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Abstract

Base flipping is a key biophysical event involved in recognition of various ligands by ri-

bonucleic acid (RNA) molecules. However, the mechanism of base flipping in RNA remains

poorly understood, in part due to the lack of atomistic details on complex rearrangements in

neighboring bases. In this work, we applied transition path sampling (TPS) methods to study

base flipping in a double-stranded RNA (dsRNA) molecule that is known to interact with

RNA-editing enzymes through this mechanism. We obtained an ensemble of 1000 transition

trajectories to describe the base-flipping process. We used the likelihood maximization method

to determine the refined reaction coordinate (RC) consisting of two collective variables (CVs),

a distance and a dihedral angle between nucleotides that form stacking interactions with the

flipping base. The free energy profile projected along the refined RC revealed three minima,

two corresponding to the initial and final states and one for a metastable state. We suggest that

the metastable state likely represents a wobbled conformation of nucleobases observed in NMR

studies that is often characterized as the flipped state. The analyses of reactive trajectories

further revealed that the base flipping is coupled to a global conformational change in a stem

loop of dsRNA.
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1 Introduction

Interactions between nucleic acids and proteins play an essential role in various cellular

processes including post-transcriptional modifications, 1–3 repair mechanisms,4,5 and replica-

tion.6,7 Some proteins bind to nucleic acids without introducing significant structural changes

but in other cases binding is associated with large distortions in the structures of nucleic

acids. Among other examples are enzymes that bind to nucleic acids upon opening of a spe-

cific base pair to perform a chemical reaction on the target base. 8,9 It means that the bases

involved in chemical modifications have to be accessible to enzymes, preferably in a flipped

out (extrahelical) state. However, it remains unclear whether base flipping occurs sponta-

neously or not.10,11 Therefore, resolving atomistic details of a base flipping event remain a

fundamental problem of interest in biophysics of nucleic acids.

Studying spontaneous base flipping is a challenging process both for experimental and

computational methods due to a lower likelihood of observation of flipping in a single nucle-

obase in otherwise stable structures of nucleic acids. On the experimental side, nuclear mag-

netic resonance (NMR) spectroscopy has become the leading method to study dynamics in

nucleic acids due to its ability to probe fluctuations at the level of individual nucleobases. 12–14

It has been applied to study base flipping,15–17 along with other experimental techniques in-

cluding X-ray crystallography,8 fluorescence-based assays,18,19 melting point studies,20 and

combined approaches.21,22 In DNA, NMR studies have shown that the lifetime of the extra-

helical state of a base can be on the order of µs, and that of the intrahelical state in the

range of ms depending on the stability of individual bases. 23,24 Additionally, several studies

revealed that the base becomes accessible to the solvent for NMR detection when the base

pair opens to a pseudo-dihedral angle of at least 30°, thereby indicating that the bases are

still within the cutoff of a hydrogen bond formation. 25,26 Therefore, the fluctuations mea-

sured by NMR may need to be reassigned to base wobbling as opposed to flipping and the

mechanistic understanding may not be directly applicable to a base flipping process. 22 Thus,

despite key mechanistic information emerging from the application of NMR methods, there
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Figure 1: Sequence and structural details of bases involved in conformational
transitions. (left) Secondary structure of dsRNA with key nucleotides highlighted. The
nucleobase studied in this work is marked with an asterisk. (right) A side-view of the three-
dimensional structure of dsRNA where each key nucleotide is highlighted in a unique color
and labeled. Specifically, A18 is shown both in the flipped in and out conformations. The
solvated simulation domain is shown in Figure S1.

remains the need for additional analyses at the atomic level for obtaining further insights

into this molecular mechanism.

On the computational side, due to limitations in conformational sampling by conven-

tional molecular dynamics (MD) simulations, enhanced sampling methods have been applied

to probe this event.22,25–33 Among previous studies of base flipping, some have used external

forces to induce base flipping transitions,25,29 which likely leads to a loss of critical informa-

tion on key variables that may contribute to base flipping. Enhanced sampling methods also

rely on the definition of an appropriate reaction coordinate (RC) which is a single variable to

discriminate between a given pair of stable states and using which the key thermodynamic
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(e.g. free energy) properties can be computed. Although establishing an appropriate RC is

challenging,34 once it is identified the multidimensional free energy surface can be reduced

to a one-dimensional profile along the RC to obtain crucial mechanistic insights into the

transition mechanism.

Many computational methods have been applied to study nucleobase stacking/unstacking

in nucleic acids.27,28,31,35–39 Several significant studies have been conducted to study the base

flipping process in DNA in association with protein binding. 40,41 Several of these studies

explored simplified systems that consisted only up to three base pairs and may be limited

in describing the dynamics in a larger RNA system with many base pairs. 35–37 Additionally,

several previous studies were reported over a decade ago and the force fields for nucleic acids

have significantly improved in recent years. 42,43 Moreover, the candidate variables that po-

tentially contribute to RC have not been examined systematically. Therefore, the application

of simulation methods that permit systematic testing of a suitable RC is needed to improve

our understanding of the mechanism of base flipping in nucleic acids.

Such techniques include the method of transition path sampling (TPS), 44–46 which has

been successfully applied to study the flipping of a terminal pyrimidine base in a short

DNA chain with three base pairs.28 While most previous studies have focused on DNA

due to its structural stability, we study RNA as a model system given its conformational

flexibility and emerging importance in drug discovery. 47 TPS has also been applied to explore

other biophysical problems including folding, 48–50 flipping of amino acids in enzymes,51 DNA

synthesis,52 water dynamics,53 catalysis,54–56 nucleation,57,58 and chemical reactions.59 In

this work, we applied TPS44–46 simulations and the likelihood maximization methods 60 to

study the base flipping mechanism in a dsRNA molecule which has a nucleobase that can

flip out (Figure 1).
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2 MODEL AND METHODS

2.1 System Preparation and Simulation Details

The initial coordinates for dsRNA were obtained from the first frame of the NMR structure

(PDB code: 2L2K).16 The system was solvated in a 72 Å × 72 Å × 83 Å periodic box of

TIP3P water molecules and was comprised of 39305 atoms (Figure S1). The system was

neutralized with 21 Mg2+ ions. The temperature and pressure were maintained at 310 K

and 1 atm using the Langevin thermostat and the Berendsen barostat, respectively. All

MD simulations were carried out using the Amber61 software combined with the recent

RNA Amber force-field developed by a Rochester group (RNA.ROC). 62 The analyses of all

trajectories were carried out using the CPPTRAJ module in Amber and using the Visual

Molecular Dynamics (VMD) software.63,64

2.2 Transition Path Sampling

TPS44,45,65 is a method to generate an ensemble of transition paths that connect a pair

of initial (reactant) and final (product) states that are separated by a free energy barrier.

An important step in TPS is to obtain an initial reactive trajectory (seed trajectory) that

connects two well-defined stable states (e.g. the inward and outward conformations of a

base in this work). The seed trajectory thus generated is further utilized to obtain the

transition path ensemble by launching unbiased MD simulations (shooting trajectories) from

the shooting region that is located close to the transition region. The seed trajectory does

not have to be a true dynamical pathway because it will eventually reach the equilibrium

transition path ensemble (TPE) by repeatedly launching successive shooting trajectories. 44,65

The shooting trajectories have a high probability of rapidly relaxing to one of the stable

basins because the aimless shooting algorithm that we have used generates shooting points

near the barrier region by sampling momenta afresh from the Boltzmann distribution. 60,66
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Figure 2: Details on the primary order parameter. (A) The OP is defined by the
center of mass of each of the following four groups: the nitrogenous bases of C55 and G17
(labeled 1), sugar moiety attached to G17 (labeled 2), sugar moiety attached to A18 (labeled
3), and the nitrogenous base of A18 (labeled 4). Each key nucleotide is also uniquely colored
and labeled. (B) Shown is a time trace of the primary OP in the seed trajectory (red). A
cyan rectangle highlights the shooting region. See also Figure S2.

2.3 Seed Trajectory and Definitions of Stable States

We conducted four conventional MD simulations, each 150 ns long, to obtain a seed tra-

jectory. Only one out of these four simulations exhibited a spontaneous base flipping event
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(Figure S2) and therefore it was used as our seed trajectory for building an ensemble of tran-

sition paths. For these MD simulations, we first performed 1000 steps of steepest descent

minimization followed by 500 steps of conjugate gradient minimization. Then, we conducted

all MD simulations in the NPT ensemble using a 2 fs timestep and saved configurations every

10 ps. Prior to launching shooting simulations, we defined an order parameter (OP) that

can unambiguously discriminate between the two stable states, the inward (I, state 1) and

the outward (O, state 2) states, and determined the ranges of the OP for defining two stable

states. These ranges were chosen to clearly separate stable basins, accommodate system

fluctuations, and prevent sampling of non-reactive trajectories. 44,48,65 We selected a pseudo-

dihedral angle as our OP that is defined by the centers of mass of four groups of atoms

(Figure 2A) which has been previously identified as a potential collective variable (CV) for

this system.38 For the configuration I, the range of the OP was defined as -70°<OP1<70°

and for the configuration O as 100°<OP2<180° and -120°<OP2<-180°. From the shooting

region identified in our seed trajectory, we then launched 1000 shooting trajectories, each 1

ns long. We carried out all shooting simulations in the NPT ensemble using a 2 fs timestep

and saved configurations every 0.25 ps. Based on the definition of our OP, 748 of them

terminated in the state I and 252 in the state O.60,66

2.4 List of Collective Variables

In addition to the primary OP, a list of other potential CVs was created and monitored in all

shooting trajectories. The distributions of the values of each of the CVs at terminal points in

shooting trajectories were examined to select those CVs to be included in the construction

of RC that discriminated between the I/O states. Each of the CVs was then normalized

according to the following expression:

qk =
1

σk
(Xk − 〈Xk〉), (1)
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where 〈Xk〉 and σk respectively represent the mean and standard deviation of Xk (CV), for

all shooting points. The normalized variable has a mean of 0 and a standard deviation of 1.

Thus, q({qk}) represents a set of CVs to be tested in construction of the refined RC.

The 12 CVs (k = 1, 2,· · · , 12) that were identified (Table S1) are:

1. φ1: the pseudo-dihedral angle that describes the position of A18 relative to G17. It also

served as our primary OP.

2. φ2: the pseudo-dihedral angle that describes the position of A18 relative to A19.

3. d1: the distance between the centers of mass of G17 and A18.

4. d2: the distance between the centers of mass of A18 and A19.

5. d3: the hydrogen bond distance between the N1 atom of A18 and the N3 atom of C54.

6. α1: the angle between A18 and C28 defined using the following three atoms: N9 and C ′
1

of A18, and C ′
1 of C54.

7. α2: the interplane angle between G17 and A18. Only heavy atoms were used to define

the plane.

8. α3: the interplane angle between A18 and A19. Only heavy atoms were used to define

the plane.

9. NW : the number of water molecules within 8 Å of A18.

10. E1: the stacking energy between bases G17 and A18.

11. E3: the interaction energy between bases A18 and C54.

12. E2: the stacking energy between bases A18 and A19.

2.5 Refined Reaction Coordinate

The RC is defined as a linear combination of the identified and normalized CVs as

r({q}) = a0 +
m∑
k=1

akqk, (2)

where m is the number of OPs and is less than or equal to the total number of identified CVs,
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ak’s are adjustable parameters. We applied the likelihood maximization method 60,66 to find

the best set of CVs and associated ak’s that are chosen to maximize the likelihood ln(L) and

have the committor function pO defined as the probability that a transition path, initiated

from a shooting point, commits to the product state, O. Per aimless shooting algorithm and

likelihood maximization methods, the committor is modeled as

pO(r) =
1

2
[1 + tanh(r)], (3)

and L is defined as

L =
∏
xk→O

pO(r(q))
∏
xk→I

[1− pO(r(q))], (4)

The products over xk → O and xk → I represent the product over all shooting points xk

committed to state O and I. By varying m in equation 2, different models of the RC were

investigated (Tables S2-S4). For each model, ak’s were determined for each combination of

qk’s by maximizing ln(L). The parameter a0 was adjusted so that the transition between

states I and O appears at r = 0.

The models of the RC with the same number of OPs (m = n) were then compared

against each other using the maximum likelihood scores to pick the best combination of

CVs. The best model with n parameters was then compared against the best model with

n+1 parameters and the significance of the addition of an extra CV was evaluated using the

Bayesian information criterion (BIC),60 which determines when additional complexity of the

model shows no further improvement or increased significance because an extra parameter

in the model is significant only if the likelihood increases by a value larger than the value

set by BIC.60 The BIC was applied using the following expression:

BIC =
1

2
ln(Nshoot), (5)

where Nshoot is the total number of shooting points that we have generated. Based on 1000

shooting trajectories that we generated and by using Nshoot = 1000, the BIC was computed
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Figure 3: Population distributions of CVs at terminal points. Shown are the
distributions of CVs at terminal points of transition paths for the inward (red) and outward
(gray) states. (A) The pseudo-dihedral angle (φ1) that describes the position of A18 relative
to G17. (B) The distance (d1) between the centers of mass of G17 and A18. (C) The pseudo-
dihedral angle (φ2) that describes the position of A18 relative to A19. See also Figure S3.

to be 3.45 using equation 5. If ln(L) does not change more than this number on increasing

model complexity, adding another parameter to RC is not considered significant.

2.6 Free Energy Profile along RC

The potential of mean force (PMF)/free energy profile was obtained along the RC using

G(r) = −kBT lnP (r), (6)

where kB is Boltzmann’s constant, T is the temperature, and P(r) is the histogrammed

population. Per Peters et al.,60 if a RC is optimized using shooting points from TPS simu-

lations, then the resulting RC based on the transition path ensemble is also a good RC in

the equilibrium ensemble, thereby permitting equation 6 for obtaining the PMF.

3 Results and Discussion

3.1 Fluctuations of the OP (φ1)

After defining a list of all potential CVs that can be used to describe the transition between

the I and O configurations, we picked the pseudo-dihedral angle (φ1) between G17 and A18

as our primary OP, which was used to identify the seed trajectory (Figure 2). A time trace
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of the OP in the seed trajectory is shown in Figure 2B and the distribution of its values

at terminal points in the transition paths in Figure 3A. We defined the shooting region as

the range between 75° and 95° and observed a transition in this region (at ∼117 ns) in one

of four conventional MD simulations (Figure 2B). Three other conventional MD simulations

that were launched from the same initial structure did not exhibit base flipping (Figure S2).

The configurations from the shooting region in the seed trajectory were then used as input

structures to build an ensemble of 1000 shooting trajectories.

3.2 Identification of Other Potential CVs

All of the predefined CVs (Table S1) were monitored at the terminal points of each shooting

trajectory for their suitability in discriminating between two states and thus for inclusion in

construction of the RC. The population distributions of all tested CVs at terminal points in

shooting trajectories are shown in Figures 3 and S3. The CVs in Figure 3 (φ1, d1, and φ2)

were found to be the most important for constructing a model of the refined RC because

these CVs exhibited distinct bimodal distributions at the terminal points where one peak

was more populated at the inward state and the other at the outward state (Figure 3).

These variables collectively describe the relative position of the nucleobase A18 with respect

to G17 and A19 with which A18 forms stacking interactions (Figure 1). Since φ1 and d1

likely provide similar information, we anticipated that one of them may be omitted from

the refined RC. Many CVs shown in Figure S3 exhibited overlapping distributions between

the two states with several CVs showing larger overlaps in their distributions (e.g. Figures

S3G,I) due to which these CVs were not included in the refined RC.

3.3 Refined Reaction Coordinate (r)

The refined RC was then determined using the likelihood maximization and the BIC 60,66 by

testing various models of increasing complexity constructed from 12 CVs (Tables S1-S4). We

found that the refined RC was a linear combination of 2 CVs, d1 and φ2. The final equation
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Figure 4: Evolution of the refined RC and the potential of mean force (PMF)
profile. (A) The evolution of the RC along representative trajectories. See also Figure S5.
(B) PMF as a function of the RC. Three vertical lines mark the free energy difference between
the inward (labeled I) and metastable (labeled M) states (blue), the activation energy (dark
gray; labeled ‡), and the energy difference between the inward I and outward (labeled O)
states (red).

for the refined RC is:

r = −0.84 + 0.4753d1 − 0.3941φ2 (7)
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The addition of a third variable to the RC improves it but according to the likelihood

maximization tests, the improvement is not significant (Table S4), meaning that 2 CVs are

sufficient to formulate the refined RC. This can be seen in Figure S4A which shows the

histograms of the RC values across all shooting trajectories and the resulting free energy

profiles in Figure S4B. These data show that, for the three-variable RC models, the free

energy profiles are similar to the refined RC (Figure S4B). The evolution of the refined RC

in the transition paths is shown in Figures 4A and S5. The time evolution of the RC further

confirms its validity by showing that the trajectories initiated from the region near r = 0

terminated in one of the two stable states and the RC is divided into two segments of the

configuration space by terminating either at the inward state or at the outward state.

3.4 Free Energy Profile

The potential of mean force (PMF) profile (Figure 4B) was estimated based on the population

distribution of the refined RC computed across all transition paths (Figure S6). The PMF

profile exhibited three minima corresponding to the inward (I) state (-1.65 < r < -1.56),

a metastable (M) state (-0.87 < r < -0.75), and the outward (O) state (0.63 < r < 0.81).

The transition state is represented by r = 0. The activation free energy (∆G‡) and the free

energy difference (∆G) between states I and O were determined to be 1.48 kcal/mol and 1.0

kcal/mol, respectively. Based on the free energy profile, the outward state is less stable than

the inward state which could be important for the deamination process performed by the

ADAR2 enzyme.16 Importantly, the metastable state represented the wobbling movement

of A18 when the nucleotide is partially flipped out with φ1∼50°-65°. We suggest that the

metastable states of these types are likely observed by NMR and mischaracterized as the

flipped out (outward/extrahelical) states.16,25 Our final RC also discriminates between the

metastable (wobbled) and the flipped out (outward) states.
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Figure 5: Global and local conformational dynamics in dsRNA. (left) Snapshot of
global conformational changes in the RNA stem loop derived from shooting trajectories at
three different states: I (magenta), M (blue), and O (red). (right) Snapshots of the flipping
site in three different states. Each key nucleotide and atoms that participate in hydrogen
bonding (marked by dotted red lines) are uniquely colored.

3.5 Conformational Properties of dsRNA in the Transition Path

Ensemble

We launched shooting trajectories from the shooting region that is located close to the

transition region and trajectories landed either in the reactant state (I and M) or in the

product state (O). Based on the OP, 748 trajectories terminated in the I state and 252

trajectories terminated in the O state. The conformations of bases in dsRNA at the state I

and the shooting region are shown in Figure S7A,B. In the shooting region, the positions of
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A18 and U53 are perturbed compared to the initial (I) conformation by ∼75-95° (φ1) and

∼30-40° (using the flipping angle definition similar to φ1), respectively. We observed that the

flipping motion of A18 resulted not only in rearrangements in neighboring bases but also in a

conformational change in a stem loop of dsRNA (the loop highlighted in magenta/blue/red in

Figure 5). Below, we discuss how the flipping of A18 affected the conformation of the stem

loop, motion of nucleotides, and hydrogen bonds between various bases in three different

states (I, M, and O).

State I: During inward flipping of A18 from the transition barrier region, A18 and A19

formed the base pairs with C54 and U53, respectively, and the RNA stem loop had an

elongated conformation (I; Figure 5). The formation of a base pair between A19 and U53

was measured via a hydrogen bond distance of 3.5 Å between the O4 atom of U53 and the N6

atom of A19 (Figure S8A). Concomitantly, C54 partially flipped out by ∼55-60° to provide

space for A18 to flip back in (Figure S8B and I; Figure 5). The flipping of C54 outward

(Figure S8A) was not observed in the initial configuration (Figure 1).

State M: When A18 was in the M state (i.e. wobbled conformation), the RNA stem loop

was in a bent conformation relative to state I (M; Figure 5). This conformation resulted due

to the interactions between a triplet of bases: A18, A19 and U53 (M; Figure 5). A18 formed

a hydrogen bond (3.5 Å long) with U53, which was partially flipped out at the transition

barrier (Figure S8C). At the same time, the initial hydrogen bond between the O4 atom of

U53 and the N6 atom of A19 broke and a new hydrogen bond formed between the O2 atom

of U53 and the N6 atom of A19 (Figure S8A,D). As a result of these rearrangements, U53

formed hydrogen bonds with both A18 and A19, thus creating a triplet, which caused the

RNA stem loop to bend (M; Figure 5).

State O: In shooting trajectories that resulted in outward flipping of A18, the RNA stem

loop was also observed to undergo a bent conformation (O; Figure 5). Similar to the M

state, U53 partially flipped out and disrupted the initial hydrogen bond with A19 and formed

another between the O2 atom of U53 and the N6 atom of A19 (Figure S8D). A18 did not
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form any interactions with U53 but the flipping of A18 outward likely perturbed U53 and

caused U53 to partially flip out. Thus, even minor conformational change in A18 by ∼45°

(M state) caused local rearrangements in U53 while breaking the initial hydrogen bonds with

A19 which in return resulted in a bent conformation of the RNA stem-loop. Overall, our

mechanistic analyses of conformations of bases in the transition path ensemble revealed that

the flipping of a single base (A18) in RNA is not only coupled with rearrangements in local

bases, but also global conformational changes in common motifs (e.g. stem loops) found in

nucleic acids.

3.6 Comparison to Previous Work

We note that Hart et al.38 have previously studied this base flipping event by focusing on φ1 as

their hypothesized RC. However, our search for the refined RC is systematic and exhaustive

since we have examined a large number of CVs and their combinations using the likelihood

maximization method.60,66 The ensemble of trajectories that we have generated (totaling

over 1000 ns) exceeded what was used in the previous work (14.4 ns) which further helped

us in identifying a refined RC. Importantly, our results showed that, for a single variable RC

model, φ2 is a more important CV than φ1 because φ2 was ranked 2nd, while φ1 was ranked

11th (Table S2). Additionally, we estimated that a two-variable RC model is more significant

for capturing the base flipping process than a single-variable model, whether it consisted of

φ1 or any other variable (Table S3). In fact, even a three-variable RC model did not indicate

that φ1 was the most important CV out of the remaining CVs for model improvement since

the model with φ1 was ranked 4th (Table S4). Moreover, we also observed that the local base

flipping event in dsRNA is coupled with a global conformational transition in the stem-loop

of this dsRNA. In the previous work,38 only local rearrangements of A18 and the neighboring

bases were reported but in our work we showed that even a partial flipping of A18 caused

the stem loop of dsRNA to bend. We also revealed that in the metastable state, U53 forms a

base triplet with A18 and A19 through hydrogen bonding interactions (Figure 5) which has
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not been reported previously. We also note that significant work has been done to study the

base flipping process in DNA systems where several RCs have been tested using umbrella

sampling simulations32 and TPS.28 The base flipping has also been investigated in isolated

nucleotides in DNA,35 modified DNA bases,33 and in DNA/enzyme systems.40,41

4 Conclusions

Using transition path sampling combined with the likelihood maximization methods, we

developed a refined reaction coordinate (RC) to describe the base flipping mechanism in

dsRNA. The refined RC is comprised of two CVs that collectively describe the relative

position of the flipping base with respect to the neighboring bases, thereby showing an

improved description of the base-flipping mechanism. Outside of conformational variables,

we did not observe any significant improvements in our RC models on including the solvent

molecules or stacking energies between the bases. However, a further examination of these

coordinates may be needed for other RNA motifs (e.g. bulges) if the flipping nucleotides are

not involved in base-pairing interactions unlike the system studied in this work. Our results

emphasize the importance of systematic examination of CVs in constructing RC models of

complex biophysical processes. We also observed that the flipping of a single base caused local

rearrangements in the neighboring bases which then resulted in global structural transitions

in a stem loop of the dsRNA. We suggest that the approaches described in this work are

potentially applicable to other RNA/ligand systems, for example, conformational transitions

coupled to binding of a ligand molecule in an RNA element from HIV-1, as reported in our

previous work.67
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