/jp981005+
http://dx.doi.org/10.1016/0022-2836(86)90246-9
http://dx.doi.org/10.1093/nar/gku789
http://www.ncbi.nlm.nih.gov/pubmed/25200079
http://dx.doi.org/10.1074/jbc.M110.191130
http://dx.doi.org/10.1002/pro.2434
http://dx.doi.org/10.1080/07391102.2014.924879
http://www.ncbi.nlm.nih.gov/pubmed/24842163
http://dx.doi.org/10.1021/jacs.0c03774
http://www.ncbi.nlm.nih.gov/pubmed/32459476
http://dx.doi.org/10.1101/2020.10.19.344408
http://dx.doi.org/10.1016/j.cbpa.2006.08.014
http://www.ncbi.nlm.nih.gov/pubmed/16935552
http://dx.doi.org/10.1021/ar800050c


Int. J. Mol. Sci. 2021, 22, 5411 14 of 15

37. Weixlbaumer, A.; Murphy, F.V.; Dziergowska, A.; Malkiewicz, A.; Vendeix, F.A.; Agris, P.F.; Ramakrishnan, V. Mechanism
for expanding the decoding capacity of transfer RNAs by modification of uridines. Nat. Struct. Mol. Biol. 2007, 14, 498–502.
[CrossRef]

38. Cantara, W.A.; Murphy, F.V.; Demirci, H.; Agris, P.F. Expanded use of sense codons is regulated by modified cytidines in tRNA.
Proc. Natl. Acad. Sci. USA 2013, 110, 10964–10969. [CrossRef] [PubMed]

39. Li, D.; Fedeles, B.I.; Singh, V.; Peng, C.S.; Silvestre, K.J.; Simi, A.K.; Simpson, J.H.; Tokmakoff, A.; Essigmann, J.M. Tautomerism
provides a molecular explanation for the mutagenic properties of the anti-HIV nucleoside 5-aza-5, 6-dihydro-2’-deoxycytidine.
Proc. Natl. Acad. Sci. USA 2014, 111, E3252–E3259. [CrossRef]

40. Frisch, M.J.; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, J.R.; Scalmani, G.; Barone, V.; Petersson, G.A.;
Nakatsuji, H.; et al. Gaussian~16 Revision C.01; Gaussian Inc.: Wallingford, CT, USA, 2016.

41. Dirac, P.A.M. Quantum Mechanics of Many-Electron Systems. Proc. R. Soc. Lond. A 1929, 123, 714–733.
42. Slater, J.C. A Simplification of the Hartree-Fock Method. Phys. Rev. 1951, 81, 385–390. [CrossRef]
43. Becke, A.D. Density-functional exchange-energy approximation with correct asymptotic behavior. Phys. Rev. A 1988, 38, 3098–3100.

[CrossRef]
44. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.

Phys. Rev. B 1988, 37, 785–789. [CrossRef]
45. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
46. Krishnan, R.; Binkley, J.S.; Seeger, R.; Pople, J.A. Self-consistent molecular orbital methods. XX. A basis set for correlated wave

functions. J. Chem. Phys. 1980, 72, 650–654. [CrossRef]
47. Clark, T.; Chandrasekhar, J.; Spitznagel, G.W.; Schleyer, P.V.R. Efficient diffuse function-augmented basis sets for anion calculations.

III. The 3-21+ G basis set for first-row elements, Li–F. J. Comput. Chem. 1983, 4, 294–301. [CrossRef]
48. Frisch, M.J.; Pople, J.A.; Binkley, J.S. Self-consistent molecular orbital methods 25. Supplementary functions for Gaussian basis

sets. J. Chem. Phys. 1984, 80, 3265–3269. [CrossRef]
49. Pietro, W.J.; Francl, M.M.; Hehre, W.J.; DeFrees, D.J.; Pople, J.A.; Binkley, J.S. Self-consistent molecular orbital methods. 24.

Supplemented small split-valence basis sets for second-row elements. J. Am. Chem. Soc. 1982, 104, 5039–5048. [CrossRef]
50. Dethoff, E.A.; Petzold, K.; Chugh, J.; Casiano-Negroni, A.; Al-Hashimi, H.M. Visualizing transient low-populated structures of

RNA. Nature 2012, 491, 724–728. [CrossRef]
51. Xu, X.; Zhao, P.; Chen, S.J. Vfold: A web server for RNA structure and folding thermodynamics prediction. PLoS ONE 2014,

9, e107504. [CrossRef]
52. Phillips, J.C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid, E.; Villa, E.; Chipot, C.; Skeel, R.D.; Kale, L.; Schulten, K. Scalable

molecular dynamics with NAMD. J. Comput. Chem. 2005, 26, 1781–1802. [CrossRef] [PubMed]
53. MacKerell, A.D., Jr.; Banavali, N.; Foloppe, N. Development and current status of the CHARMM force field for nucleic acids.

Biopolym. Orig. Res. Biomol. 2000, 56, 257–265. [CrossRef]
54. Mark, P.; Nilsson, L. Structure and dynamics of the TIP3P, SPC, and SPC/E water models at 298 K. J. Phys. Chem. A 2001,

105, 9954–9960. [CrossRef]
55. Ryckaert, J.P.; Ciccotti, G.; Berendsen, H.J. Numerical integration of the cartesian equations of motion of a system with constraints:

Molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]
56. Feller, S.E.; Zhang, Y.; Pastor, R.W.; Brooks, B.R. Constant pressure molecular dynamics simulation: The Langevin piston method.

J. Chem. Phys. 1995, 103, 4613–4621. [CrossRef]
57. Martyna, G.J.; Tobias, D.J.; Klein, M.L. Constant pressure molecular dynamics algorithms. J. Chem. Phys. 1994, 101, 4177–4189.

[CrossRef]
58. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38. [CrossRef]
59. Metz, S.; Kästner, J.; Sokol, A.A.; Keal, T.W.; Sherwood, P. ChemShell—A modular software package for QM/MM simulations.

WIREs Comput. Mol. Sci. 2014, 4, 101–110,
60. Neese, F. Software update: The ORCA program system, version 4.0. WIREs Comput. Mol. Sci. 2018, 8, e1327. [CrossRef]
61. Brooks, B.R.; Brooks, C.L., III; Mackerell, A.D., Jr.; Nilsson, L.; Petrella, R.J.; Roux, B.; Won, Y.; Archontis, G.; Bartels, C.; Boresch,

S.; et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30, 1545–1614. [CrossRef]
62. Sherwood, P.; de Vries, A.H.; Guest, M.F.; Schreckenbach, G.; Catlow, C.A.; French, S.A.; Sokol, A.A.; Bromley, S.T.; Thiel, W.;

Turner, A.J.; et al. QUASI: A general purpose implementation of the QM/MM approach and its application to problems in
catalysis. J. Mol. Struct. THEOCHEM 2003, 632, 1–28. [CrossRef]

63. Denning, E.J.; Priyakumar, U.D.; Nilsson, L.; Mackerell, A.D., Jr. Impact of 2’-hydroxyl sampling on the conformational properties
of RNA: Update of the CHARMM all-atom additive force field for RNA. J. Comput. Chem. 2011, 32, 1929–1943. [CrossRef]

64. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential functions for
simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]

65. Smith, W.; Forester, T. DL_POLY_2.0: A general-purpose parallel molecular dynamics simulation package. J. Mol. Graph. 1996,
14, 136–141. [CrossRef]

66. Kästner, J.; Carr, J.M.; Keal, T.W.; Thiel, W.; Wander, A.; Sherwood, P. DL-FIND: An open-source geometry optimizer for atomistic
simulations. J. Phys. Chem. A 2009, 113, 11856–11865. [CrossRef]

http://dx.doi.org/10.1038/nsmb1242
http://dx.doi.org/10.1073/pnas.1222641110
http://www.ncbi.nlm.nih.gov/pubmed/23781103
http://dx.doi.org/10.1073/pnas.1405635111
http://dx.doi.org/10.1103/PhysRev.81.385
http://dx.doi.org/10.1103/PhysRevA.38.3098
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1063/1.438955
http://dx.doi.org/10.1002/jcc.540040303
http://dx.doi.org/10.1063/1.447079
http://dx.doi.org/10.1021/ja00383a007
http://dx.doi.org/10.1038/nature11498
http://dx.doi.org/10.1371/journal.pone.0107504
http://dx.doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
http://dx.doi.org/10.1002/1097-0282(2000)56:4<257::AID-BIP10029>3.0.CO;2-W
http://dx.doi.org/10.1021/jp003020w
http://dx.doi.org/10.1016/0021-9991(77)90098-5
http://dx.doi.org/10.1063/1.470648
http://dx.doi.org/10.1063/1.467468
http://dx.doi.org/10.1016/0263-7855(96)00018-5
http://dx.doi.org/10.1002/wcms.1327
http://dx.doi.org/10.1002/jcc.21287
http://dx.doi.org/10.1016/S0166-1280(03)00285-9
http://dx.doi.org/10.1002/jcc.21777
http://dx.doi.org/10.1063/1.445869
http://dx.doi.org/10.1016/S0263-7855(96)00043-4
http://dx.doi.org/10.1021/jp9028968


Int. J. Mol. Sci. 2021, 22, 5411 15 of 15

67. Billeter, S.R.; Turner, A.J.; Thiel, W. Linear scaling geometry optimisation and transition state search in hybrid delocalised internal
coordinates. Phys. Chem. Chem. Phys. 2000, 2, 2177–2186. [CrossRef]

68. Liu, D.C.; Nocedal, J. On the limited memory BFGS method for large scale optimization. Math. Program. 1989, 45, 503–528.
[CrossRef]

69. Banerjee, A.; Adams, N.; Simons, J.; Shepard, R. Search for stationary points on surfaces. J. Phys. Chem. 1985, 89, 52–57. [CrossRef]
70. Pan, Y.; Priyakumar, U.D.; MacKerell, A.D. Conformational determinants of tandem GU mismatches in RNA: Insights from

molecular dynamics simulations and quantum mechanical calculations. Biochemistry 2005, 44, 1433–1443. [CrossRef]
71. Demeshkina, N.; Jenner, L.; Westhof, E.; Yusupov, M.; Yusupova, G. New structural insights into the decoding mechanism:

Translation infidelity via a G· U pair with Watson–Crick geometry. FEBS Lett. 2013, 587, 1848–1857. [CrossRef] [PubMed]
72. Rozov, A.; Demeshkina, N.; Westhof, E.; Yusupov, M.; Yusupova, G. Structural insights into the translational infidelity mechanism.

Nat. Commun. 2015, 6, 1–9. [CrossRef] [PubMed]
73. Rozov, A.; Wolff, P.; Grosjean, H.; Yusupov, M.; Yusupova, G.; Westhof, E. Tautomeric G• U pairs within the molecular ribosomal

grip and fidelity of decoding in bacteria. Nucleic Acids Res. 2018, 46, 7425–7435. [CrossRef]
74. Loveland, A.B.; Demo, G.; Grigorieff, N.; Korostelev, A.A. Ensemble cryo-EM elucidates the mechanism of translation fidelity.

Nature 2017, 546, 113–117. [CrossRef]
75. Roßbach, S.; Ochsenfeld, C. Influence of coupling and embedding schemes on QM size convergence in QM/MM approaches for

the example of a proton transfer in DNA. J. Chem. Theory Comput. 2017, 13, 1102–1107. [CrossRef] [PubMed]
76. Pokorná, P.; Kruse, H.; Krepl, M.; Sponer, J. QM/MM calculations on protein–RNA complexes: Understanding limitations

of classical MD simulations and search for reliable cost-effective QM methods. J. Chem. Theory Comput. 2018, 14, 5419–5433.
[CrossRef] [PubMed]

77. Naydenova, E.; Roßbach, S.; Ochsenfeld, C. QM/MM study of the uracil DNA glycosylase reaction mechanism: A competition
between Asp145 and His148. J. Chem. Theory Comput. 2019, 15, 4344–4350. [CrossRef]

http://dx.doi.org/10.1039/a909486e
http://dx.doi.org/10.1007/BF01589116
http://dx.doi.org/10.1021/j100247a015
http://dx.doi.org/10.1021/bi047932q
http://dx.doi.org/10.1016/j.febslet.2013.05.009
http://www.ncbi.nlm.nih.gov/pubmed/23707250
http://dx.doi.org/10.1038/ncomms8251
http://www.ncbi.nlm.nih.gov/pubmed/26037619
http://dx.doi.org/10.1093/nar/gky547
http://dx.doi.org/10.1038/nature22397
http://dx.doi.org/10.1021/acs.jctc.6b00727
http://www.ncbi.nlm.nih.gov/pubmed/28195707
http://dx.doi.org/10.1021/acs.jctc.8b00670
http://www.ncbi.nlm.nih.gov/pubmed/30199638
http://dx.doi.org/10.1021/acs.jctc.8b01305

