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Coding RNAs: function depends mostly on 1D*
Non-coding RNAs: function depends on 1D, 2D, and 3D%

Dynamics is often fundamental$

*and at least partly on 2D, Faure et al, NAR (2016); Langdon et al, Science (2018)
%ribosomes, ribozymes, riboswitches,...

$binding with proteins/ligands/ions, catalysis, etc

... and function
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Molecular dynamics

Empirical force field*:
• Chemically motivated interactions
• Atomistic details
• Explicit water and ions
• No polarization
• No chemical reactivity

Approx ~20-200 ns/day

gromacs.org + plumed.org *AMBER (ff99+parmbsc0+ChiOL3+TIP3P) 

http://gromacs.org
http://plumed.org
http://gromacs.org
http://plumed.org
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RNA timescales

Sponer, Bussi, et al, Chem Rev (2018)
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The second observation was a major difference between the
propensities of the two hairpins to reach the misfolded state
with the properly paired stem and unstructured loop. While the
8-mer simulation revealed a clear minor population of the
native stem base pairing (16%−44% at 300 K after boot-
strapping, Figure 3), the 10-mer simulation sampled mostly
unstructured single stranded states with a complete absence of
the folded stem with concurrent formation of all three base
pairs. Thus, the 8-mer sequence apparently showed a faster
convergence, and all subsequent T-REMD runs were carried
out using the 8-mer hairpin. Poor sampling of stem formation
was also reported by Cheatham and co-workers in their recent
REMD study on the UNCG TL. They then decided to restrain
the stem as they were primarily interested in the structure of
the apical TL part of the hairpin.52

Ionic Conditions (K+ net-neutral vs 1 M KCl) May Have
Only a Subtle Effect on Convergence of T-REMD
Simulations. Sampling in folding simulations of RNA TLs
may also be affected by ionic conditions. Due to the finite size
of the simulation box, the concentration of monovalent
counterions is often above the physiological concentration
even in net-neutral conditions. Thus, net-neutralization should
be sufficient to stabilize the negatively charged RNA back-
bone.40,44 On the other hand, the presence of divalent ions or
very high concentration of monovalent ions might significantly
affect both kinetics and thermodynamics of RNA folding.85

Because of the known difficulties in modeling divalent ions with
nonpolarizable force fields,86 we have limited our investigation
to monovalent ions only.
In order to examine the effect of ionic conditions, we

compared T-REMD simulations of 8-mer GAGA TL in the K+

net-neutralizing condition (the simulation discussed in the
previous paragraph) and 1 M KCl excess salt. Similarly to the
K+ net-neutral simulation, we did not observe any complete
folding event even in the 1 M KCl salt excess, thus the native
state is not sampled (or might be sampled only rarely) in T-
REMD simulations on the microsecond time scale regardless of
the ionic conditions. Nonetheless, the simulations revealed
slightly different propensity of the stem population; however,
bootstrapping analysis showed that the statistical significance of
this difference was disputable. In particular, the stem was

populated to 16%−44% in net-neutral condition, while a
slightly diminished population of 4%−21% was observed in 1
M KCl salt excess at 300 K (Figure 3).
Detailed analysis revealed that the population of paired stems

originated dominantly from preservation of prefolded stem
structures present in some replicas in our starting pool of
conformations. In other words, we faced some starting structure
bias and limited convergence of some replicas (Figure S2,
Supporting Information). As explained in the Methods section,
the starting structures were taken in 10 ns intervals from a
standard 640-ns-long MD simulation at 300 K. Although this
simulation started from a straight single-stranded conformation,
spontaneous temporary ∼120-ns-long formation of the stem
appeared along this trajectory and, consequently, 13 replicas
(∼20%) started from such misfolded conformations, which
were annotated by clustering analyzes as four-purine stack (see
the corresponding section below). Some of these replicas lose
the paired stem rapidly, while some of them were trapped in it
for the entire simulation likely because they occupied mostly
temperatures below 300 K, and their unfolding was thus slowed
by low temperature.
The time scales required for relaxation of this starting

structure bias differed between the studied ionic conditions
(Figure S2, Supporting Information). While 1 M KCl salt
excess simulations escaped from the four-purine stack
misfolded state on tens-of-ns time scale in all replicas, most
of the replicas of the K+ net-neutral simulation required
hundreds of nanoseconds to relax this starting structure bias,
and some of them even remained trapped in this state.
Therefore, the high population of the folded stem mostly
originated from the starting structure bias. The observed
difference between net-neutral and 1 M KCl ionic conditions
can be dominantly attributed to the different lifetime of the
four-purine stack misfolded state in different ionic conditions. It
illustrates the complexity of sampling in T-REMD simulations
which require in-depth monitoring of the individual replicas;
for further details, see Figure S2 in the Supporting Information
which gives time courses of the stem and stem+loop
populations in the replicas. Nevertheless, it should be
emphasized that some replicas formed the stem (and in
particular the four-purine stack structure) spontaneously from

Figure 3. Population of (A) misfolded structures with only folded stem (including the terminal pair) and (B) native structures as a function of
temperature calculated over all T-REMD 8-mer simulations. The error bars were calculated by bootstraping (using resampling of both time blocks
and coordinate following replicas; see Methods section). Note that several simulations shown in the figure are discussed later in the text.
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Issues with force fields

major and NMR minor structures as the top two clusters, re-
spectively. Even so, there are significant populations of alter-
nate structures (specifically intercalated structures), which
have a total population ∼10% in ff12 + vdWall and 15% in
ff12 + vdWbb. These populations are large enough such that
if they occurred in experiments, one might expect them to
be detectable by NMR. The rest of the sampled structures
are each <10% populated. Structures with <10% population
are likely not populated enough to yield signals which are dis-
tinguishable from instrumental noise in the solution NMR to
which we are comparing, so it remains unknown if these are
reasonable structures which exist in nature or if they are
solely the result of force field bias. Taken together, the clus-
tering results indicate that increasing the vdW radius of
nonnucleobase oxygen atom types does reduce the amount
of intercalated structure found (vdWall has an additional
O4′ radius enlarged, and lower intercalated population),
but this does not shift the preference toward solely adopting
the NMR structures.
The CHARMM36 nucleic acid force field shows signifi-

cantly less conformational variability in the predicted GACC
ensemble than is observed with any of the AMBER force field
variants tested here. The main structure sampled, accounting
for ∼45% of the population and having an RMSD of ∼3.4 Å
from A-form RNA, is extended similar to the orientation of
the NMR major structure. However, in this structure the
G1 base is flipped around its χ torsion to populate syn values
instead of the canonical anti, and the entire structure is over-
rotated. Though a low percentage of the canonical NMR
major population is found, the NMR minor structure is ex-
clusively dominated by incorrect syn distributions of χ, and
no population of the canonical is seen. Additional clusters
with low population include inverted and intercalated struc-
tures, accounting for <5% of the total ensemble.
The ff99 + Chen–Garcia modifications, intended to reduce

the over-stacking problem seen in AMBER ff99 simulations,
do indeed reduce the population of structures which could be
characterized as stacked—the intercalated and inverted clus-
ters, specifically, are populated far less than in the AMBER
ff12 ± vdWall/bb or ff99 + χYil simulations. However, the
main cluster sampled includes a base pair between residues
G1 and C3, and can still be considered overly compact when
compared to the NMR major structure. The ff99 + Chen–
Garcia modifications sample low populations of the NMR
major and minor structures, showing these as equivalently
sampled with respect to each other (and also with respect to
the intercalated structure in one run).

All of the tested force fields predict a more limited
conformational ensemble for the r(CCCC)
tetranucleotide

In Figure 4A,B, the mass-weighted RMSD from a canonical
A-form reference is shown for ensembles of CCCC from
M-REMD simulations with five force fields. In each case,

the top two clusters from combined cluster analysis, which
account for a majority of each force field’s population
(Fig. 4D), differs significantly from the experimental struc-
ture (Fig. 4C). Of the force fields tested, the closest structure
in RMSD space is found by CHARMM36, which deviates
∼3.4 Å from an A-form reference. Detailed cluster analysis
results, shown inSupplementalTable 2 andSupplemental Fig-
ure 3, show that CHARMM36 finds the highest amount of the
low populated A-form-like cluster. The top cluster accounts
for 58% of the ensemble’s population, and though it is an ex-
tended structure, it does not reproduce a majority of ex-
perimental NOEs (shown in Supplemental Table 3; Tubbs
et al. 2013). Interestingly, this extended structure is very
similar to the extended GACC structure determined by
CHARMM36, shown in Supplemental Figure 4. As shown
in Supplemental Figure 5, these similar structures occupy
backbone dihedral values that are shifted from the NMR
expected values. AMBER ff12 ± vdW mods populate an
intercalated structure similar to the intercalated GACC
structure, though the C2 base is extruded. This indicates
that the vdWmodifications did not help the CCCC ensem-
ble as they did for the GACC ensemble. Additionally, the
ff99 + Chen–Garcia modifications, intended to decrease
stacking interaction favorability, similarly did not improve
the CCCC ensemble. We hypothesize that this is due to the
compactness of four pyrimidine bases versus the mixed

FIGURE 4. M-REMD RMSD to A-form Reference for r(CCCC). (A)
M-REMD RMSD histogram profiles for r(CCCC) in five force fields.
The averages of two runs per force field are shown, with error bars as
standard deviation between runs. (B) Close-up of AMBER force fields,
4.8–5.7 Å. (C) A-form reference structure. (D) Top two clusters from
combined cluster analysis and their populations in each force field, col-
ored to match the force field designations from the top histogram plot.
The mass-weighted RMSD to the A-form reference is provided for each
structure.

Well-sampled simulations evaluate RNA force fields
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
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improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
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modification of the torsional potential by performing a
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kJ/mol and sigma of 0.13 rad. In order to ensure the
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showed these tetranucleotides to be mostly in A-form-like
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prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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Note that all scalar coupling equations have numerous possible
degeneracies.
Agreement between MD simulations and NMR spectra was

quantified via eq 8, which is similar to positive predictive value.110

= + <
×

MD NMR Agreement (%)
NMR Observables in Error Range

NMR Observables Predicted but not observed NOEs 5 Å
100 (8)

Without considering predicted but not observed NOEs,
intercalated structures show unreasonably highNMR agreement.
2.4. Criteria for Stacking. A qualitative way to rapidly

consider the structures generated during simulations is to score
base stacking. While the word “stacking” is frequently used in
RNA literature, there is no single definition. One definition states
a “stacked” nucleotide has≤4.0 Å between non-hydrogen atoms,
dihedral angle between the planes of ≤30°, and overlap between

the bases.111 Another stacking definition uses Cartesian
coordinates63 but lacks a way to quantify the amount of stacking.
Here, we define stacking in terms of three criteria based on A-

form X-ray structures (Figure 4 and Supporting Information
Table 2). Each base plane is defined by vectors, a ⃗ and b ⃗, whose
cross products a ⃗ × b ⃗ and b ⃗ × a ⃗ define each base’s normal vectors
(Figure 4). Vectors a ⃗ and b ⃗ are far apart from one another to
minimize out-of-plane distortions. For adenine, a ⃗ is defined from
the Center of Mass (CoM) to C8 and b ⃗ is defined from the CoM
to N6. Similarly, for guanosine a ⃗ = (CoM→ C8) and b ⃗ = (CoM
→ O6). For cytosine, a ⃗ = (CoM→ O2) and b ⃗ = (CoM→ N6),
and for uracil a ⃗ = (CoM → O2) and b ⃗ = (CoM → O6). As
described below, the distance between CoMs and the angles, ω
and χ, are used to provide a roughmeasure of stacking. BecauseΞ
can be positive or negative, depending on whether the base−base
alignment is either relatively parallel or perpendicular (Figure 5),
the stacking score ranges from 100% to −100%, respectively.
Only positive percentages score as stacking.

Figure 6. NOESY spectra for tetramers r(AAAA), r(CAAU), and r(UUUU) at 800 ms mixing time with 31P decoupling, drawn with Sparky 3.113.89

NOESY walks are outlined in red. r(GACC) spectra are from Yildirim et al.47 and are not repeated here. More images of NMR spectra are available in
Supporting Information Section 5. Note that the dispersion of chemical shifts for r(UUUU) is much less than for r(AAAA) and r(CAAU), consistent
with r(UUUU) residues having much more similar chemical environments.
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and those predicted with eqs 6. In general, the range in
differences between measured and predicted 3J couplings is too
small to choose between the parmbsc0, parm99χ_Yil, and ff10
force fields, especially because of uncertainties in the Karplus
equations (eqs 4−7) as discussed in Supporting Information
Section 4.5.

4. DISCUSSION
RNA has many functions6 and increasingly is being targeted with
therapeutics.125−128 Accurate determination of RNA secondary
structure is relatively rapid,129−134 but determination of 3D
structure and dynamics is slow. While double helical regions can
be reasonably modeled as A-form RNA, accurately modeling
loop regions remains a challenge.135 Accurate force fields for
RNA would facilitate modeling loop structures, dynamics, and
docking with other molecules.
Practical force fields must approximate well the many

interactions driving RNA folding.136 These include stacking,
hydrogen bonding, solvation, counterion interactions, and
torsion potentials. The tetramers presented here are too short
to have base−base hydrogen bonds and counterion condensa-
tion.137,138 Thus, the benchmarks presented here focus on other
interactions.
Parametrization of torsions is the main difference between the

force fields tested (Table 1). ParmTor had the most
modifications (Table 1) but least agreement with NMR (Tables
4 and 5). The ParmTor β reparametrization gave the most
dramatic change in energy vs torsion angle.44 In particular, the β
energy landscape is much flatter for parmTor than for the other
force fields. While parmTor gives a worse performance here, it
gave essentially the same agreement as parm99χ_Yil and better
agreement than parm99 when less extensive comparisons were
made between simulations and NMR spectra of r(CCCC).90 In a
comparison of force fields to predict differences in ΔG27° for
forming tetramer duplexes with all GC or isoG−isoC base pairs,
parmTor gave better agreement with experiment than parm99
and parm99χ_Yil.44 Because parameters for different compo-
nents of a force field are interdependent,12 it is not clear that the
new β parametrization is fundamentally worse than the parm99
one, also employed in parmbsc0, parm99χ_Yil, and ff10.
The parmbsc0, parm99χ_Yil, and ff10 simulations had similar

agreement with NMR observables (Tables 4 and 5), although
none had means > 40%. The structural ensembles, however, are

somewhat different (Tables 6−9). For example, parmbsc0
generates the fewest intercalated structures for r(AAAA),
r(CAAU), and r(GACC). Because there is no NMR evidence
for intercalated structures, parmbsc0 therefore has the fewest
absent NOEs lowering NMR agreement with MD via eq 8.
Parm99χ_Yil and ff10 both differ from parmbsc0 by having χ
reparametrized, which favors an anti conformation over a syn
conformation. Predicted intercalated bases have anti conforma-
tions. In a different benchmark, the χ reparametrization in ff10
improved predictions of UUCG and GNRA hairpins relative to
parmbsc0.83 Evidently, the force fields must be tested against
multiple benchmarks.
For the parm99χ_Yil and ff10 simulations of r(AAAA),

r(CAAU), and r(GACC), the most common structures not in
agreement with NMR (Tables 6, 8, and 9) are 1−3−2 and 3−1−
4 intercalations. Both have been seen in previous simulations of
r(GACC),47−49 and 3−1−4 was seen in r(CCCC) simulations.90
Figures 8 and 9 show examples for r(CAAU) and r(AAAA).
Therefore, r(UUUU) is the only sequence thus far which is
predicted not to have very favorable intercalation. It is also the
only sequence lacking amino groups. Evidently, amino to
phosphate interactions are one key for stabilizing predicted
intercalations (Figures 8 and 9).
In addition to hydrogen bonds from the intercalated base

amino group, there are hydrogen bonds from 5′-terminal HO
and 3′-terminal HO groups to phosphate nonbridging oxygens
that stabilize the intercalated structures generated by MD
(Figures 8 and 9). Moreover, for r(AAAA), r(CAAU), and
r(GACC), intercalation is also accompanied by a decrease in
Solvent-Accessible Surface Area (Figure 8).
Parm99χ_Yil and ff10 predict that there is more 2−3 stacking

than 1−2 or 3−4 stacking in r(AAAA), r(CAAU), and r(GACC).
This is reasonable because the middle two nucleotides can be
held in place by two stacking interactions while the terminal
nucleotides have water on one side. r(GACC) is special in having
more predicted 1−4 stacking than other sequences, which
suggests extra favorable stacking between G and C. Total
stacking and intercalation are least for r(UUUU) as expected
from studies of poly(U).54,55 Nevertheless, r(UUUU) has the
largest number of absent NOEs, suggesting the simulations
predict a relatively disordered, but collapsed, structure not
consistent with NMR of r(UUUU), experiments on poly-
(U),54,55 or r(U40).

56

The parm99χ_Yil and ff10 simulations of r(AAAA), r(CAAU),
and r(GACC) reveal predicted stacking and hydrogen-bonding
interactions not consistent with NMR spectra. There are several
possible reasons for this. The AMBER force field may have base−
base van der Waals interactions that are too strong.12

Alternatively, or in addition, nucleotide−water and water−
water interactions may not be balanced well. The same reasons
may explain the collapsed structures observed for r(UUUU).
Approximating all the forces driving RNA conformations is
difficult.136

RNA force fields are often used to refine 3D structures
determined by NMR and crystallography or to predict 3D
structure and/or dynamics when only secondary structure is
known. Often, the RNA is complexed with protein. In all these
cases, MD simulations are likely to perform better than reported
here for unrestricted tetramers because of experimental and/or
covalent restraints and additional volume exclusion. Thus, the
tetramers provide a particularly rigorous benchmark for testing
the approximations inherent in a classical force field.

Figure 9. r(AAAA) with ff10 and N-syn starting structure has a very
similar intercalation as r(CAAU) in Figure 8. Unlike r(CAAU), the
intercalation was present at the beginning of the production run and
broke free at 7.5 μs.
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The second observation was a major difference between the
propensities of the two hairpins to reach the misfolded state
with the properly paired stem and unstructured loop. While the
8-mer simulation revealed a clear minor population of the
native stem base pairing (16%−44% at 300 K after boot-
strapping, Figure 3), the 10-mer simulation sampled mostly
unstructured single stranded states with a complete absence of
the folded stem with concurrent formation of all three base
pairs. Thus, the 8-mer sequence apparently showed a faster
convergence, and all subsequent T-REMD runs were carried
out using the 8-mer hairpin. Poor sampling of stem formation
was also reported by Cheatham and co-workers in their recent
REMD study on the UNCG TL. They then decided to restrain
the stem as they were primarily interested in the structure of
the apical TL part of the hairpin.52

Ionic Conditions (K+ net-neutral vs 1 M KCl) May Have
Only a Subtle Effect on Convergence of T-REMD
Simulations. Sampling in folding simulations of RNA TLs
may also be affected by ionic conditions. Due to the finite size
of the simulation box, the concentration of monovalent
counterions is often above the physiological concentration
even in net-neutral conditions. Thus, net-neutralization should
be sufficient to stabilize the negatively charged RNA back-
bone.40,44 On the other hand, the presence of divalent ions or
very high concentration of monovalent ions might significantly
affect both kinetics and thermodynamics of RNA folding.85

Because of the known difficulties in modeling divalent ions with
nonpolarizable force fields,86 we have limited our investigation
to monovalent ions only.
In order to examine the effect of ionic conditions, we

compared T-REMD simulations of 8-mer GAGA TL in the K+

net-neutralizing condition (the simulation discussed in the
previous paragraph) and 1 M KCl excess salt. Similarly to the
K+ net-neutral simulation, we did not observe any complete
folding event even in the 1 M KCl salt excess, thus the native
state is not sampled (or might be sampled only rarely) in T-
REMD simulations on the microsecond time scale regardless of
the ionic conditions. Nonetheless, the simulations revealed
slightly different propensity of the stem population; however,
bootstrapping analysis showed that the statistical significance of
this difference was disputable. In particular, the stem was

populated to 16%−44% in net-neutral condition, while a
slightly diminished population of 4%−21% was observed in 1
M KCl salt excess at 300 K (Figure 3).
Detailed analysis revealed that the population of paired stems

originated dominantly from preservation of prefolded stem
structures present in some replicas in our starting pool of
conformations. In other words, we faced some starting structure
bias and limited convergence of some replicas (Figure S2,
Supporting Information). As explained in the Methods section,
the starting structures were taken in 10 ns intervals from a
standard 640-ns-long MD simulation at 300 K. Although this
simulation started from a straight single-stranded conformation,
spontaneous temporary ∼120-ns-long formation of the stem
appeared along this trajectory and, consequently, 13 replicas
(∼20%) started from such misfolded conformations, which
were annotated by clustering analyzes as four-purine stack (see
the corresponding section below). Some of these replicas lose
the paired stem rapidly, while some of them were trapped in it
for the entire simulation likely because they occupied mostly
temperatures below 300 K, and their unfolding was thus slowed
by low temperature.
The time scales required for relaxation of this starting

structure bias differed between the studied ionic conditions
(Figure S2, Supporting Information). While 1 M KCl salt
excess simulations escaped from the four-purine stack
misfolded state on tens-of-ns time scale in all replicas, most
of the replicas of the K+ net-neutral simulation required
hundreds of nanoseconds to relax this starting structure bias,
and some of them even remained trapped in this state.
Therefore, the high population of the folded stem mostly
originated from the starting structure bias. The observed
difference between net-neutral and 1 M KCl ionic conditions
can be dominantly attributed to the different lifetime of the
four-purine stack misfolded state in different ionic conditions. It
illustrates the complexity of sampling in T-REMD simulations
which require in-depth monitoring of the individual replicas;
for further details, see Figure S2 in the Supporting Information
which gives time courses of the stem and stem+loop
populations in the replicas. Nevertheless, it should be
emphasized that some replicas formed the stem (and in
particular the four-purine stack structure) spontaneously from

Figure 3. Population of (A) misfolded structures with only folded stem (including the terminal pair) and (B) native structures as a function of
temperature calculated over all T-REMD 8-mer simulations. The error bars were calculated by bootstraping (using resampling of both time blocks
and coordinate following replicas; see Methods section). Note that several simulations shown in the figure are discussed later in the text.
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Issues with force fields

major and NMR minor structures as the top two clusters, re-
spectively. Even so, there are significant populations of alter-
nate structures (specifically intercalated structures), which
have a total population ∼10% in ff12 + vdWall and 15% in
ff12 + vdWbb. These populations are large enough such that
if they occurred in experiments, one might expect them to
be detectable by NMR. The rest of the sampled structures
are each <10% populated. Structures with <10% population
are likely not populated enough to yield signals which are dis-
tinguishable from instrumental noise in the solution NMR to
which we are comparing, so it remains unknown if these are
reasonable structures which exist in nature or if they are
solely the result of force field bias. Taken together, the clus-
tering results indicate that increasing the vdW radius of
nonnucleobase oxygen atom types does reduce the amount
of intercalated structure found (vdWall has an additional
O4′ radius enlarged, and lower intercalated population),
but this does not shift the preference toward solely adopting
the NMR structures.
The CHARMM36 nucleic acid force field shows signifi-

cantly less conformational variability in the predicted GACC
ensemble than is observed with any of the AMBER force field
variants tested here. The main structure sampled, accounting
for ∼45% of the population and having an RMSD of ∼3.4 Å
from A-form RNA, is extended similar to the orientation of
the NMR major structure. However, in this structure the
G1 base is flipped around its χ torsion to populate syn values
instead of the canonical anti, and the entire structure is over-
rotated. Though a low percentage of the canonical NMR
major population is found, the NMR minor structure is ex-
clusively dominated by incorrect syn distributions of χ, and
no population of the canonical is seen. Additional clusters
with low population include inverted and intercalated struc-
tures, accounting for <5% of the total ensemble.
The ff99 + Chen–Garcia modifications, intended to reduce

the over-stacking problem seen in AMBER ff99 simulations,
do indeed reduce the population of structures which could be
characterized as stacked—the intercalated and inverted clus-
ters, specifically, are populated far less than in the AMBER
ff12 ± vdWall/bb or ff99 + χYil simulations. However, the
main cluster sampled includes a base pair between residues
G1 and C3, and can still be considered overly compact when
compared to the NMR major structure. The ff99 + Chen–
Garcia modifications sample low populations of the NMR
major and minor structures, showing these as equivalently
sampled with respect to each other (and also with respect to
the intercalated structure in one run).

All of the tested force fields predict a more limited
conformational ensemble for the r(CCCC)
tetranucleotide

In Figure 4A,B, the mass-weighted RMSD from a canonical
A-form reference is shown for ensembles of CCCC from
M-REMD simulations with five force fields. In each case,

the top two clusters from combined cluster analysis, which
account for a majority of each force field’s population
(Fig. 4D), differs significantly from the experimental struc-
ture (Fig. 4C). Of the force fields tested, the closest structure
in RMSD space is found by CHARMM36, which deviates
∼3.4 Å from an A-form reference. Detailed cluster analysis
results, shown inSupplementalTable 2 andSupplemental Fig-
ure 3, show that CHARMM36 finds the highest amount of the
low populated A-form-like cluster. The top cluster accounts
for 58% of the ensemble’s population, and though it is an ex-
tended structure, it does not reproduce a majority of ex-
perimental NOEs (shown in Supplemental Table 3; Tubbs
et al. 2013). Interestingly, this extended structure is very
similar to the extended GACC structure determined by
CHARMM36, shown in Supplemental Figure 4. As shown
in Supplemental Figure 5, these similar structures occupy
backbone dihedral values that are shifted from the NMR
expected values. AMBER ff12 ± vdW mods populate an
intercalated structure similar to the intercalated GACC
structure, though the C2 base is extruded. This indicates
that the vdWmodifications did not help the CCCC ensem-
ble as they did for the GACC ensemble. Additionally, the
ff99 + Chen–Garcia modifications, intended to decrease
stacking interaction favorability, similarly did not improve
the CCCC ensemble. We hypothesize that this is due to the
compactness of four pyrimidine bases versus the mixed

FIGURE 4. M-REMD RMSD to A-form Reference for r(CCCC). (A)
M-REMD RMSD histogram profiles for r(CCCC) in five force fields.
The averages of two runs per force field are shown, with error bars as
standard deviation between runs. (B) Close-up of AMBER force fields,
4.8–5.7 Å. (C) A-form reference structure. (D) Top two clusters from
combined cluster analysis and their populations in each force field, col-
ored to match the force field designations from the top histogram plot.
The mass-weighted RMSD to the A-form reference is provided for each
structure.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3
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well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
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GAGA

Note that all scalar coupling equations have numerous possible
degeneracies.
Agreement between MD simulations and NMR spectra was

quantified via eq 8, which is similar to positive predictive value.110

= + <
×

MD NMR Agreement (%)
NMR Observables in Error Range

NMR Observables Predicted but not observed NOEs 5 Å
100 (8)

Without considering predicted but not observed NOEs,
intercalated structures show unreasonably highNMR agreement.
2.4. Criteria for Stacking. A qualitative way to rapidly

consider the structures generated during simulations is to score
base stacking. While the word “stacking” is frequently used in
RNA literature, there is no single definition. One definition states
a “stacked” nucleotide has≤4.0 Å between non-hydrogen atoms,
dihedral angle between the planes of ≤30°, and overlap between

the bases.111 Another stacking definition uses Cartesian
coordinates63 but lacks a way to quantify the amount of stacking.
Here, we define stacking in terms of three criteria based on A-

form X-ray structures (Figure 4 and Supporting Information
Table 2). Each base plane is defined by vectors, a ⃗ and b ⃗, whose
cross products a ⃗ × b ⃗ and b ⃗ × a ⃗ define each base’s normal vectors
(Figure 4). Vectors a ⃗ and b ⃗ are far apart from one another to
minimize out-of-plane distortions. For adenine, a ⃗ is defined from
the Center of Mass (CoM) to C8 and b ⃗ is defined from the CoM
to N6. Similarly, for guanosine a ⃗ = (CoM→ C8) and b ⃗ = (CoM
→ O6). For cytosine, a ⃗ = (CoM→ O2) and b ⃗ = (CoM→ N6),
and for uracil a ⃗ = (CoM → O2) and b ⃗ = (CoM → O6). As
described below, the distance between CoMs and the angles, ω
and χ, are used to provide a roughmeasure of stacking. BecauseΞ
can be positive or negative, depending on whether the base−base
alignment is either relatively parallel or perpendicular (Figure 5),
the stacking score ranges from 100% to −100%, respectively.
Only positive percentages score as stacking.

Figure 6. NOESY spectra for tetramers r(AAAA), r(CAAU), and r(UUUU) at 800 ms mixing time with 31P decoupling, drawn with Sparky 3.113.89

NOESY walks are outlined in red. r(GACC) spectra are from Yildirim et al.47 and are not repeated here. More images of NMR spectra are available in
Supporting Information Section 5. Note that the dispersion of chemical shifts for r(UUUU) is much less than for r(AAAA) and r(CAAU), consistent
with r(UUUU) residues having much more similar chemical environments.
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and those predicted with eqs 6. In general, the range in
differences between measured and predicted 3J couplings is too
small to choose between the parmbsc0, parm99χ_Yil, and ff10
force fields, especially because of uncertainties in the Karplus
equations (eqs 4−7) as discussed in Supporting Information
Section 4.5.

4. DISCUSSION
RNA has many functions6 and increasingly is being targeted with
therapeutics.125−128 Accurate determination of RNA secondary
structure is relatively rapid,129−134 but determination of 3D
structure and dynamics is slow. While double helical regions can
be reasonably modeled as A-form RNA, accurately modeling
loop regions remains a challenge.135 Accurate force fields for
RNA would facilitate modeling loop structures, dynamics, and
docking with other molecules.
Practical force fields must approximate well the many

interactions driving RNA folding.136 These include stacking,
hydrogen bonding, solvation, counterion interactions, and
torsion potentials. The tetramers presented here are too short
to have base−base hydrogen bonds and counterion condensa-
tion.137,138 Thus, the benchmarks presented here focus on other
interactions.
Parametrization of torsions is the main difference between the

force fields tested (Table 1). ParmTor had the most
modifications (Table 1) but least agreement with NMR (Tables
4 and 5). The ParmTor β reparametrization gave the most
dramatic change in energy vs torsion angle.44 In particular, the β
energy landscape is much flatter for parmTor than for the other
force fields. While parmTor gives a worse performance here, it
gave essentially the same agreement as parm99χ_Yil and better
agreement than parm99 when less extensive comparisons were
made between simulations and NMR spectra of r(CCCC).90 In a
comparison of force fields to predict differences in ΔG27° for
forming tetramer duplexes with all GC or isoG−isoC base pairs,
parmTor gave better agreement with experiment than parm99
and parm99χ_Yil.44 Because parameters for different compo-
nents of a force field are interdependent,12 it is not clear that the
new β parametrization is fundamentally worse than the parm99
one, also employed in parmbsc0, parm99χ_Yil, and ff10.
The parmbsc0, parm99χ_Yil, and ff10 simulations had similar

agreement with NMR observables (Tables 4 and 5), although
none had means > 40%. The structural ensembles, however, are

somewhat different (Tables 6−9). For example, parmbsc0
generates the fewest intercalated structures for r(AAAA),
r(CAAU), and r(GACC). Because there is no NMR evidence
for intercalated structures, parmbsc0 therefore has the fewest
absent NOEs lowering NMR agreement with MD via eq 8.
Parm99χ_Yil and ff10 both differ from parmbsc0 by having χ
reparametrized, which favors an anti conformation over a syn
conformation. Predicted intercalated bases have anti conforma-
tions. In a different benchmark, the χ reparametrization in ff10
improved predictions of UUCG and GNRA hairpins relative to
parmbsc0.83 Evidently, the force fields must be tested against
multiple benchmarks.
For the parm99χ_Yil and ff10 simulations of r(AAAA),

r(CAAU), and r(GACC), the most common structures not in
agreement with NMR (Tables 6, 8, and 9) are 1−3−2 and 3−1−
4 intercalations. Both have been seen in previous simulations of
r(GACC),47−49 and 3−1−4 was seen in r(CCCC) simulations.90
Figures 8 and 9 show examples for r(CAAU) and r(AAAA).
Therefore, r(UUUU) is the only sequence thus far which is
predicted not to have very favorable intercalation. It is also the
only sequence lacking amino groups. Evidently, amino to
phosphate interactions are one key for stabilizing predicted
intercalations (Figures 8 and 9).
In addition to hydrogen bonds from the intercalated base

amino group, there are hydrogen bonds from 5′-terminal HO
and 3′-terminal HO groups to phosphate nonbridging oxygens
that stabilize the intercalated structures generated by MD
(Figures 8 and 9). Moreover, for r(AAAA), r(CAAU), and
r(GACC), intercalation is also accompanied by a decrease in
Solvent-Accessible Surface Area (Figure 8).
Parm99χ_Yil and ff10 predict that there is more 2−3 stacking

than 1−2 or 3−4 stacking in r(AAAA), r(CAAU), and r(GACC).
This is reasonable because the middle two nucleotides can be
held in place by two stacking interactions while the terminal
nucleotides have water on one side. r(GACC) is special in having
more predicted 1−4 stacking than other sequences, which
suggests extra favorable stacking between G and C. Total
stacking and intercalation are least for r(UUUU) as expected
from studies of poly(U).54,55 Nevertheless, r(UUUU) has the
largest number of absent NOEs, suggesting the simulations
predict a relatively disordered, but collapsed, structure not
consistent with NMR of r(UUUU), experiments on poly-
(U),54,55 or r(U40).

56

The parm99χ_Yil and ff10 simulations of r(AAAA), r(CAAU),
and r(GACC) reveal predicted stacking and hydrogen-bonding
interactions not consistent with NMR spectra. There are several
possible reasons for this. The AMBER force field may have base−
base van der Waals interactions that are too strong.12

Alternatively, or in addition, nucleotide−water and water−
water interactions may not be balanced well. The same reasons
may explain the collapsed structures observed for r(UUUU).
Approximating all the forces driving RNA conformations is
difficult.136

RNA force fields are often used to refine 3D structures
determined by NMR and crystallography or to predict 3D
structure and/or dynamics when only secondary structure is
known. Often, the RNA is complexed with protein. In all these
cases, MD simulations are likely to perform better than reported
here for unrestricted tetramers because of experimental and/or
covalent restraints and additional volume exclusion. Thus, the
tetramers provide a particularly rigorous benchmark for testing
the approximations inherent in a classical force field.

Figure 9. r(AAAA) with ff10 and N-syn starting structure has a very
similar intercalation as r(CAAU) in Figure 8. Unlike r(CAAU), the
intercalation was present at the beginning of the production run and
broke free at 7.5 μs.
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The second observation was a major difference between the
propensities of the two hairpins to reach the misfolded state
with the properly paired stem and unstructured loop. While the
8-mer simulation revealed a clear minor population of the
native stem base pairing (16%−44% at 300 K after boot-
strapping, Figure 3), the 10-mer simulation sampled mostly
unstructured single stranded states with a complete absence of
the folded stem with concurrent formation of all three base
pairs. Thus, the 8-mer sequence apparently showed a faster
convergence, and all subsequent T-REMD runs were carried
out using the 8-mer hairpin. Poor sampling of stem formation
was also reported by Cheatham and co-workers in their recent
REMD study on the UNCG TL. They then decided to restrain
the stem as they were primarily interested in the structure of
the apical TL part of the hairpin.52

Ionic Conditions (K+ net-neutral vs 1 M KCl) May Have
Only a Subtle Effect on Convergence of T-REMD
Simulations. Sampling in folding simulations of RNA TLs
may also be affected by ionic conditions. Due to the finite size
of the simulation box, the concentration of monovalent
counterions is often above the physiological concentration
even in net-neutral conditions. Thus, net-neutralization should
be sufficient to stabilize the negatively charged RNA back-
bone.40,44 On the other hand, the presence of divalent ions or
very high concentration of monovalent ions might significantly
affect both kinetics and thermodynamics of RNA folding.85

Because of the known difficulties in modeling divalent ions with
nonpolarizable force fields,86 we have limited our investigation
to monovalent ions only.
In order to examine the effect of ionic conditions, we

compared T-REMD simulations of 8-mer GAGA TL in the K+

net-neutralizing condition (the simulation discussed in the
previous paragraph) and 1 M KCl excess salt. Similarly to the
K+ net-neutral simulation, we did not observe any complete
folding event even in the 1 M KCl salt excess, thus the native
state is not sampled (or might be sampled only rarely) in T-
REMD simulations on the microsecond time scale regardless of
the ionic conditions. Nonetheless, the simulations revealed
slightly different propensity of the stem population; however,
bootstrapping analysis showed that the statistical significance of
this difference was disputable. In particular, the stem was

populated to 16%−44% in net-neutral condition, while a
slightly diminished population of 4%−21% was observed in 1
M KCl salt excess at 300 K (Figure 3).
Detailed analysis revealed that the population of paired stems

originated dominantly from preservation of prefolded stem
structures present in some replicas in our starting pool of
conformations. In other words, we faced some starting structure
bias and limited convergence of some replicas (Figure S2,
Supporting Information). As explained in the Methods section,
the starting structures were taken in 10 ns intervals from a
standard 640-ns-long MD simulation at 300 K. Although this
simulation started from a straight single-stranded conformation,
spontaneous temporary ∼120-ns-long formation of the stem
appeared along this trajectory and, consequently, 13 replicas
(∼20%) started from such misfolded conformations, which
were annotated by clustering analyzes as four-purine stack (see
the corresponding section below). Some of these replicas lose
the paired stem rapidly, while some of them were trapped in it
for the entire simulation likely because they occupied mostly
temperatures below 300 K, and their unfolding was thus slowed
by low temperature.
The time scales required for relaxation of this starting

structure bias differed between the studied ionic conditions
(Figure S2, Supporting Information). While 1 M KCl salt
excess simulations escaped from the four-purine stack
misfolded state on tens-of-ns time scale in all replicas, most
of the replicas of the K+ net-neutral simulation required
hundreds of nanoseconds to relax this starting structure bias,
and some of them even remained trapped in this state.
Therefore, the high population of the folded stem mostly
originated from the starting structure bias. The observed
difference between net-neutral and 1 M KCl ionic conditions
can be dominantly attributed to the different lifetime of the
four-purine stack misfolded state in different ionic conditions. It
illustrates the complexity of sampling in T-REMD simulations
which require in-depth monitoring of the individual replicas;
for further details, see Figure S2 in the Supporting Information
which gives time courses of the stem and stem+loop
populations in the replicas. Nevertheless, it should be
emphasized that some replicas formed the stem (and in
particular the four-purine stack structure) spontaneously from

Figure 3. Population of (A) misfolded structures with only folded stem (including the terminal pair) and (B) native structures as a function of
temperature calculated over all T-REMD 8-mer simulations. The error bars were calculated by bootstraping (using resampling of both time blocks
and coordinate following replicas; see Methods section). Note that several simulations shown in the figure are discussed later in the text.
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Issues with force fields

major and NMR minor structures as the top two clusters, re-
spectively. Even so, there are significant populations of alter-
nate structures (specifically intercalated structures), which
have a total population ∼10% in ff12 + vdWall and 15% in
ff12 + vdWbb. These populations are large enough such that
if they occurred in experiments, one might expect them to
be detectable by NMR. The rest of the sampled structures
are each <10% populated. Structures with <10% population
are likely not populated enough to yield signals which are dis-
tinguishable from instrumental noise in the solution NMR to
which we are comparing, so it remains unknown if these are
reasonable structures which exist in nature or if they are
solely the result of force field bias. Taken together, the clus-
tering results indicate that increasing the vdW radius of
nonnucleobase oxygen atom types does reduce the amount
of intercalated structure found (vdWall has an additional
O4′ radius enlarged, and lower intercalated population),
but this does not shift the preference toward solely adopting
the NMR structures.
The CHARMM36 nucleic acid force field shows signifi-

cantly less conformational variability in the predicted GACC
ensemble than is observed with any of the AMBER force field
variants tested here. The main structure sampled, accounting
for ∼45% of the population and having an RMSD of ∼3.4 Å
from A-form RNA, is extended similar to the orientation of
the NMR major structure. However, in this structure the
G1 base is flipped around its χ torsion to populate syn values
instead of the canonical anti, and the entire structure is over-
rotated. Though a low percentage of the canonical NMR
major population is found, the NMR minor structure is ex-
clusively dominated by incorrect syn distributions of χ, and
no population of the canonical is seen. Additional clusters
with low population include inverted and intercalated struc-
tures, accounting for <5% of the total ensemble.
The ff99 + Chen–Garcia modifications, intended to reduce

the over-stacking problem seen in AMBER ff99 simulations,
do indeed reduce the population of structures which could be
characterized as stacked—the intercalated and inverted clus-
ters, specifically, are populated far less than in the AMBER
ff12 ± vdWall/bb or ff99 + χYil simulations. However, the
main cluster sampled includes a base pair between residues
G1 and C3, and can still be considered overly compact when
compared to the NMR major structure. The ff99 + Chen–
Garcia modifications sample low populations of the NMR
major and minor structures, showing these as equivalently
sampled with respect to each other (and also with respect to
the intercalated structure in one run).

All of the tested force fields predict a more limited
conformational ensemble for the r(CCCC)
tetranucleotide

In Figure 4A,B, the mass-weighted RMSD from a canonical
A-form reference is shown for ensembles of CCCC from
M-REMD simulations with five force fields. In each case,

the top two clusters from combined cluster analysis, which
account for a majority of each force field’s population
(Fig. 4D), differs significantly from the experimental struc-
ture (Fig. 4C). Of the force fields tested, the closest structure
in RMSD space is found by CHARMM36, which deviates
∼3.4 Å from an A-form reference. Detailed cluster analysis
results, shown inSupplementalTable 2 andSupplemental Fig-
ure 3, show that CHARMM36 finds the highest amount of the
low populated A-form-like cluster. The top cluster accounts
for 58% of the ensemble’s population, and though it is an ex-
tended structure, it does not reproduce a majority of ex-
perimental NOEs (shown in Supplemental Table 3; Tubbs
et al. 2013). Interestingly, this extended structure is very
similar to the extended GACC structure determined by
CHARMM36, shown in Supplemental Figure 4. As shown
in Supplemental Figure 5, these similar structures occupy
backbone dihedral values that are shifted from the NMR
expected values. AMBER ff12 ± vdW mods populate an
intercalated structure similar to the intercalated GACC
structure, though the C2 base is extruded. This indicates
that the vdWmodifications did not help the CCCC ensem-
ble as they did for the GACC ensemble. Additionally, the
ff99 + Chen–Garcia modifications, intended to decrease
stacking interaction favorability, similarly did not improve
the CCCC ensemble. We hypothesize that this is due to the
compactness of four pyrimidine bases versus the mixed

FIGURE 4. M-REMD RMSD to A-form Reference for r(CCCC). (A)
M-REMD RMSD histogram profiles for r(CCCC) in five force fields.
The averages of two runs per force field are shown, with error bars as
standard deviation between runs. (B) Close-up of AMBER force fields,
4.8–5.7 Å. (C) A-form reference structure. (D) Top two clusters from
combined cluster analysis and their populations in each force field, col-
ored to match the force field designations from the top histogram plot.
The mass-weighted RMSD to the A-form reference is provided for each
structure.

Well-sampled simulations evaluate RNA force fields
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
are shown.
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(ΔG = 6.8 ± 0.6 kJ/mol) are obtained using a broader
definition of the native basin, in which only the stem is required
to be correctly formed, with no restriction on the loop. Both of
these definitions rely on the assumption of a reference structure
that corresponds to the conformation observed in crystallo-
graphic databases. In principle, the solution structure or, better,
NMR primary data should be used as a benchmark. In this
specific case, however, available Nuclear Overhauser Effect
(NOE)37 distances are very sparse, making it difficult to carry
out such analysis (see Figure S3).
Similarly to GAGA, for the UUCG tetraloop, the global free

energy minimum is characterized by a short end-to-end
distance where none of the native UUCG interactions are
present, neither in the stem nor in the loop (misfolded basin in
Figure 2). The conformational ensemble of the global
minimum is composed of compact structures with different
stacking arrangements between nonconsecutive nucleobases
and stabilized by additional base−phosphate hydrogen bonds.
Compatibly with the presence of several consecutive pyrimidine
bases, the local minimum corresponding to extended
conformations is less pronounced compared to that of the
GAGA tetraloop. The native basin, here defined based on the
peak of the barrier at eRMSD = 0.72, has a free energy
difference with respect to the unfolded basin of 30.2 ± 0.5 kJ/
mol, considerably higher compared to the nearest-neighbor
prediction of ΔG = −1.97 kJ/mol. NOE distances unambig-

uously support the use of a strict definition of the native basin
that takes into account both the stem and loop (see Figure S4).
When requiring only the stem to be formed to consider the
tetraloop as folded, we obtain a folding free energy difference of
15.0 ± 2.6 kJ/mol. However, such a definition of the folded
state is not supported by the abundant NOE distances available
for this system.38 The free energy surfaces of GAGA and
UUCG hexamers (Figure S5) are in agreement with the
findings reported above, further confirming that over-hydrogen-
bonded, compact and non-native conformations are highly
overstabilized.
Exploring the Impacts of Torsional Corrections. The AmberχOL3

force field for RNA significantly underestimates the stability of
the native fold for both the GAGA and UUCG tetraloop. We
here seek an answer to the following question: is it possible to
introduce a torsion backbone correction that systematically
improves the stability of the native folds? To this end, we added
a local potential disfavoring a specific backbone conformation
for each torsion angle (α, β, γ, δ, ϵ, ζ, χ) and calculated the
change in the folding free energy upon the addition of the bias.
For simplicity, the new folding free energies are calculated using
standard reweighting techniques. We obtain an estimate of the
functional derivative of the stability with respect to arbitrary
modification of the torsional potential by performing a
systematic scan using a Gaussian potential with a height of 2
kJ/mol and sigma of 0.13 rad. In order to ensure the
transferability of the corrections, we additionally analyzed
MD trajectories on five tetranucleotides.18,19 NMR studies
showed these tetranucleotides to be mostly in A-form-like
conformation in solution.34,39 At variance with experimental
evidence, previous MD simulations showed that compact,
interdigitated structures are overstabilized by the AmberχOL3
force field.12,18,40 We thus expect viable force field corrections
to improve the agreement with experiments on these systems as
well. Figure 3 shows the change in stability of the native fold
upon addition of the Gaussian penalty as a function of its
position. It can be seen that systematic improvements can be
obtained by penalizing the gauche+ region in α and ζ, in
agreement with a previous simulation study.19 Corrections to
the remaining backbone angles (β, γ, δ, ϵ, and χ) have
contrasting or not significant impact on the stability. In
particular, penalizing the high-anti conformer in χ angles
increases the stability of the tetraloops, but it has detrimental
effects on tetranucleotides (see Figure S6). It has been
observed that penalizing the high-anti conformers can also
lead to a flattening of the A-helix geometry.9

The results shown in Figure 3 suggest that small adjustments
to α and ζ angles can improve the agreement with experiments
of the AmberχOL3 force field. The profiles suggest that a cosine
with periodicity 2π would lead to a consistent improvement.
We therefore evaluate the effects of a simple potential
correction in the form f(θ) = k cos(θ + ϕ). We find that
optimal results are obtained by employing a phase of ϕ = 4.5
rad, while we set k = 1 kJ/mol in order to keep the correction
small. Two items are worth highlighting. First, the modification
has a minimum in the gauche− region, and as such, it is not
expected to affect the canonical A-form helix (see Figure S7).
Second, this modification can be easily incorporated within a
force field, being a standard cosine torsion potential term. In
Figure 4, we show that both modifications on α and ζ, as well as
the combination of the two, lead to a significant stabilization of
the native folds in all cases. In particular, the α + ζ modification
provides the best results. For GAGA, the folding free energy

Figure 2. Free energy surfaces projected onto the eRMSD from native
and onto the end-to-end distance at 300.9 K for UUCG tetraloop. In
the two-dimensional projection, the colors indicate the free energy
difference with respect to the minimum. Labels of the isolines are
expressed in kBT. Gray shades indicate statistical error. Representative
three-dimensional structures for each region discussed in the main text
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GAGA

Note that all scalar coupling equations have numerous possible
degeneracies.
Agreement between MD simulations and NMR spectra was

quantified via eq 8, which is similar to positive predictive value.110

= + <
×

MD NMR Agreement (%)
NMR Observables in Error Range

NMR Observables Predicted but not observed NOEs 5 Å
100 (8)

Without considering predicted but not observed NOEs,
intercalated structures show unreasonably highNMR agreement.
2.4. Criteria for Stacking. A qualitative way to rapidly

consider the structures generated during simulations is to score
base stacking. While the word “stacking” is frequently used in
RNA literature, there is no single definition. One definition states
a “stacked” nucleotide has≤4.0 Å between non-hydrogen atoms,
dihedral angle between the planes of ≤30°, and overlap between

the bases.111 Another stacking definition uses Cartesian
coordinates63 but lacks a way to quantify the amount of stacking.
Here, we define stacking in terms of three criteria based on A-

form X-ray structures (Figure 4 and Supporting Information
Table 2). Each base plane is defined by vectors, a ⃗ and b ⃗, whose
cross products a ⃗ × b ⃗ and b ⃗ × a ⃗ define each base’s normal vectors
(Figure 4). Vectors a ⃗ and b ⃗ are far apart from one another to
minimize out-of-plane distortions. For adenine, a ⃗ is defined from
the Center of Mass (CoM) to C8 and b ⃗ is defined from the CoM
to N6. Similarly, for guanosine a ⃗ = (CoM→ C8) and b ⃗ = (CoM
→ O6). For cytosine, a ⃗ = (CoM→ O2) and b ⃗ = (CoM→ N6),
and for uracil a ⃗ = (CoM → O2) and b ⃗ = (CoM → O6). As
described below, the distance between CoMs and the angles, ω
and χ, are used to provide a roughmeasure of stacking. BecauseΞ
can be positive or negative, depending on whether the base−base
alignment is either relatively parallel or perpendicular (Figure 5),
the stacking score ranges from 100% to −100%, respectively.
Only positive percentages score as stacking.

Figure 6. NOESY spectra for tetramers r(AAAA), r(CAAU), and r(UUUU) at 800 ms mixing time with 31P decoupling, drawn with Sparky 3.113.89

NOESY walks are outlined in red. r(GACC) spectra are from Yildirim et al.47 and are not repeated here. More images of NMR spectra are available in
Supporting Information Section 5. Note that the dispersion of chemical shifts for r(UUUU) is much less than for r(AAAA) and r(CAAU), consistent
with r(UUUU) residues having much more similar chemical environments.
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and those predicted with eqs 6. In general, the range in
differences between measured and predicted 3J couplings is too
small to choose between the parmbsc0, parm99χ_Yil, and ff10
force fields, especially because of uncertainties in the Karplus
equations (eqs 4−7) as discussed in Supporting Information
Section 4.5.

4. DISCUSSION
RNA has many functions6 and increasingly is being targeted with
therapeutics.125−128 Accurate determination of RNA secondary
structure is relatively rapid,129−134 but determination of 3D
structure and dynamics is slow. While double helical regions can
be reasonably modeled as A-form RNA, accurately modeling
loop regions remains a challenge.135 Accurate force fields for
RNA would facilitate modeling loop structures, dynamics, and
docking with other molecules.
Practical force fields must approximate well the many

interactions driving RNA folding.136 These include stacking,
hydrogen bonding, solvation, counterion interactions, and
torsion potentials. The tetramers presented here are too short
to have base−base hydrogen bonds and counterion condensa-
tion.137,138 Thus, the benchmarks presented here focus on other
interactions.
Parametrization of torsions is the main difference between the

force fields tested (Table 1). ParmTor had the most
modifications (Table 1) but least agreement with NMR (Tables
4 and 5). The ParmTor β reparametrization gave the most
dramatic change in energy vs torsion angle.44 In particular, the β
energy landscape is much flatter for parmTor than for the other
force fields. While parmTor gives a worse performance here, it
gave essentially the same agreement as parm99χ_Yil and better
agreement than parm99 when less extensive comparisons were
made between simulations and NMR spectra of r(CCCC).90 In a
comparison of force fields to predict differences in ΔG27° for
forming tetramer duplexes with all GC or isoG−isoC base pairs,
parmTor gave better agreement with experiment than parm99
and parm99χ_Yil.44 Because parameters for different compo-
nents of a force field are interdependent,12 it is not clear that the
new β parametrization is fundamentally worse than the parm99
one, also employed in parmbsc0, parm99χ_Yil, and ff10.
The parmbsc0, parm99χ_Yil, and ff10 simulations had similar

agreement with NMR observables (Tables 4 and 5), although
none had means > 40%. The structural ensembles, however, are

somewhat different (Tables 6−9). For example, parmbsc0
generates the fewest intercalated structures for r(AAAA),
r(CAAU), and r(GACC). Because there is no NMR evidence
for intercalated structures, parmbsc0 therefore has the fewest
absent NOEs lowering NMR agreement with MD via eq 8.
Parm99χ_Yil and ff10 both differ from parmbsc0 by having χ
reparametrized, which favors an anti conformation over a syn
conformation. Predicted intercalated bases have anti conforma-
tions. In a different benchmark, the χ reparametrization in ff10
improved predictions of UUCG and GNRA hairpins relative to
parmbsc0.83 Evidently, the force fields must be tested against
multiple benchmarks.
For the parm99χ_Yil and ff10 simulations of r(AAAA),

r(CAAU), and r(GACC), the most common structures not in
agreement with NMR (Tables 6, 8, and 9) are 1−3−2 and 3−1−
4 intercalations. Both have been seen in previous simulations of
r(GACC),47−49 and 3−1−4 was seen in r(CCCC) simulations.90
Figures 8 and 9 show examples for r(CAAU) and r(AAAA).
Therefore, r(UUUU) is the only sequence thus far which is
predicted not to have very favorable intercalation. It is also the
only sequence lacking amino groups. Evidently, amino to
phosphate interactions are one key for stabilizing predicted
intercalations (Figures 8 and 9).
In addition to hydrogen bonds from the intercalated base

amino group, there are hydrogen bonds from 5′-terminal HO
and 3′-terminal HO groups to phosphate nonbridging oxygens
that stabilize the intercalated structures generated by MD
(Figures 8 and 9). Moreover, for r(AAAA), r(CAAU), and
r(GACC), intercalation is also accompanied by a decrease in
Solvent-Accessible Surface Area (Figure 8).
Parm99χ_Yil and ff10 predict that there is more 2−3 stacking

than 1−2 or 3−4 stacking in r(AAAA), r(CAAU), and r(GACC).
This is reasonable because the middle two nucleotides can be
held in place by two stacking interactions while the terminal
nucleotides have water on one side. r(GACC) is special in having
more predicted 1−4 stacking than other sequences, which
suggests extra favorable stacking between G and C. Total
stacking and intercalation are least for r(UUUU) as expected
from studies of poly(U).54,55 Nevertheless, r(UUUU) has the
largest number of absent NOEs, suggesting the simulations
predict a relatively disordered, but collapsed, structure not
consistent with NMR of r(UUUU), experiments on poly-
(U),54,55 or r(U40).

56

The parm99χ_Yil and ff10 simulations of r(AAAA), r(CAAU),
and r(GACC) reveal predicted stacking and hydrogen-bonding
interactions not consistent with NMR spectra. There are several
possible reasons for this. The AMBER force field may have base−
base van der Waals interactions that are too strong.12

Alternatively, or in addition, nucleotide−water and water−
water interactions may not be balanced well. The same reasons
may explain the collapsed structures observed for r(UUUU).
Approximating all the forces driving RNA conformations is
difficult.136

RNA force fields are often used to refine 3D structures
determined by NMR and crystallography or to predict 3D
structure and/or dynamics when only secondary structure is
known. Often, the RNA is complexed with protein. In all these
cases, MD simulations are likely to perform better than reported
here for unrestricted tetramers because of experimental and/or
covalent restraints and additional volume exclusion. Thus, the
tetramers provide a particularly rigorous benchmark for testing
the approximations inherent in a classical force field.

Figure 9. r(AAAA) with ff10 and N-syn starting structure has a very
similar intercalation as r(CAAU) in Figure 8. Unlike r(CAAU), the
intercalation was present at the beginning of the production run and
broke free at 7.5 μs.
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Using experimental restraints
is much safer!



Solution-phase experiments
NMR
• Proton distances, angles, etc
• Many different techniques
• Standard forward models*

Figure S2 Assignment of relevant resonances. Aromatic-anomeric region of a 2D NOESY NMR spectrum

(τm=250 ms) of invSINEB2/38. The sequential walk is depicted as a black line. 

Chemical probing
• Identify reactive nucleotides
• Different probes (e.g. DMS/CMCT/SHAPE)
• Non-standard forward models**

*i.e. “formula to compute experiment from structure” (e.g. Karplus formulas for Jc)
**usually reactive nucleotides are interpreted as “non WC paired”

(pictures from Podbevsek et al, Sci Rep 2018)

Figure S1 Chemical footprinting of the invSINEB2/183 RNA construct. (left) A fluorescent gel with C and A

sequencing lanes with nucleotide numbering. DMS lanes with invSINEB2/183 RNA treated with increasing

DMS concentrations  with  positive  (+)  and  negative  (-)  controls.  (right)  A fluorescent  gel  with  G and  U

sequencing lanes with nucleotide numbering. CMCT lanes with invSINEB2/183 RNA treated with increasing

CMCT concentrations with positive (+) and negative (-) controls. 
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Agenda

Combine experiment (NMR) and MD
• enforce averages*
• dynamics of a RNA hairpin%

S[P ] = �
X

x

P (x) log
P (x)

Q(x)

*Cesari, Reisser, and Bussi, Computation (2018)
%Podbevsek et al, Sci. Rep. (2018); Reisser et al, NAR (2020) 

&Colizzi et al, PNAS (2019)

RNA (and DNA) unzipping dynamics&

• Go model
• Helicase mediated unwinding
• Experimental validation

12 
 

We remark that the above observations are nicely in agreement with the results 
reported by Taylor et al. for the processive NPH-II RNA helicase45. According to those 
results, pyrimidines facilitate unwinding by a three-fold increment of its amplitude when 
they are located on the 5′ displaced strand. Importantly, the described purine/pyrimidine 
bias arises from the bases themselves and is observed also for sequences with identical 
thermodynamic stability45. Whereas Taylor’s results have been regarded as a curious 
and unusual set of observations, our analysis and experiments suggest that the 
molecular events underlying such a purine/pyrimidine bias can be straightforwardly 
related to the intrinsic dynamics of the duplex and are thus universal.  

Finally, it must be noted that differences in helicase efficiency could arise, for 
example, from a higher binding affinity of helicase for a tracking strand composed by 
homopurines. To probe this alternative explanation, we performed control experiments 
finding that, as shown also by others46–48, affinity for the homopurine tracking strand is 
lower than affinity for the homopyrimidine one (see Supplementary Material). In absence 
of the bottleneck effect played by the bases at the displaced strand, this would lead to a 
behavior opposite to that observed in the unwinding assays. This observation thus rules 
out this alternative mechanism and corroborates our original hypothesis.   
Taken together, the experimental characterization of the three model helicases strikingly 
confirms h-unwind predictions and demonstrate that the constructs with the 
homopyrimidine sequence at the displaced strand, namely Py5-3, Py3-5 were always more 
efficiently unwound, regardless the helicase type and directionality.  

 

 
Figure 6 Proof of concept unwinding profiles of fluorescently labelled substrates by 5′ 
→ 3′ and 3′ → 5′ helicases. The experiments show the constructs with the 
homopyrimidine sequence on the displaced strand (Py5-3, Py3-5) to be more efficiently 
unwound with respect to the corresponding homopurine homologues (Pu5-3, Pu3-5), thus 
confirming the h-unwind predictions. (a) Schematic of the labeling strategy and 

3 
 

pairs may open or close by an asynchronous movement of the nucleobases22–24; yet the 
general validity, the causes, and the putative biological consequences of this behavior 
remain elusive. 

Here, by combining simulations and experiments, we study how RNA and DNA 
duplexes unwind and how the energetics underlying the elementary step of base pair 
opening can influence the workings of nucleic acids processing machineries. First, we 
present a structure-based molecular dynamics (MD) approach to provide a 
comprehensive view of the unwinding mechanism of double helices. By simulating the 
strand separation and formation of short duplexes—and analyzing thousands of base-
pair opening and closing events—we uncover fundamental and strand-specific 
differences in the nucleobase dynamics of dsRNA and dsDNA. Then, we relate the 
recorded nucleobase dynamics to the unwinding of helicases whereby we predict, 
prospectively, an unexpected enhancement of unwinding efficiency for substrates rich in 
pyrimidines on the displaced strand. Finally, using biochemical and spectroscopic 
assays, we test our hypothesis by measuring helicase efficiency in the unwinding of 
various designed substrates. The experiments strikingly confirm the predictions and 
corroborate a model that intimately relates the asymmetric dynamics of base pairs to the 
unwinding mechanism of helicases. Taken together, our data suggest a possible layer 
of gene regulation encoded in the direction-dependent unwindability of the double helix. 

 

Figure 1 Modeling the formation and rupture of double helices by mimicking constant-
force optical-tweezer experiments. (a) Explicative double-stranded nucleic acid model. 
Red spheres show the 3′ and 5′ hydroxyl groups of the terminal base pair, defining the 
end-to-end distance, where the external constant force, fC, was applied (red arrows; see 
Methods). (b) We observed the system hopping between folded and unfolded states, 
zoomed in the red inset. Histogram of the end-to-end distance is shown on the right, 
together with sample conformations from the folded and unfolded ensembles.  
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Abstract

Self Consistent Force Field Fitting of 3J scalar couplings  on multiple RNA systems

We introduced a framework to enforce on the fly noisy data 
from bulk experiments on molecular dynamics simulations. The 
method was tested on a set of RNA nucleosides and applied in 
a self consistent manner for force field refinement. The refined 
potential is validated on a set of RNA tetranucleotides showing 
a previously unreported improvement of the Amber force-field. 
Corrections have been ported into Gromacs and further 
validations are ongoing on bigger systems.

Promising results on…

All the systems are simulated simultanesoulsy applying 
the same correction to chemically equivalent torsions 
in a sequence independent manner (highlighted in 
blue). Torsions in red are sequence dependent. 

NMR data from6 

Validation on Tetranucleotides

##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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Inequality restraints 
are also possible 
TYPE=INEQUAL>(<)

Stochastic minimization

Stochastic gradient descent

⌘(t) =
k

1 + t
⌧

Stochastic gradient descent with adaptive 
momentum (ADAM)

m(t) = �1m (t� 1) + (1� �1) g(t) ! ˆm(t) =
m(t)

1� �t
1

v(t) = �2v (t� 1) + (1� �2) g
2(t) ! ˆv(t) =

v(t)

1� �t
2

�̇ = �⌘
ˆm(t)q
ˆv(t) + ✏

Input File

�̇ = �⌘(t)g(t)

g(t) =
⇥
3Jexp,i � h✏iiP (x) �3 Ji(t)

⇤

DUPLEX

Kt-7

Sarcin Ricin Loop

Reweighted Ensembles from [7] *

1. Cheatham, III et al., RNA. 2015 
2. Hummer et al, J. Chem. Phys.  (2015) 
3. Bonomi et al., Sci Adv. 2016 
4. Cesari, Gil-Ley, Bussi, J. Chem. Theory Comput., 2016 
5. Chodera et al., J. Chem. Theory Comput., 2012 
6. Vokáčová et al., J. Phys. Chem. B, 2009 
7. Gil-Ley and Bussi, J. Chem. Theory Comput., 2015 
8. Sander et al., Bioinformatics (2013)

RNA structure and dynamics play a fundamental role in non-coding RNAs and significantly affect functions. Molecular dynamics is a computational tool that can be used to 
investigate RNA structure and dynamics at atomistic resolution. However, its capability to predict and explain experimental data is limited by the accuracy of the employed 
potential energy functions, also known as force fields. Recent works have shown that state-of-the-art force fields could predict unphysical conformations that are not in 
agreement with experiments1. The emerging strategy to overcome these limitations is to complement molecular dynamics with experimental data included as restraints2,3. 
Solution NMR data are particularly useful since they provide averages over the conformations explored on the experimental time scale and ultimately give access to RNA 
dynamics. We propose4 a scheme based on the maximum entropy5 principle to combine bulk experiments with molecular dynamics simulations explicitly taking into account 
experimental errors. The method is applied to a set of nucleosides and dinucleotides in a chemically-consistent manner and suggests a new paradigm for force field 
refinement.

in collaboration with S. Bottaro, P. Banas, V. Mlynsky and J. Sponer

https://github.com/srnas/

Made with GROMACS using 
amber99sb*-ildn + parambsc0 + 
chiOL3 +NMR corrections

Discussion

References

Methods

Maximum Entropy principle:

The least biased probility distribution P(x) with respect 
to a reference P0(x) which provides averages 
compatible with bulk experiments for generic 
observables fi:

Under the 
constraints:

Solve using Lagrangian multipiers:

Lagrangian multipliers λi associated to the second 
constraints are determined with a stochastic 
minimization

Unbiased

MaxEnt

Harmonic 
Restraint

We account for experimental errors 
introducing a regularizing term ε with a given 
prior distribution (typically Gaussian or 
Laplacian):

Comments on MaxEnt
Much information from prior is retained

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods

Very good prior required
(when compared with harmonic restraint)
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Abstract

Self Consistent Force Field Fitting of 3J scalar couplings  on multiple RNA systems

We introduced a framework to enforce on the fly noisy data 
from bulk experiments on molecular dynamics simulations. The 
method was tested on a set of RNA nucleosides and applied in 
a self consistent manner for force field refinement. The refined 
potential is validated on a set of RNA tetranucleotides showing 
a previously unreported improvement of the Amber force-field. 
Corrections have been ported into Gromacs and further 
validations are ongoing on bigger systems.

Promising results on…

All the systems are simulated simultanesoulsy applying 
the same correction to chemically equivalent torsions 
in a sequence independent manner (highlighted in 
blue). Torsions in red are sequence dependent. 

NMR data from6 

Validation on Tetranucleotides

##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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Inequality restraints 
are also possible 
TYPE=INEQUAL>(<)

Stochastic minimization

Stochastic gradient descent

⌘(t) =
k

1 + t
⌧

Stochastic gradient descent with adaptive 
momentum (ADAM)

m(t) = �1m (t� 1) + (1� �1) g(t) ! ˆm(t) =
m(t)

1� �t
1

v(t) = �2v (t� 1) + (1� �2) g
2(t) ! ˆv(t) =

v(t)

1� �t
2

�̇ = �⌘
ˆm(t)q
ˆv(t) + ✏

Input File

�̇ = �⌘(t)g(t)

g(t) =
⇥
3Jexp,i � h✏iiP (x) �3 Ji(t)

⇤

DUPLEX

Kt-7

Sarcin Ricin Loop

Reweighted Ensembles from [7] *

1. Cheatham, III et al., RNA. 2015 
2. Hummer et al, J. Chem. Phys.  (2015) 
3. Bonomi et al., Sci Adv. 2016 
4. Cesari, Gil-Ley, Bussi, J. Chem. Theory Comput., 2016 
5. Chodera et al., J. Chem. Theory Comput., 2012 
6. Vokáčová et al., J. Phys. Chem. B, 2009 
7. Gil-Ley and Bussi, J. Chem. Theory Comput., 2015 
8. Sander et al., Bioinformatics (2013)

RNA structure and dynamics play a fundamental role in non-coding RNAs and significantly affect functions. Molecular dynamics is a computational tool that can be used to 
investigate RNA structure and dynamics at atomistic resolution. However, its capability to predict and explain experimental data is limited by the accuracy of the employed 
potential energy functions, also known as force fields. Recent works have shown that state-of-the-art force fields could predict unphysical conformations that are not in 
agreement with experiments1. The emerging strategy to overcome these limitations is to complement molecular dynamics with experimental data included as restraints2,3. 
Solution NMR data are particularly useful since they provide averages over the conformations explored on the experimental time scale and ultimately give access to RNA 
dynamics. We propose4 a scheme based on the maximum entropy5 principle to combine bulk experiments with molecular dynamics simulations explicitly taking into account 
experimental errors. The method is applied to a set of nucleosides and dinucleotides in a chemically-consistent manner and suggests a new paradigm for force field 
refinement.

in collaboration with S. Bottaro, P. Banas, V. Mlynsky and J. Sponer

https://github.com/srnas/

Made with GROMACS using 
amber99sb*-ildn + parambsc0 + 
chiOL3 +NMR corrections

Discussion

References

Methods

Maximum Entropy principle:

The least biased probility distribution P(x) with respect 
to a reference P0(x) which provides averages 
compatible with bulk experiments for generic 
observables fi:

Under the 
constraints:

Solve using Lagrangian multipiers:

Lagrangian multipliers λi associated to the second 
constraints are determined with a stochastic 
minimization

Unbiased

MaxEnt

Harmonic 
Restraint

We account for experimental errors 
introducing a regularizing term ε with a given 
prior distribution (typically Gaussian or 
Laplacian):

Comments on MaxEnt
Much information from prior is retained

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods

Equivalent to
multi-replica approaches
(e.g. Vendruscolo group)

Very good prior required
(when compared with harmonic restraint)
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observed quantity

prior

harmonic

maxent

Equivalent to EDS*
(White, Hocky, and Voth)

*see our review on Cesari, Reisser, and Bussi, Computation (2018) for a detailed comparison

Closely related to VES*
(Valsson & Parrinello)



                                                   

 
Combining simulations and solution 

experiments as a paradigm for RNA force field 
refinement 

 
Andrea Cesari,  Alejandro Gil-Ley and Giovanni Bussi  

 
Scuola Internazionale Superiore di Studi avanzati (SISSA), Trieste, Italy 

 

Abstract

Self Consistent Force Field Fitting of 3J scalar couplings  on multiple RNA systems

We introduced a framework to enforce on the fly noisy data 
from bulk experiments on molecular dynamics simulations. The 
method was tested on a set of RNA nucleosides and applied in 
a self consistent manner for force field refinement. The refined 
potential is validated on a set of RNA tetranucleotides showing 
a previously unreported improvement of the Amber force-field. 
Corrections have been ported into Gromacs and further 
validations are ongoing on bigger systems.

Promising results on…

All the systems are simulated simultanesoulsy applying 
the same correction to chemically equivalent torsions 
in a sequence independent manner (highlighted in 
blue). Torsions in red are sequence dependent. 

NMR data from6 

Validation on Tetranucleotides

##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.

S19

##MaxEnt restraining procedure for the A nucleoside
##It will fit data for A and send corrections to all the other systems
#########################
MAXENT ...
LABEL=resA
ARG=j1,j2,jA3,j4,j5,jA6,jA7
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.0,5.0,3.4,3.0,3.4,3.6,3.9 
LEARN_REPLICA=0 #Since reference replica for A is the 0 one
PACE=200
... MAXENT

##MaxEnt restraining procedure for the C nucleoside
##It will fit data for C and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resC
ARG=j1,j2,jC3,j4,j5,jC6,jC7 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=3.6,5.0,5.8,2.8,4.2,1.9,3.3
LEARN_REPLICA=4 #Reference replica for C
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApA dinucleoside monophosphate
##It will fit data for ApA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAA
ARG=jA3,j4,j5,jA6,jA7,j8,j9,j10,j11,j12
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=10.5,5.3,7.4,4.4,7.3,3.0,3.8,9.0,14.7,3.7
LEARN_REPLICA=8 #Reference Replica for ApA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the ApC dinucleoside monophosphate
##It will fit data for ApC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resAC
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=6.1,7.1,4.1,5.5,2.1,1.4,2.8,4.5,4.0,3.4,8.7,14.1,3.3 
LEARN_REPLICA=12 #Reference Replica for ApC
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpA dinucleoside monophosphate
##It will fit data for CpA and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCA
ARG=jA3,jC3,j4,j5,jA6,jC6,jA7,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=5.5,6.8,5.2,7.0,1.8,1.6,4.3,4.6,4.3,3.8,8.7,14.7,3.4
LEARN_REPLICA=16 #Reference Replica for CpA
PACE=200
... MAXENT

##MaxEnt restraining procedure for the CpC dinucleoside monophosphate
##It will fit data for CpC and send corrections to all the other systems
#########################

MAXENT ...
LABEL=resCC
ARG=jC3,j4,j5,jC6,jC7,j8,j9,j10,j11,j12 
KAPPA=0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001,0.001
TAU=3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0,3.0
ERROR_TYPE=LAPLACE
SIGMA=2.0
TSTART=150000
TEND=300000
TYPE=EQUAL AT=14.5,4.9,6.2,2.8,9.1,4.3,3.2,8.9,15.5,3.1
LEARN_REPLICA=20 #Reference Replica for CpC
PACE=200
... MAXENT

Figure S9: File “common.dat” containing all the MaxEnt algorithm parameters which is
the same for all the systems.
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Inequality restraints 
are also possible 
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Stochastic minimization

Stochastic gradient descent

⌘(t) =
k

1 + t
⌧

Stochastic gradient descent with adaptive 
momentum (ADAM)

m(t) = �1m (t� 1) + (1� �1) g(t) ! ˆm(t) =
m(t)

1� �t
1

v(t) = �2v (t� 1) + (1� �2) g
2(t) ! ˆv(t) =

v(t)

1� �t
2

�̇ = �⌘
ˆm(t)q
ˆv(t) + ✏

Input File

�̇ = �⌘(t)g(t)

g(t) =
⇥
3Jexp,i � h✏iiP (x) �3 Ji(t)

⇤

DUPLEX

Kt-7

Sarcin Ricin Loop

Reweighted Ensembles from [7] *

1. Cheatham, III et al., RNA. 2015 
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RNA structure and dynamics play a fundamental role in non-coding RNAs and significantly affect functions. Molecular dynamics is a computational tool that can be used to 
investigate RNA structure and dynamics at atomistic resolution. However, its capability to predict and explain experimental data is limited by the accuracy of the employed 
potential energy functions, also known as force fields. Recent works have shown that state-of-the-art force fields could predict unphysical conformations that are not in 
agreement with experiments1. The emerging strategy to overcome these limitations is to complement molecular dynamics with experimental data included as restraints2,3. 
Solution NMR data are particularly useful since they provide averages over the conformations explored on the experimental time scale and ultimately give access to RNA 
dynamics. We propose4 a scheme based on the maximum entropy5 principle to combine bulk experiments with molecular dynamics simulations explicitly taking into account 
experimental errors. The method is applied to a set of nucleosides and dinucleotides in a chemically-consistent manner and suggests a new paradigm for force field 
refinement.

in collaboration with S. Bottaro, P. Banas, V. Mlynsky and J. Sponer

https://github.com/srnas/

Made with GROMACS using 
amber99sb*-ildn + parambsc0 + 
chiOL3 +NMR corrections

Discussion

References

Methods

Maximum Entropy principle:

The least biased probility distribution P(x) with respect 
to a reference P0(x) which provides averages 
compatible with bulk experiments for generic 
observables fi:

Under the 
constraints:

Solve using Lagrangian multipiers:

Lagrangian multipliers λi associated to the second 
constraints are determined with a stochastic 
minimization

Unbiased

MaxEnt

Harmonic 
Restraint

We account for experimental errors 
introducing a regularizing term ε with a given 
prior distribution (typically Gaussian or 
Laplacian):

Comments on MaxEnt
Much information from prior is retained

see Bonomi et al COSB (2017) for a review on “MaxEnt” and “Maximum Parsimony” methods

Equivalent to
multi-replica approaches
(e.g. Vendruscolo group)

Very good prior required
(when compared with harmonic restraint)
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observed quantity

prior

harmonic

maxent

Equivalent to EDS*
(White, Hocky, and Voth)

*see our review on Cesari, Reisser, and Bussi, Computation (2018) for a detailed comparison

Two possible routes:
Enforce

run MD subject to (average) restraints
Reweighting

a posteriori assign weights to simulated snapshots

(see Rangan et al, JCTC 2018 for a comparison)

Closely related to VES*
(Valsson & Parrinello)



SINE B2 elements

Inverted SINEB2 element
enhances protein translation*

Deletion studies identified the 
29-nt terminal hairpin SL1 as 
essential for protein synthesis 
enhancing%

*Carrieri et al, Nature (2014)
%Podbevsek, et al Sci. Rep. (2018)
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Experimental data
• Inverted SINEB2 element enhances protein 

translation (1)
• Chemical footprinting determined the secon-

dary structure of the 183-nt transcript 
• Deletion studies identified the 29-nt terminal 

hairpin SL1 as essential for protein synthesis 
enhancing function (2)

• NMR: 125 NOEs recorded for SL1, used for 
initial structure refinement with AMBER ff14 
forcefield

Hamiltonian Replica Exchange combined 
with maximum entropy approach

• In initially refined structures, not all NOEs could be 
satisfied, especially in the loop region (loop center at 
pos. 15, resp. 78 in complete SINEB2)

• HREX (3) together with MaxEnt corrections (4) was 
applied to find a better structure/a structural ensemble, 
satisfying all NOE restraints (Figure right)

• The corrections to the force field were calculated at 
every time step according to:

Reweighting Clustering using εRMSD

while unsatisfied 
NOEs in 

reweighted
ensemble:

NOE restraint satisfaction per cluster

PDB search for similar 
structures

Cluster structures
• Clusters #1 (31%) and #5 (3%) have shifted base 

pairing, 12-17 instead of 12-18
• Cluster #2 (20%) corresponds to the initially 

refined structure
• In clusters #1, #3, #5, #6 and #8, some bases are 

not interactive → interaction with other molecules? 

• Searched all NMR and crystal 
structures from PDB for loop 
motif (resid 9-21) from 387 
structures (Δt=1ns), indepen-
dent of sequence

• lowest εRMSD (0.53) between 
structure from cluster #3 and 
‘glutamine transamidosome’ 
complex from Thermotoga 
maritima (PDB #3al0; (10))

• 387 structures (Δt=1ns)
• Clustering by maximum number of 

structures within εRMSD<0.7 (9)

Adaptive corrections

NOE violations

• RNA (29-nt), ~19000 water, 64 Na, 36 Cl
• T = 298K, v-rescale thermostat
• force field AMBER for nucleic acids with 

latest corrections (5-8) 
• GROMACS 5.1.2, PLUMED 2.2s3

Simulation parameters

• NOEs which require the largest forcefield 
corrections are in the loop, residues 13-17

• strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ 
angle and sufficient population of the syn 
conformation in replica 1

p
S

• 20 replicas with different 
starting conformations and 
scaling factors

• Interactions in residues 11-19 
where scaled by      (charges), 
and S (Lennard-Jones ε, 
proper dihedrals)

• λi were learned from reference 
replica (S=1) and scaled by S 

(6) Perez et al. (2007). Biophys. J. 
(7) Zgarbová et al. (2011).  J. Chem. Theory Comput.
(8) Joung, Cheatham (2008). J. Phys. Chem. B 
(9) Bottaro, di Palma, Bussi (2014). Nucleic acids research
(10) Ito, Yokoyama (2010). Nature

inv. SINEB2
Cl.#3

tRNAGln

GluRS = 
glutamyl-
tRNA 
synthetase

GatB

GatA

GatC

GatCAB = 
heterotrimeric 
amidotransfe-
rase

NOE signal color: strong medium weak
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Inverted SINEB2 in Uchl1 antisense 
sequence essential for enhancing 

protein synthesis

A sequence including an antisense part to Uchl1 mRNA 
and an embedded inverted SINEB2 element enhances 
UCHL1 protein synthesis. The 5’ antisense overlap with 
target sequence provides target specificity and the 
inverted SINEB2 element at the 3’ end is crucial for 
protein enhancement (1).

Chemical footprinting and NMR  elucidate 
secondary structure of inverted SINEB2

Chemical footprinting was used to determine the 
secondary structure of the 183-nt inverted SINEB2 (Figure 
center). Deletion studies identified the 29-nt terminal 
hairpin SL1 as essential for protein synthesis enhancing 
function (2). 
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Hamiltonian Replica Exchange combined 
with MaxEnt elucidates structural 

features in the loop
In the NMR-refined structures, not all NOEs could be 
satisfied, especially in the loop region. HREX (3) 
together with MaxEnt corrections (4) was applied to find 
a better structure/a structural ensemble, satisfying all 
NOE restraints. The corrections to the force field were 
calculated on every time step according to:
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Discussion and Outlook 
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Non-zero λi. The NOEs which require the largest forcefield corrections are 
in the loop, residues 13-17. The strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ angle (compare Figure on the 
right) and sufficient population of the syn conformation in the 0th replica. 

Imino region of the 1H-15N HSQC NMR spectra showing H-bond-paired bases. 
Base pairs with imino signals observable at 25 and 0 °C are shaded in red and 
blue, respectively (2).

Inverted SINEB2 is sufficient to control endogenous UCHL1 protein levels in 
MN9D cells. Scheme of mutants is shown in 5’ to 3’ orientation. ΔA, ΔAlu; ΔS, 
ΔSINEB2; ΔAS, ΔAlu+SINEB2; Sf, SINEB2 flipped; ASf, Alu+SINEB2 flipped 
(1).

Full-length antisense Uchl1 with 3’ overlap and 5’ inverted SINEB2 repeat 
element. Δ: deletion. Δ3’ or Δ5’ alone faile to induce UCHL1 (1).

The structure of SL1 was further investigated by NMR 
studies. Based on a 2D NOESY spectrum, 125 NOEs 
could be found, classified according to their intensity:
- strong
- medium
- weak
The NMR data were used to refine a structure, using 
simulated annealing and the AMBER ff14SB forcefield (2).

h(dH�H)�6i�1/6 < 3.6Å

h(dH�H)�6i�1/6 < 5.0Å

h(dH�H)�6i�1/6 < 6.5Å

p
S

Correlation between H-H distances in pairs with strong intra-residue NOE 
signal and χ angle, from replica 1 (S=1). For a stricter distance limit of 3Å, 
only the syn conformation is possible.

So far, no structure has been found which satisfies all 
NOE restraints. Possibly, several conformations are 
interchanging, on a timescale below the NMR time 
resolution.
Other advanced sampling techniques such as 
metadynamics will be used to sample rotation along the 
χ angles in the loop.
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Figure S2 Assignment of relevant resonances. Aromatic-anomeric region of a 2D NOESY NMR spectrum

(τm=250 ms) of invSINEB2/38. The sequential walk is depicted as a black line. 
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Experimental data
• Inverted SINEB2 element enhances protein 

translation (1)
• Chemical footprinting determined the secon-

dary structure of the 183-nt transcript 
• Deletion studies identified the 29-nt terminal 

hairpin SL1 as essential for protein synthesis 
enhancing function (2)

• NMR: 125 NOEs recorded for SL1, used for 
initial structure refinement with AMBER ff14 
forcefield

Hamiltonian Replica Exchange combined 
with maximum entropy approach

• In initially refined structures, not all NOEs could be 
satisfied, especially in the loop region (loop center at 
pos. 15, resp. 78 in complete SINEB2)

• HREX (3) together with MaxEnt corrections (4) was 
applied to find a better structure/a structural ensemble, 
satisfying all NOE restraints (Figure right)

• The corrections to the force field were calculated at 
every time step according to:

Reweighting Clustering using εRMSD

while unsatisfied 
NOEs in 

reweighted
ensemble:

NOE restraint satisfaction per cluster

PDB search for similar 
structures

Cluster structures
• Clusters #1 (31%) and #5 (3%) have shifted base 

pairing, 12-17 instead of 12-18
• Cluster #2 (20%) corresponds to the initially 

refined structure
• In clusters #1, #3, #5, #6 and #8, some bases are 

not interactive → interaction with other molecules? 

• Searched all NMR and crystal 
structures from PDB for loop 
motif (resid 9-21) from 387 
structures (Δt=1ns), indepen-
dent of sequence

• lowest εRMSD (0.53) between 
structure from cluster #3 and 
‘glutamine transamidosome’ 
complex from Thermotoga 
maritima (PDB #3al0; (10))

• 387 structures (Δt=1ns)
• Clustering by maximum number of 

structures within εRMSD<0.7 (9)

Adaptive corrections

NOE violations

• RNA (29-nt), ~19000 water, 64 Na, 36 Cl
• T = 298K, v-rescale thermostat
• force field AMBER for nucleic acids with 

latest corrections (5-8) 
• GROMACS 5.1.2, PLUMED 2.2s3

Simulation parameters

• NOEs which require the largest forcefield 
corrections are in the loop, residues 13-17

• strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ 
angle and sufficient population of the syn 
conformation in replica 1

p
S

• 20 replicas with different 
starting conformations and 
scaling factors

• Interactions in residues 11-19 
where scaled by      (charges), 
and S (Lennard-Jones ε, 
proper dihedrals)

• λi were learned from reference 
replica (S=1) and scaled by S 

(6) Perez et al. (2007). Biophys. J. 
(7) Zgarbová et al. (2011).  J. Chem. Theory Comput.
(8) Joung, Cheatham (2008). J. Phys. Chem. B 
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Figure S1 Chemical footprinting of the invSINEB2/183 RNA construct. (left) A fluorescent gel with C and A

sequencing lanes with nucleotide numbering. DMS lanes with invSINEB2/183 RNA treated with increasing

DMS concentrations  with  positive  (+)  and  negative  (-)  controls.  (right)  A fluorescent  gel  with  G and  U

sequencing lanes with nucleotide numbering. CMCT lanes with invSINEB2/183 RNA treated with increasing

CMCT concentrations with positive (+) and negative (-) controls. 

DMS+CMCT
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Experimental data
• Inverted SINEB2 element enhances protein 

translation (1)
• Chemical footprinting determined the secon-

dary structure of the 183-nt transcript 
• Deletion studies identified the 29-nt terminal 

hairpin SL1 as essential for protein synthesis 
enhancing function (2)

• NMR: 125 NOEs recorded for SL1, used for 
initial structure refinement with AMBER ff14 
forcefield

Hamiltonian Replica Exchange combined 
with maximum entropy approach

• In initially refined structures, not all NOEs could be 
satisfied, especially in the loop region (loop center at 
pos. 15, resp. 78 in complete SINEB2)

• HREX (3) together with MaxEnt corrections (4) was 
applied to find a better structure/a structural ensemble, 
satisfying all NOE restraints (Figure right)

• The corrections to the force field were calculated at 
every time step according to:

Reweighting Clustering using εRMSD

while unsatisfied 
NOEs in 

reweighted
ensemble:

NOE restraint satisfaction per cluster

PDB search for similar 
structures

Cluster structures
• Clusters #1 (31%) and #5 (3%) have shifted base 

pairing, 12-17 instead of 12-18
• Cluster #2 (20%) corresponds to the initially 

refined structure
• In clusters #1, #3, #5, #6 and #8, some bases are 

not interactive → interaction with other molecules? 

• Searched all NMR and crystal 
structures from PDB for loop 
motif (resid 9-21) from 387 
structures (Δt=1ns), indepen-
dent of sequence

• lowest εRMSD (0.53) between 
structure from cluster #3 and 
‘glutamine transamidosome’ 
complex from Thermotoga 
maritima (PDB #3al0; (10))

• 387 structures (Δt=1ns)
• Clustering by maximum number of 

structures within εRMSD<0.7 (9)

Adaptive corrections

NOE violations

• RNA (29-nt), ~19000 water, 64 Na, 36 Cl
• T = 298K, v-rescale thermostat
• force field AMBER for nucleic acids with 

latest corrections (5-8) 
• GROMACS 5.1.2, PLUMED 2.2s3

Simulation parameters

• NOEs which require the largest forcefield 
corrections are in the loop, residues 13-17

• strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ 
angle and sufficient population of the syn 
conformation in replica 1

p
S

• 20 replicas with different 
starting conformations and 
scaling factors

• Interactions in residues 11-19 
where scaled by      (charges), 
and S (Lennard-Jones ε, 
proper dihedrals)

• λi were learned from reference 
replica (S=1) and scaled by S 

(6) Perez et al. (2007). Biophys. J. 
(7) Zgarbová et al. (2011).  J. Chem. Theory Comput.
(8) Joung, Cheatham (2008). J. Phys. Chem. B 
(9) Bottaro, di Palma, Bussi (2014). Nucleic acids research
(10) Ito, Yokoyama (2010). Nature
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Run a long MD from NMR structure
(just dynamics close to native)

Several NOEs are violated

Reweight to enforce NOE signals
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Inverted SINEB2 in Uchl1 antisense 
sequence essential for enhancing 

protein synthesis

A sequence including an antisense part to Uchl1 mRNA 
and an embedded inverted SINEB2 element enhances 
UCHL1 protein synthesis. The 5’ antisense overlap with 
target sequence provides target specificity and the 
inverted SINEB2 element at the 3’ end is crucial for 
protein enhancement (1).

Chemical footprinting and NMR  elucidate 
secondary structure of inverted SINEB2

Chemical footprinting was used to determine the 
secondary structure of the 183-nt inverted SINEB2 
(Figure center). Deletion studies identified the 29-nt 
terminal hairpin SL1 as essential for protein synthesis 
enhancing function (2). 

Hamiltonian Replica Exchange combined 
with MaxEnt reveals structural features 

in the loop
In the NMR-refined structures, not all NOEs could be 
satisfied, especially in the loop region. HREX (3) together 
with MaxEnt corrections (4) was applied to find a better 
structure/a structural ensemble, satisfying all NOE 
restraints. The corrections to the force field were 
calculated on every time step according to:
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Discussion and Outlook

Non-zero λi. The NOEs which require the largest forcefield corrections are in 
the loop, residues 13-17. The strong NOE restraint within residue 14 (blue) is 
satisfied only after flipping the χ angle (compare Figure on the right) and 
sufficient population of the syn conformation in replica 1. 

Imino region of the 1H-15N HSQC NMR spectra showing H-bond-paired bases. 
Base pairs with imino signals observable at 25 and 0 °C are shaded in red 
and blue, respectively (2).

Inverted SINEB2 is sufficient to control endogenous UCHL1 protein levels in 
MN9D cells. Scheme of mutants is shown in 5’ to 3’ orientation. ΔA, ΔAlu; ΔS, 
ΔSINEB2; ΔAS, ΔAlu+SINEB2; Sf, SINEB2 flipped; ASf, Alu+SINEB2 flipped 
(1).

Full-length antisense Uchl1 with 3’ overlap and 5’ inverted SINEB2 repeat 
element. Δ: deletion. Δ3’ or Δ5’ alone fail to induce UCHL1 (1).

The structure of SL1 was further investigated by NMR 
studies. Based on a 2D NOESY spectrum, 125 NOEs 
could be found, classified according to their intensity:
- strong
- medium
- weak
The NMR data were used to refine a structure, using 
simulated annealing and the AMBER ff14 forcefield (2).

h(dH�H)�6i�1/6 < 3.6Å

h(dH�H)�6i�1/6 < 5.0Å

h(dH�H)�6i�1/6 < 6.5Å

Correlation between H-H distances in pairs with strong intra-residue NOE 
signal and χ angle, from replica 1 (S=1). For a stricter distance limit of 3Å, 
only the syn conformation is possible.

So far, no structure has been found which satisfies all 
NOE restraints. Possibly, several conformations are 
interchanging, on a timescale below the NMR time 
resolution.
Other advanced sampling techniques such as meta-
dynamics will be used to sample rotation along the χ 
angles in the loop.
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formations and scaling factors. 
Interactions in residues 11-19 where 
scaled by      (charges), or S (Lennard-
Jones ε, proper dihedrals). λi were 
learned from reference replica (S=1) and 
scaled by S.  
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Enhanced sampling on SINE hairpin
8 Replicas (RECT*)

Accelerated degrees of freedom:
χ14-16 and coordination numbers 14-16

MaxEnt for 125 NOEs throughout the whole 
hairpin

*Gil-Ley and Bussi, JCTC (2015)
Reisser et al, NAR (2020)

Kish’s sample size ~ 0.7

water not shown
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Annotated and plotted with Barnaba, Bottaro et al, RNA (2019) (pip install barnaba)



Clustering

Annotated and plotted with Barnaba, Bottaro et al, RNA (2019) (pip install barnaba)

Clusters are homogeneous (low eRMSD* and 
same χ-pattern) thanks to an ad-hoc (expensive) 
clustering method based on maximum cliques@

See González-Alemán et al, JCIM (2020) for a 
quality-threshold clustering& with similar 

properties and for a comparison with the popular 
“GROMOS” method$

*Bottaro et al, NAR (2014)
@Reisser et al, NAR (2020)

&Heyer et al, Genome Res (1999)
$Daura et al, ACIE (1999)

1 Quality Threshold Clustering of Molecular Dynamics: A Word of
2 Caution
3 Roy Gonzaĺez-Alemań,*,† David Hernańdez-Castillo,† Julio Caballero,*,‡
4 and Luis A. Montero-Cabrera†

5
†Laboratorio de Química Computacional y Teoŕica, Facultad de Química, Universidad de La Habana, 10400 La Habana, Cuba

6
‡Centro de Bioinformat́ica y Simulacioń Molecular, Facultad de Ingeniería en Bioinformat́ica, Universidad de Talca, 2 Norte 685,

7 Casilla 721, Talca, Chile

8 *S Supporting Information

9 ABSTRACT: Clustering Molecular Dynamics trajectories is a common
10 analysis that allows grouping together similar conformations. Several
11 algorithms have been designed and optimized to perform this routine task,
12 and among them, Quality Threshold stands as a very attractive option. This
13 algorithm guarantees that in retrieved clusters no pair of frames will have a
14 similarity value greater than a specified threshold, and hence, a set of strongly
15 correlated frames are obtained for each cluster. In this work, it is shown that
16 various commonly used software implementations are flawed by confusing
17 Quality Threshold with another simplistic well-known clustering algorithm
18 published by Daura et al. (Daura, X.; van Gunsteren, W. F.; Jaun, B.; Mark, A.
19 E.; Gademann, K.; Seebach, D. Peptide Folding: When Simulation Meets
20 Experiment. Angew. Chemie Int. Ed. 1999, 38 (1/2), 236−240). Daura’s algorithm does not impose any quality threshold for the
21 frames contained in retrieved clusters, bringing unrelated structural configurations altogether. The advantages of using Quality
22 Threshold whenever possible to explore Molecular Dynamic trajectories is exemplified. An in-house implementation of the
23 original Quality Threshold algorithm has been developed in order to illustrate our comments, and its code is freely available for
24 further use by the scientific community.

1. INTRODUCTION
25 Clustering is a type of unsupervised learning in which the goal
26 is to partition a set of entities into groups called clusters.
27 Intuitively, the entities within a cluster are more similar to each
28 other than to entities from other clusters.1 Clustering of
29 Molecular Dynamics (MD) trajectories is a common step in
30 many data analysis workflows that may shed light, explain, or
31 even predict a particular experimental behavior.
32 In the context of MD, clustering algorithms partition the
33 simulated trajectory (or data set) into clusters that contain
34 similar frames. Although numerous metrics intended to
35 measure the similarity between frames exist in the literature,
36 root mean square deviation (RMSD) is the most used option
37 regarding MD. Several algorithms have been developed to deal
38 specifically with clustering of MD, having each their pros and
39 cons.2,3

40 It is worth noting that no clustering algorithm should be
41 embraced as the best. Instead, users should study the
42 particularities of their situations and try to figure out what is
43 the best choice from the plethora of available algorithms and
44 metrics. While some solutions have been made available to
45 clusterize MD, not all may be adequate for a particular
46 analysis.4

47 The Quality Threshold (QT) algorithm was first proposed
48 by Heyer et al. in 1999 and explicitly designed for grouping
49 gene expression patterns.5 The authors intended to overcome

50serious limitations inherent to other available clustering
51algorithms like k-means, self-organizing maps, and hierarchical
52variants. Since then, QT has been employed in many fields
53other than microbiology.6−10

54In the context of MD, after user specification of a similarity
55threshold, QT works as follows: a candidate cluster C1 is
56formed by starting with the first frame of a trajectory as the
57seed. Other frames will be iteratively added to C1 in such a way
58that its addition keeps the cluster size as minimum as possible;
59i.e., entering frames must have the least RMSD value by
60respect to all frames that have previously entered C1. If the
61RMSD of the entering frame with respect to any other frame
62already in C1 is greater than the threshold, that frame is
63disallowed to go into C1. The previous process is repeated for
64remaining frames of the data set until this candidate cluster is
65formed. Note that all frames contained in previously
66determined candidate clusters are made available for
67consideration for future candidate clusters. At the end of this
68process, there are as many candidate clusters as frames in the
69data set, and many of them overlap. The biggest candidate is
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Experimental data
• Inverted SINEB2 element enhances protein 

translation (1)
• Chemical footprinting determined the secon-

dary structure of the 183-nt transcript 
• Deletion studies identified the 29-nt terminal 

hairpin SL1 as essential for protein synthesis 
enhancing function (2)

• NMR: 125 NOEs recorded for SL1, used for 
initial structure refinement with AMBER ff14 
forcefield

Hamiltonian Replica Exchange combined 
with maximum entropy approach

• In initially refined structures, not all NOEs could be 
satisfied, especially in the loop region (loop center at 
pos. 15, resp. 78 in complete SINEB2)

• HREX (3) together with MaxEnt corrections (4) was 
applied to find a better structure/a structural ensemble, 
satisfying all NOE restraints (Figure right)

• The corrections to the force field were calculated at 
every time step according to:

Reweighting Clustering using εRMSD

while unsatisfied 
NOEs in 

reweighted
ensemble:

NOE restraint satisfaction per cluster

PDB search for similar 
structures

Cluster structures
• Clusters #1 (31%) and #5 (3%) have shifted base 

pairing, 12-17 instead of 12-18
• Cluster #2 (20%) corresponds to the initially 

refined structure
• In clusters #1, #3, #5, #6 and #8, some bases are 

not interactive → interaction with other molecules? 

• Searched all NMR and crystal 
structures from PDB for loop 
motif (resid 9-21) from 387 
structures (Δt=1ns), indepen-
dent of sequence

• lowest εRMSD (0.53) between 
structure from cluster #3 and 
‘glutamine transamidosome’ 
complex from Thermotoga 
maritima (PDB #3al0; (10))

• 387 structures (Δt=1ns)
• Clustering by maximum number of 

structures within εRMSD<0.7 (9)

Adaptive corrections

NOE violations

• RNA (29-nt), ~19000 water, 64 Na, 36 Cl
• T = 298K, v-rescale thermostat
• force field AMBER for nucleic acids with 

latest corrections (5-8) 
• GROMACS 5.1.2, PLUMED 2.2s3

Simulation parameters

• NOEs which require the largest forcefield 
corrections are in the loop, residues 13-17

• strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ 
angle and sufficient population of the syn 
conformation in replica 1

p
S

• 20 replicas with different 
starting conformations and 
scaling factors

• Interactions in residues 11-19 
where scaled by      (charges), 
and S (Lennard-Jones ε, 
proper dihedrals)

• λi were learned from reference 
replica (S=1) and scaled by S 

(6) Perez et al. (2007). Biophys. J. 
(7) Zgarbová et al. (2011).  J. Chem. Theory Comput.
(8) Joung, Cheatham (2008). J. Phys. Chem. B 
(9) Bottaro, di Palma, Bussi (2014). Nucleic acids research
(10) Ito, Yokoyama (2010). Nature
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Cl.#3

tRNAGln

GluRS = 
glutamyl-
tRNA 
synthetase

GatB

GatA

GatC

GatCAB = 
heterotrimeric 
amidotransfe-
rase

NOE signal color: strong medium weak

Consistent with
DMS reactivity%

(validation)

53%         27%          18%          2%
DKL=1.71
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Experimental data
• Inverted SINEB2 element enhances protein 

translation (1)
• Chemical footprinting determined the secon-

dary structure of the 183-nt transcript 
• Deletion studies identified the 29-nt terminal 

hairpin SL1 as essential for protein synthesis 
enhancing function (2)

• NMR: 125 NOEs recorded for SL1, used for 
initial structure refinement with AMBER ff14 
forcefield

Hamiltonian Replica Exchange combined 
with maximum entropy approach

• In initially refined structures, not all NOEs could be 
satisfied, especially in the loop region (loop center at 
pos. 15, resp. 78 in complete SINEB2)

• HREX (3) together with MaxEnt corrections (4) was 
applied to find a better structure/a structural ensemble, 
satisfying all NOE restraints (Figure right)

• The corrections to the force field were calculated at 
every time step according to:

Reweighting Clustering using εRMSD

while unsatisfied 
NOEs in 

reweighted
ensemble:

NOE restraint satisfaction per cluster

PDB search for similar 
structures

Cluster structures
• Clusters #1 (31%) and #5 (3%) have shifted base 

pairing, 12-17 instead of 12-18
• Cluster #2 (20%) corresponds to the initially 

refined structure
• In clusters #1, #3, #5, #6 and #8, some bases are 

not interactive → interaction with other molecules? 

• Searched all NMR and crystal 
structures from PDB for loop 
motif (resid 9-21) from 387 
structures (Δt=1ns), indepen-
dent of sequence

• lowest εRMSD (0.53) between 
structure from cluster #3 and 
‘glutamine transamidosome’ 
complex from Thermotoga 
maritima (PDB #3al0; (10))

• 387 structures (Δt=1ns)
• Clustering by maximum number of 

structures within εRMSD<0.7 (9)

Adaptive corrections

NOE violations

• RNA (29-nt), ~19000 water, 64 Na, 36 Cl
• T = 298K, v-rescale thermostat
• force field AMBER for nucleic acids with 

latest corrections (5-8) 
• GROMACS 5.1.2, PLUMED 2.2s3

Simulation parameters

• NOEs which require the largest forcefield 
corrections are in the loop, residues 13-17

• strong NOE restraint within residue 14 
(blue) is satisfied only after flipping the χ 
angle and sufficient population of the syn 
conformation in replica 1

p
S

• 20 replicas with different 
starting conformations and 
scaling factors

• Interactions in residues 11-19 
where scaled by      (charges), 
and S (Lennard-Jones ε, 
proper dihedrals)

• λi were learned from reference 
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Summary
Combining MD and experiment,
difficult-to-detect low-population

states emerge implicitly
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pairs may open or close by an asynchronous movement of the nucleobases22–24; yet the 
general validity, the causes, and the putative biological consequences of this behavior 
remain elusive. 

Here, by combining simulations and experiments, we study how RNA and DNA 
duplexes unwind and how the energetics underlying the elementary step of base pair 
opening can influence the workings of nucleic acids processing machineries. First, we 
present a structure-based molecular dynamics (MD) approach to provide a 
comprehensive view of the unwinding mechanism of double helices. By simulating the 
strand separation and formation of short duplexes—and analyzing thousands of base-
pair opening and closing events—we uncover fundamental and strand-specific 
differences in the nucleobase dynamics of dsRNA and dsDNA. Then, we relate the 
recorded nucleobase dynamics to the unwinding of helicases whereby we predict, 
prospectively, an unexpected enhancement of unwinding efficiency for substrates rich in 
pyrimidines on the displaced strand. Finally, using biochemical and spectroscopic 
assays, we test our hypothesis by measuring helicase efficiency in the unwinding of 
various designed substrates. The experiments strikingly confirm the predictions and 
corroborate a model that intimately relates the asymmetric dynamics of base pairs to the 
unwinding mechanism of helicases. Taken together, our data suggest a possible layer 
of gene regulation encoded in the direction-dependent unwindability of the double helix. 

 

Figure 1 Modeling the formation and rupture of double helices by mimicking constant-
force optical-tweezer experiments. (a) Explicative double-stranded nucleic acid model. 
Red spheres show the 3′ and 5′ hydroxyl groups of the terminal base pair, defining the 
end-to-end distance, where the external constant force, fC, was applied (red arrows; see 
Methods). (b) We observed the system hopping between folded and unfolded states, 
zoomed in the red inset. Histogram of the end-to-end distance is shown on the right, 
together with sample conformations from the folded and unfolded ensembles.  
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Figure 2 Dangling intermediates sampled during the folding and unfolding trajectories 
of RNA and DNA duplexes. a) Schematic of the stepwise mechanism of base-pair 
opening/closing. The bases in the ss portion of the 3′- and 5′-ends are not shown for 
sake of clarity. The flipping of the bases at the ss/ds junction schematically represents 
the rupture of stacking and hydrogen bonding interactions. The simultaneous 
unpairing/unstacking of both 3′- and 5′-nucleobases is only observed in a small fraction 
(<10%) of the possible base-pair opening pathways (Figure S1). b) Free-energy 
difference between the unbiased population of 5′- and 3′- dangling intermediates (P5’ and 
P3’ respectively, see Methods) during the opening and closing of the base pair at the 
bottom of each nearest-neighbor combination shown on the vertical axis. Positive values 
correspond to higher population of 3’-dangling intermediates. Red dots highlight the 
base-pair combinations explicitly commented in the text. Bars indicate the standard error 
estimated by bootstrapping34. c) Illustrative time evolution of the base-pair opening 
process at a ss/ds junction in RNA and DNA. The distances used to detect Watson-Crick 
pairing (gray), 5′-stacking (red), and 3′-stacking (blue) of the closing base pair are shown. 
Data are averaged over windows of 300 time steps. The free-energy difference between 
the unbiased dangling population is also reflected in the actual kinetics of base-pair 
opening (see also Figure S1). d) Side and top views of adjacent Watson and Crick base 
pairs in RNA and DNA duplexes. The major axis of the helix is shown as a red circle and 
a red line in the top and side view, respectively. The sugar-phosphate backbone is 
represented by cyan sticks and ribbons. Adjacent base pairs are colored in blue and 
orange to highlight the geometrical features of the overlapping bases.  
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Figure 4 The helix unwindability index (h-unwind) predicts a direction-dependent 
unwinding efficiency of helicases. a) Duplex substrates Pu5-3 and Py5-3 have a 21-nt 
sequence in the displaced strand (in green) that is homopurine and homopyrimidine 
respectively. b) Substrates Pu3-5 and Py3-5 have a homopurine and homopyrimidine 
sequence in the displaced strand (in green) respectively. c) The substrates with the 
homopyrimidine sequence in the displaced strand (Py5-3 and Py3-5) have higher h-unwind 
values and are thus predicted to be more efficiently unwound than the homopurine 
analogs (Pu5-3 and Pu5-3). 

 

Strand-swapped DNA duplexes exhibit identical thermodynamics stability.  

The two sets of DNA constructs (Py5-3, Pu5-3 and Py3-5, Pu3-5, described in the previous 
section) were combined with a 21-nt single-stranded overhang and were labeled with 
Cy3 and Dabcyl (Dab) fluorophores38 at duplex termini (Figure 5; see Table S1 for 
complete sequences). Before measuring the efficiency of helicase to unwind such 
constructs, we performed melting experiments to confirm that the presence of the 
fluorophore and the overhang did not alter the thermodynamic stability of the strand-
swapped constructs. In the experimental configuration used, duplex DNA melting is 
reported as an increase in Cy3 emission as the fluorophore distance to the Dab quencher 
increases due to strand separation (Figure 5a)39. The relative thermodynamic stability of 
the different dye-quencher constructs was determined at ionic strength conditions and 
buffer solutions identical to those used for the unwinding assays (see next section and 
Supplementary Material). The melting temperatures (Tm) obtained for both 5′ → 3′ 
substrates were very similar with values of 62.3 ± 0.3 ºC and 62 ± 0.2 ºC for Pu5-3 and 
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Py5-3, respectively (Figure 5b). The corresponding melting profiles of the 3′ → 5′ 
substrates, Pu3-5 and Py3-5, also confirmed that the constructs had the same 
thermodynamic stability with Tm values of 67.1 ± 0.1 ºC for Pu3-5 and 67.6 ± 0.2 ºC for 
Py3-5 (Figure 5c). The relative increase in Tm values (∆ Tm ~ 5 ºC) observed for Pu3-5 and 
Py3-5 compared to Pu5-3 and Py5-3 agrees with previously reported stabilization effects 
induced by the different ionic background used (see Methods)40. Overall, the 
temperature-melting profiles obtained for the two sets of DNA constructs confirmed that 
both the fluorescence labeling and Pu/Py strand swapping had no impact in duplex 
stability—a fundamental feature for the aims of the helicase unwinding assays described 
below.  
 

 
Figure 5 Thermodynamic stability of strand-swapped duplex DNA substrates. (a) 
Schematic of the fluorescence quenching assay used to obtain the temperature melting 
profiles of the two pairs of DNA constructs employed to investigate helicase unwinding. 
The duplex DNA regions are composed of 21 base pairs and the substrates are named 
according to the nucleobase composition of the displaced strand and the polarity of a 21-
nt single-stranded DNA overhang. For instance, Pu5-3 denotes a duplex DNA substrate 
comprising a 21-nt 5′ overhang and a homopurine sequence on the displaced strand 
(see Supplementary Table S1 for details and Methods section). The close proximity of 
Dab to the Cy3 fluorophore quenches its fluorescence emission, which is restored due 
to strand separation during melting. (b) Melting profiles obtained for Py5-3 (blue) and Pu5-

3 (red) duplexes employed as substrates for helicase unwinding with 5′ → 3′ polarity. (c) 
Melting profiles obtained for Py3-5 (blue) and Pu3-5 (red) duplexes employed as substrates 
for helicase unwinding with 3′ → 5′ polarity. Solid lines represent the fitting of the 
experimental data to a Boltzmann sigmoidal equation from which Tm values were 
obtained. 

 

Pyrimidines on the displaced strand of DNA duplexes facilitate helicase 
unwinding.  

We then assessed the unwinding activity of three DNA helicases, XPD, RecD2 and PcrA 
(Figure 6), employing the same quenching assay and identical substrates as used for 
the duplex stability studies described in the previous section. XPD and RecD2 helicases 
are members of SF2 and SF1 (Table S4), respectively, and both translocate along DNA 

✅ Same melting temperature
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We remark that the above observations are nicely in agreement with the results 
reported by Taylor et al. for the processive NPH-II RNA helicase45. According to those 
results, pyrimidines facilitate unwinding by a three-fold increment of its amplitude when 
they are located on the 5′ displaced strand. Importantly, the described purine/pyrimidine 
bias arises from the bases themselves and is observed also for sequences with identical 
thermodynamic stability45. Whereas Taylor’s results have been regarded as a curious 
and unusual set of observations, our analysis and experiments suggest that the 
molecular events underlying such a purine/pyrimidine bias can be straightforwardly 
related to the intrinsic dynamics of the duplex and are thus universal.  

Finally, it must be noted that differences in helicase efficiency could arise, for 
example, from a higher binding affinity of helicase for a tracking strand composed by 
homopurines. To probe this alternative explanation, we performed control experiments 
finding that, as shown also by others46–48, affinity for the homopurine tracking strand is 
lower than affinity for the homopyrimidine one (see Supplementary Material). In absence 
of the bottleneck effect played by the bases at the displaced strand, this would lead to a 
behavior opposite to that observed in the unwinding assays. This observation thus rules 
out this alternative mechanism and corroborates our original hypothesis.   
Taken together, the experimental characterization of the three model helicases strikingly 
confirms h-unwind predictions and demonstrate that the constructs with the 
homopyrimidine sequence at the displaced strand, namely Py5-3, Py3-5 were always more 
efficiently unwound, regardless the helicase type and directionality.  

 

 
Figure 6 Proof of concept unwinding profiles of fluorescently labelled substrates by 5′ 
→ 3′ and 3′ → 5′ helicases. The experiments show the constructs with the 
homopyrimidine sequence on the displaced strand (Py5-3, Py3-5) to be more efficiently 
unwound with respect to the corresponding homopurine homologues (Pu5-3, Pu3-5), thus 
confirming the h-unwind predictions. (a) Schematic of the labeling strategy and 

Processivity is higher when 
displaced strand is pyrimidine rich

Valid on the 3 tested helicases!
1/8 prob to get this by chance :-)

Conditions (n=3 repetitions):
50nM dsDNA
500nM helicase
1mM MgCl2
0.1mg/mL BSA
Addition of  1mM ATP

Colizzi et al, PNAS (2019)



Speculation: helicase directionality

Figure 4: Pictorial representation of nucleic acids unwinding catalyzed by SF1
and SF2 helicases. The unbinding probability of purines and pyrimidines at
ss/ds junctions are schematically depicted with fading red and blue arrows,
respectively. High color intensity corresponds to a high unbinding probability.
A) In A-form RNA, the unbinding of bases at the 5�-end is systematically
favored over the unbinding of the complementary base at the 3�-end. Vice
versa, in the B-form of DNA (B) the orientation of the stepwise mechanism of
base-pair opening depends on the sequence only. The intrinsic dynamics of the
nucleic acids a↵ects the helicase unwinding rate. During the RNA unwinding
by NS3/NPH-II helicase family, the processing velocity is slow when purines are
on the displaced 5’-strand (C) and high when pyrimidines are on the displaced
5’-strand (D). When compared to RNA, DNA is widely processed with both
3’!5’ and 5’!3’ directionality and di↵erent helicases are deputed to unwind
di↵erent substrates in the cell. Our results suggest that di↵erent unwinding
e�ciencies might be observed depending on the pattern, amount and type of
purines on the displaced 3’- or 5’-strand. E) Schematic representation of the
unwinding mechanism catalyzed by the XPD/RAD3 family processing dsDNA
with 5’!3’ directionality. F) Unwinding model for the Hel308 DNA helicase
belonging to the Ski2-like family of RNA and DNA helicases that translocate
with 3’!5’ directionality. The helicase structures were rendered with VMD [33]
using the PDB codes 3O8R[11], 2VL7[9] and 2P6R [32] for the NS3/NPH-II,
XPD/RAD3 and Ski2-like families, respectively.
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Summary
Simple (non-predictive?) simulations + intuition 
can lead to experimentally testable hypotheses

Intrinsic helix dynamics has an impact on the 
dynamics of nucleic acids processing machineries
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We remark that the above observations are nicely in agreement with the results 
reported by Taylor et al. for the processive NPH-II RNA helicase45. According to those 
results, pyrimidines facilitate unwinding by a three-fold increment of its amplitude when 
they are located on the 5′ displaced strand. Importantly, the described purine/pyrimidine 
bias arises from the bases themselves and is observed also for sequences with identical 
thermodynamic stability45. Whereas Taylor’s results have been regarded as a curious 
and unusual set of observations, our analysis and experiments suggest that the 
molecular events underlying such a purine/pyrimidine bias can be straightforwardly 
related to the intrinsic dynamics of the duplex and are thus universal.  

Finally, it must be noted that differences in helicase efficiency could arise, for 
example, from a higher binding affinity of helicase for a tracking strand composed by 
homopurines. To probe this alternative explanation, we performed control experiments 
finding that, as shown also by others46–48, affinity for the homopurine tracking strand is 
lower than affinity for the homopyrimidine one (see Supplementary Material). In absence 
of the bottleneck effect played by the bases at the displaced strand, this would lead to a 
behavior opposite to that observed in the unwinding assays. This observation thus rules 
out this alternative mechanism and corroborates our original hypothesis.   
Taken together, the experimental characterization of the three model helicases strikingly 
confirms h-unwind predictions and demonstrate that the constructs with the 
homopyrimidine sequence at the displaced strand, namely Py5-3, Py3-5 were always more 
efficiently unwound, regardless the helicase type and directionality.  
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prospectively, an unexpected enhancement of unwinding efficiency for substrates rich in 
pyrimidines on the displaced strand. Finally, using biochemical and spectroscopic 
assays, we test our hypothesis by measuring helicase efficiency in the unwinding of 
various designed substrates. The experiments strikingly confirm the predictions and 
corroborate a model that intimately relates the asymmetric dynamics of base pairs to the 
unwinding mechanism of helicases. Taken together, our data suggest a possible layer 
of gene regulation encoded in the direction-dependent unwindability of the double helix. 

 

Figure 1 Modeling the formation and rupture of double helices by mimicking constant-
force optical-tweezer experiments. (a) Explicative double-stranded nucleic acid model. 
Red spheres show the 3′ and 5′ hydroxyl groups of the terminal base pair, defining the 
end-to-end distance, where the external constant force, fC, was applied (red arrows; see 
Methods). (b) We observed the system hopping between folded and unfolded states, 
zoomed in the red inset. Histogram of the end-to-end distance is shown on the right, 
together with sample conformations from the folded and unfolded ensembles.  
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