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I. RNA2 SEQUENCE
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ACUUGCCUAU GAUCGUAGGA GUCUUAGUAA GGAUAAAGAA ACCGUUGCGU GGGUGCGUAA
GACCCUUUCU AAAUAAUGUU GGUCACAUUU AAGACUUGUU UAGUCCACAU UAGGACUGGU
UCUAACAGUU UCUUUAAACU GUAAUCGUCG UUGCGACGUU GGUUUGCUUA CAAGCAAUCA
AGCUGCCUUU GAGUUUUACU CCUUGAACUC UUCAGAAGAA UUCUUCGGAA UUCGUACCAG
UAUCUCACAU AGUGAGGUAA UAAGACUGGU GGGCAGCGCC UAGUCGAAAG ACUAGGUGAU
CUCUAAGGAG ACCA



II. FREELY-FOLDING STAGE

A. RNA2 conformations

0.15 M| T=310K 0.5M|T=810K 0.5M|T=293 K

Nucleotide ID

0 693 1387 2080 2774

Supplementary Figure S1: (Example) snapshots of RNA2 conformations at (left) 0.15 M (7" = 310 K), (center) 0.5 M
(T =310 K), and (right) 0.5 M (T = 293 K, the RNA termini fixed by harmonical restraints), as a result of the freely-folding
MD. The color code is associated with the nucleotide index.



B. Distance matrices between (intra-replica, intra-concentration) contact maps

To quantify the variability in the secondary structures of RNA2, we defined a distance
drar between contact maps (called KM) as follows: Given two Boolean contact maps {k:l(]1 )},

{k:g)} associated with frames (1) and (2), the distance counts all contacts that are “true” in
either (not both) frames - which is equivalent to a logical XOR criterion. The 2D matrices
showing the values of dxj; for each duple of frames within a given replica, and within all MD
replicas per salt concentration, are shown in Figure A hierarchical clustering based on
an average linkage criterion was performed on the (intra-concentration) distance matrices
of Figure |[S3|- dendrograms are shown in Figure [S4] (0.15 M) and |[S5| (0.5 M).
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Supplementary Figure S2: 2D distance matrices (dxas) between contact maps, associated with the freely-folding MD
replicas at 0.15 M (top row) and 0.5 M (bottom row).
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Supplementary Figure S3: 2D distance matrices (dxas) between contact maps, associated with all frames from all replicas
of the freely-folding MD at (left) 0.15 M and (right) 0.5 M.
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Supplementary Figure S4: Dendrogram depiction of the hierarchical clustering of frames from all MD replicas at 0.15 M,
based upon the distance between contact maps together with an average linkage criterion: A 1:1 association between MD
replicas and clusters highlights the structural dissimilarity between conformational ensembles.
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Supplementary Figure S5: Dendrogram depiction of the hierarchical clustering of frames from all MD replicas at 0.5 M,
based upon the distance between contact maps together with an average linkage criterion: A 1:1 association between MD
replicas and clusters highlights the structural dissimilarity between conformational ensembles.
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Supplementary Figure S6: Normalized histograms of the distances between contact maps (as described in the “Analysis
protocol” section), the latter being collected on a frame-wise basis for each replica of the freely-folding MD at 310 K and
(left) 0.15 M or (center) 0.5 M. (Right) Normalized histograms of the all-v-all, cross-distances between the contact maps
from the freely-folding MD at 310 K and the contact maps from the dynamics of RNA2 within the CCMV-derived external
potential: The “shuffling” of the secondary /tertiary structures associated with the encapsidation procedure is highlighted.



C. Free energy landscapes
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Supplementary Figure S7: Free-energy profiles of the RNA2 from the freely-folding MD replicas at (top) 0.15 M, and
(bottom) 0.5 M, based upon the values of the gyration radius (Ry) and the internal energy (U).



D. Chord diagram depiction of the stable hydrogen-bonding contacts

1. MD simulations of the RNA2 with with unconstrained termini at T=310 K
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Supplementary Figure S8: Chord diagram illustrating the stable hydrogen-bonding contacts, defined as those conserved in
over 50% of trajectory frames across independent MD replicas. The top row shows results from simulations at 0.5 M, while the
bottom row displays 0.15 M.

2. MD simulations of the RNAZ2 with harmonically constrained termini at T=293 K
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Supplementary Figure S9: Chord diagram depiction of the stable hydrogen-bonding contacts, i.e., conserved in over 50% of
the trajectory frames, over the equilibrated fraction of (upper left) replica I, (upper right) replica II, and (bottom) replica
IIT of the freely-folding MD at 0.5 M at 7" = 293 K.



E. Similarity between the contact maps achieved by freely-folding MD and the
(optimal) RN Afold structure prediction

Firstly, we obtained the optimal secondary structures prediction by the RNAfold software
of the ViennaRNA suite [I], according to the appropriate conditions:
e T'=310 K, I =0.15 M: total amount of HB interactions = 874

e T'=310 K, I = 0.50 M: total amount of HB interactions = 878
o T'=293 K, I =0.50 M: total amount of HB interactions = 899

We thus calculated the amount of HB contacts that are shared between each frame of
(the equilibrated fraction of) the 12 replicas from the 4 freely-folding MD scenarios and the
corresponding RNAfold prediction (as shown by the histogram in Figure [S10)).
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Supplementary Figure S10: Normalized histograms of the number of contacts shared between each frame of the freely-
folding MD replicas at (left) 7' = 310 K, and (right) 7" = 293 K) and the optimal 2D structure prediction obtained by RNAfold
- according to the appropriate experimental conditions.

As a reference, we hereby report an approximate estimate of the average number of
hydrogen-bonding interactions per each of the 4 simulated scenarios:

e T'=310 K, I =0.15 M: aver. amount of HBs ~ 470
e T'=310 K, I =0.50 M: aver. amount of HBs ~ 640
o T'=293 K, I =0.50 M: aver. amount of HBs ~ 760

o T'=293 K, I =0.50 M, constrained RNA termini: aver. amount of HBs ~ 750



F. End-to-end distance of the RNA2 fragment during the freely folding stage
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Supplementary Figure S11: Normalized histograms of the end-to-end distances between the 3’ and 5’ termini of the RNA2
fragment, calculated frame-wise along each replica of the four freely-folding MD scenarios.
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G. Freely-folding simulations via the annealing protocol
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Supplementary Figure S12: (a) The number of hydrogen bonding interactions, and (b) gyration radii of the RNA2 fragment
as function of the simulation time, obtained via the annealing protocol. The left and right sub-panels of each figure refer to a
salt concentration of 0.15 M and 0.5 M respectively.
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Supplementary Figure S13: Chord diagram depiction of the stable hydrogen-bonding contacts, i.e., conserved in over 50%
of the trajectory frames, collected in the last fraction of the annealing protocol for the two saline concentrations (black lines in

Figure .

In addition to the free-folding simulations, we have attempted to fold the RNA2 wvia
an annealing protocol, thereby monitoring the number of hydrogen-bonding interactions
(nHB) and the gyration radius (R, ) as the temperature is decreased over time. For both
salt concentrations adopted (0.15 and 0.5 M), simulations were started at a temperature
where the RNA showed no secondary structure, thus decreasing 7' in discrete steps of 1 or
2 K, until both nHB and R, converged to a plateau. Each stage of the simulation (i.e., at a
constant temperature) took 1-4 days of GPU time.

Figure shows the evolution of both quantities as a function of the simulation time: In
fact, the annealing protocol does not seemingly yield better (i.e., smaller) values of the R,
than those obtained via free-folding MD), despite achieving RNA2 structures with a slightly

11



Similarity between RNAfold and Annealing
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Supplementary Figure S14: Similarity between the RNA2 secondary structures obtained by the annealing protocol and
the MFE prediction of RNAfold - expressed as number of base pairings shared by both techniques - at 310 K and a 0.15 M/0.5
M monovalent salt concentration. The total numbers of base pairs predicted by the RNAfold MFE are shown as dashed lines.

(=~ 20%) higher number of hydrogen bonds.

The similarity between the secondary structures yielded by the annealing protocol and the
one associated with the MFE structure of RNAfold is somewhat higher than that obtained
by the freely-folding MD protocol (as shown by Figure . Yet, these values do not
exceed 12.5% (0.15M) and 25% (0.50M) of the total base pairings, remarking a significant
difference between the oxRNA and the RNAfold predictions.
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III. ENCAPSIDATION STAGE
A. Evolution of the internal pressure and of the hydrogen-bonding interactions

We monitored the internal pressure of the RNA2 molecules throughout the encapsidation
stage (see Equation 1 in the main text), as effective proxy of a quasi-static transformation.
According to this criterion, the RNA replicas at 0.5 M, T' = 310 K, and unconstrained
termini, were somewhat unaffected by the external force, associated with an encapsidation
kinetics of 5.6 x 1078 \,,/MD steps (see Figure - eventually yielding a spherical volume
about 10 nm in radius. As for the simulations at 0.5 M, T" = 293 K, and harmonically-
constrained termini, the encapsidation rate was kept, while the final radius was set about
11 nm.

Conversely, the encapsidation of the RNA2 at 0.15 M required that a milder kinetics of
1 x 1078 X\,z/MD steps be applied in the later stage, to keep the internal pressure from
diverging - thereby achieving a spherical volume of about 11 nm in radius. Yet, as observed in
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Supplementary Figure S15: Estimates of the internal pressure throughout the encapsidation stage of the RNA2. In
particular, the inset at the top and center show simulation results performed at 0.15 M and 0.5 M, respectively, under
conditions of "= 310 K and with unconstrained RNA ends (labeled as f). The bottom inset presents simulations performed
at 0.5 M and T = 293 K, where the RNA termini are harmonically constrained (labeled as h).

Figure [S16]| the encapsidation procedure drives a significant rise in the amount of hydrogen-
bonding nucleotides - which is steady at 0.5 M and abrupt at 0.15 M, yielding about a 60%
contact increase in the latter case. While one might account for this process in terms of
spatial proximity, forcibly favouring the pairing of nucleotides, we are inclined to believe
this might be an artificial outcome from a strongly non-equilibrium setup.
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Supplementary Figure S16: Evolution of the amount of hydrogen-bonding interactions throughout the encapsidation stage of
the RNA2. In particular, the inset at the top and center show simulation results performed at 0.15 M and 0.5 M, respectively,
under conditions of T" = 310 K and with unconstrained RNA ends (labeled as f). The bottom inset presents simulations
performed at 0.5 M and T' = 293 K, where the RNA termini are harmonically constrained (labeled as h)
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IV. RNA2 DYNAMICS WITHIN A CCMV CAPSID-LIKE ELECTROSTATIC
POTENTIALS

Two mean-field approaches were adopted to the calculation of a radial profile of the elec-
trostatic potential, based upon the theoretical formalism reported by Siber and Podgornik [2]
and atomistic structural data respectively.

A. Derivation of a spherically-symmetric potential via an analytical approach

In Ref. [2], the capsid is depicted as a thin spherical shell of radius Ry, associated with
a surface charge density o, = @Q/47R2. Under the Debye-Hiickel approximation of the
Poisson-Boltzmann equation, an analytical solution for the electrostatic potential energy (of
the internal cavity of the capsid) is thus derived as:

Gnue BQ sinh [kpy (R — 1)] (1)
47T(R0 — T)€0€T]€DHR0{SiHh[]€DH(R0 — T)] + COSh[k’DH<R0 — 7’)]}

Utheo (T’) =

with kpy the inverse Debye length, @) the internal charge of the (amino-terminal tails of
the) capsomer subunit at physiological pH (+1800¢e), I = 0.15 M the monovalent salt con-
centration, Ry the internal radius of the CCMV capsid (about 12 nm). Here, we set the
value of the probe charge ¢,,. according to the effective charge of the single nucleotide in
the oxRNA model.

Figure shows the outcome of a fitting procedure, whereby we redefined Uy, (r) as a
combination of a Yukawa (attractive) and WCA (repulsive) potential - refer to the main
text for details.
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Supplementary Figure S17: Plots of the Upeo(r) potential energy (red dots) and outcome of the fitting procedure
Uyuk+wca(r) (orange solid line) - the latter employed as radial potential profile in the dynamics of RNA2 within a CCMV-like
electrostatic field (analytical approach).
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B. Derivation of a capsid-like external field from atomistic data
1. Construction of a model capsid structure

Coordinates of the trimer subunit of the CCMV capsid (chains A, B and C) were obtained
from the RCSB Protein Data Bank (entry ID: 1ICWP) [3]. The missing residues belonging
to the amino-terminal tails of the capsomer subunit (that is, 26 amino acids of chains B and
C, and 42 amino acids of chain A) were reconstructed via the Chimera visual interface [4]
of the Modeller toolkit [5] - whereby the highest-ranking model of five alternative structures
was kept.

The newly-achieved subunits were thus subject to a multi-step minimization/equilibration
protocol[f], as follows:

1. a first energy minimization of the structure was carried out in vacuum, constraining
all atoms of the monomeric subunits but the N-terminal tails;

2. the minimized structure was solvated and neutralized by an excess concentration (0.15
M) of sodium chloride;

3. by fixing all atoms of the capsomer subunits but the amino-termini, the capsid tails
were further minimized and subject to subsequent equilibration steps in the NVT (1
ns) and NPT ensemble (200 ps);

4. from the latter step, we extracted the frame associated with the lowest radius of
gyration and carried out a further (restrained) NVT run of ~ 10 ns.

A minimized configuration of the trimeric capsomer is achieved, whereby we selected the
coordinates of the monomeric subunit whose amino-terminus interfered the least with the
neighboring capsomers. This structure was thus employed to reconstruct the whole CCMV
capsid shell (via the MatchMaker function of Chimera):

1. firstly, by superimposing the subunit to each of the three chains of the trimeric cap-
somer;

2. hence, by replicating the trimeric capsomer upon the PDB template of the CCMV
capsid shell, according to the sixty-fold symmetry of the icosahedral structure

2. Energy minimization of the capsid structure and solvent thermalization

The system topology of the newly-achieved capsid structure was initialized employing the
CHARMM36m atomistic force field of biomolecular structures [7] - hence:

1. the capsid was firstly subject to a threefold minimization step in vacuum by a steepest
descent algorithm, gradually lowering the force tolerance threshold (5000, 1000 and
100 kJ/(mol nm));
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2. the vacuum-minimized system was solvated within a dodecahedral box of TIP3P water
molecules and neutralized by an excess (0.15 M) concentration of sodium chloride -
likewise, a three-fold minimization protocol was applied;

3. a 10-ps thermal annealing of the solvent bath (i.e., by fixing the coordinates of the
CCMV capsid atoms, steadily increasing the temperature to 300 K) was thus per-
formed, followed by a 1-ns thermalization of the solvent bath in the NVT ensemble.

Notably, this protocol yields a significant discontinuity in the radial distribution of the
solvent medium, at the core of the capsid shell (as shown by Figure , despite the
simulation showing no numerical instability. In fact, a similar artifact was observed earlier
by Freddolino and co-workers [§], likely accounted for by a (slowly-equilibrating) mismatch
between the density of the physiological medium (from the solvation routine) and that of
the target system.

radial density (NVT, 0.1 ns) radial density (NPT, 0.25 ns)

1.0 sodium 1.0
chloride

— water
0.8 0.8

0.6

0.4

density [A3]
density [A~3]

0.2 0.2

0.0 0.0

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140

radial distance [A] radial distance [A]

Supplementary Figure S18: Radial density profile of the solvent medium (left) after the first 100-ps thermalization in the
NVT ensemble - highlighting the void at the core of the simulation box; (right) after the re-equilibration protocol (detail in
the text). For the benefit of clarity, all values are normalized to 1.

The void was thus aptly filled via a further solvation step, and the capsid structure subse-
quently re-equilibrated by i) < 9000 steepest-descent, minimization steps (force threshold:
1000 kJ/mol nm); ii) a 500-ps solvent thermalization in the NVT ensemble; iii) a 250-ps
density equilibration in the NPT ensemble.

3. Derivation of a radial potential profile from the atomistic structure of CCMV via Gauss’

theorem

The distribution of the (partial) charges from the last frame of the MD minimiza-
tion/thermalization protocol (described in Section - see Figure was adopted
in the calculation of a mean-field, radial electrostatic potential associated with the CCMV
capsid and the electrolyte distribution thereof.
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Supplementary Figure S19: Profiles of the radial charge distribution associated with the CCMV capsid and the ionic shells
thereof, from the last frame of the MD minimization/thermalization protocol described in Section [[V B2} Contributions from
each species are integrated over 1 A-thick spherical shells, along the radial distance from the core of the capsid.

The calculation requires that the charge distribution be firstly discretized along the radial
. o . L R oR
distance as p(r) = p[r;] = p;, with i denoting a binning interval I; = |r; — -7 + 5 of

thickness 6R = 1 A.
By assuming p; to be spherically-symmetric, we define the charge density of the ¢-th shell

Q Q; o)

pi = 3 3\ 4 R)2\’
216 ,
57( ((7‘1 + 7) — <Ti _ 7) ) 37i R <3T2 -+

with @; the total (net) charge from the contributions of all species within interval I;.
Within the approximation of spherical symmetry, the radial electric field (i.e. E(r) = E(r)r)
originated by a charged shell of volume V; and total charge Q; = p;V; is straightforwardly
derived via Gauss’ theorem:

as:

0, ifr<nr;
Ez' )= . 3
D=1 e ®)
4regr?
Hence, the electric potential V(r):
00 0, if r <y
V(r) — V(o) := —/ dr' E(r') = Q; _ (4)
r ’ if r Z r;
4megr

with V' (00) set to zero. Each shell I; is thus subject to the electric field enforced by all layers
underneath, so that at a radial distance R;:

V() = V()= ~ [ "ar (Z E;»(r’)) )
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thereby obtaining a discretized version of Vi, (r), denoted Viu[r]. To convert this mean-
field potential into an electric potential energy Ue,[r] = ¢V[r]|, we employed a probe charge
4 = Qnue corresponding to the effective charge of the single nucleotide adopted in the oxRNA
model. A Gaussian-filtered version of the electric potential energy Ue,,[r], denoted Ugy[r],
was fitted by a polynomial curve - as described in the main text: This expression (Uegy (7))
was lastly implemented within the oxDNA code.
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C. End-to-end distance of the RNA2 fragment within the capsid-like external field

Figure shows the evolution of the end-to-end distance of RNA2, in the encapsidated
MD scenarios at T' = 293 K and I = 0.5 M with no harmonic bias enforced on the RNA
termini. To recall, these trajectories were started from the structures obtained in the last
frame of each squeezing replica at T'= 293 K and [ = 0.5 M, where the RNA2 termini had
been harmonically constrained.

DO
()

[
Ot
T

e2e distance [nm)|
o S

—— h 0.5M 293K (I)
—— h'0.5M 293K (II)
h 0.5M 293K (III)

0 1 2 3 4 3

Timestep <10°

Supplementary Figure S20: Time evolution of end-to-end (e2e) distance from the encapsidated MD replicas at T' = 293 K
and I = 0.5 M with unconstrained RNA termini.
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D. Fitting parameters
1. Analytical approach

Here is a list of the parameters derived from the fitting procedure of the analytical solution
reported by Siber and Podgornik [2] (Equation 2 of the main article):

o v =—43 kBT
e )\ = 3.448 \,; the Debye length,

e=1x10"4 kT

c=19 A,

Rs == Ry + 6 = 15.5 A\, , to avoid divergences of the forces acting on particles close
to the surface in Ry.

2.  Structure-based approach

Here is a list of the parameters derived from the fitting procedure of the discredited
potential energy Ue,,(r), obtained from the atomistic structures of the CCMV capsid as
described in Section IV B 3| (Equation 3 of the main article).

o Ry=14.8 A\

o A= 777913022 x 1072 kT /A ou
o c; = 4.59994536 A\ !

e cy = —1.08939804 x 10! \,2
o c3 = T7.68423122 )}

e ¢y = —2.79192908 A\ 4

e ¢5 = 6.06976204 x 1071 A5
o c5 = —8.29137297 x 1072 )0
e c; = 7.15232653¢ x 1073 A7
o cg = —3.77388959 x 1074 )\ #
e ¢y = 1.11053305 x 1075 \?

o cip = —1.39522295 x 1077 A, 10

21



E. Chord diagram depiction of the stable hydrogen-bonding contacts

1. Chord diagrams associated with each independent replica in the structure-based approach

(T=5310 K, different salt concentration and unconstrained ends)
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Supplementary Figure S21: Chord diagram depiction of the stable hydrogen-bonding contacts, i.e., conserved in over 50%
of the trajectory frames, within the independent MD replicas. The data shown here refer to the structure-based approach.
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Supplementary Figure S22: Chord diagram depiction of the stable hydrogen-bonding contacts (i.e., conserved in over 50%
of the total trajectory frames per salt concentration), from the structure-based approach at (left) 0.5 M and (right) 0.15 M
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2. Chord diagrams associated with each independent replica in the structure-based approach
(T=293 K and I=0.5 M)

0.5 M (1) 0.5M | (1) 0.5M | (11l)

10 Lo o s 10 10

of hydrogen bonding interaction

Persistence of hydrogen bonding interaction

Persistence of hydrogen bonding interaction

05 05 05

10 10 10

nce of hydrogen bonding interaction

05

Supplementary Figure S23: Chord diagrams of the stable hydrogen-bonding contacts, i.e., conserved in over 50% of the
trajectory frames within each MD replica. The top row shows the results from the encapsidated MD scenarios where the RNA2
termini were harmonically constrained, whereas the bottom row refers to the encapsidated MD scenarios with unconstrained
RNA termini.
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Supplementary Figure S24: Chord diagram depicting the stable hydrogen-bonding contacts, i.e., conserved in over 50% of
all trajectory frames from (left) the encapsidated MD scenarios with harmonically-constrained RNA2 termini (labeled as h),
and (right) the encapsidated MD scenarios with no constraint over the RNA2 termini (labeled as f).
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F. Number of hydrogen-bonding interactions and density of nucleotides of RNA2

within a capsid-like electrostatic environment
Structural-based fitting Analytical- based fitting
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Supplementary Figure S25: The total amount of hydrogen-bonding interactions from the encapsidated MD trajectories of
RNAZ2 at 293 K, obtained by adopting either (left) a structure-based (Ucap(r)), or (right) an analytical approach (Uyyx(r)).
Simulations were carried out both with (label h) and without (label f) harmonic constraints on the RNA2 termini.
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Supplementary Figure S26: Profiles of the radial nucleotide density for the MD trajectories of RNA2 at 293 K within a
capsid-like electrostatic environment, derived via mean-field approaches relying on either (left) atomistic data

(structure-based approach), or (right) theoretical calculations (analytical approach). Simulations were carried out both with
(label h) and without (label f) harmonic constraints on the RNA2 termini.
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V.

SUMMARY OF THE SIMULATIONS PERFORMED IN THIS WORK

I: Debye-Hiickel, effective salt concentration

T: Temperature

Harmonic (constraint on the RNA2 termini): boolean value

Rg: average value of the gyration radius, calculated after convergence
nHB: number of base pairings, calculated after convergence

PKs: boolean value reporting whether (at least) one pseudoknot is consistenty found
in over 50% of the frames of at least one MD replica
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