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Abstract:

Biomolecular condensates assembled through liquid-liquid phase separation (LLPS)
of proteins and RNAs are currently recognized to play an important role in cellular
organization. Their assembly depends on the formation of a network of transient,
multivalent interactions between flexible scaffold biomolecules. Understanding how
protein and RNA sequences determine these interactions and ultimately regulate the
phase separation is an open key challenge. Recent in vitro studies have revealed that
arginine and lysine residues, which are enriched in most cellular condensates, have
markedly distinct propensities to drive the LLPS of protein/RNA mixtures. Here, we
employ explicit-solvent atomistic Molecular Dynamics (MD) simulations to shed light
on the microscopic origin of this difference by investigating mixtures of polyU
oligonucleotides with either polyR/polyK peptides. In agreement with experiments, our
simulations indicate that arginine has a higher affinity for polyU than lysine both in
highly diluted conditions and in concentrated solutions with a biomolecular density
comparable to cellular condensate. The analysis of intermolecular contacts suggests
that this differential behavior is due to the propensity of arginine side chains to
simultaneously form a higher number of specific interactions with oligonucleotides,

including hydrogen bonds and stacking interactions. Our results provide a molecular
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description of how the multivalency of the guanidinium group enables the coordination

of multiple RNA groups by a single arginine residue, thus ultimately stabilizing

protein/RNA condensates.

Keywords: Liquid-liquid phase separation, coacervates, molecular dynamics

simulations, RNA/protein interaction


https://doi.org/10.1101/2021.04.22.440959
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.22.440959; this version posted May 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Introduction

Biological condensates that are not bound by membranes have recently emerged as
central elements in the organization and regulation of cellular functions-4. An
increasing amount of evidence is showing that these membraneless organelles
(MLOs) are formed by liquid-liquid phase separation (LLPS) of complex mixtures of
proteins and nucleic acids®>’. In this process, intrinsically disordered proteins/regions
(IDP/IDRs) play a key role since their structural flexibility allows the formation of a
network of multivalent, transient interactions that stabilize the condensed phase. In
several cases, a single IDP/IDR component has been shown to undergo liquid-liquid
demixing in vitro and to form assemblies similar to cellular condensates, thus providing
tractable model systems to investigate the physico-chemical principles governing the
LLPS8S. In the last few years, the combination of experimental and theoretical
investigations has provided some insight on how the patterning of charged and
aromatic residues in IDP/IDR sequences modulates the intra- and inter-molecular
interactions and ultimately determines the phase behavior8:10. Conversely, the
molecular grammar governing the assembly of protein/RNA condensates has been
less studied, even if RNAs are abundant in most cellular MLOs and they modulate
their assembly, physical properties and biological functiont?. In the cell, this complex
interplay of protein and RNA components arises from a large variety of homotypic and
heterotypic interactions, which often include sequence-dependent recognition of RNA
molecules by RNA-binding modules in the protein components and/or specific
RNA/RNA interactions. On more general grounds, the negative charge of RNA is the
most basic feature that can promote protein-RNA interactions and drive condensate
assembly through electrostatically-driven complex coacervation. Remarkably, even

simple model systems, such as RNA homopolymers and low-complexity polypeptides,
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have been shown to give rise in vitro to complex coacervates with multilayered
architectures and a broad range of material properties in a sequence-dependent
mannerl?,

While we are still far from fully understanding how nucleotide and amino-acid
sequences determine the assembly and properties of condensates, recent evidence
indicates that lysine and arginine residues have markedly different propensities to
drive the LLPS of IDPs101314 and IDP/RNA mixtures!®-17. This finding is particularly
remarkable considering that both these basic amino acids are positively charged at
physiological pH and are significantly enriched in the low-complexity protein domains
that drive the assembly of MLOs. Notably, arginine-rich peptides have been shown to
phase separate with polyU RNA at lower concentration than lysine-rich peptides and
to form coacervates that are less dynamicall®. This differential behaviour is more
pronounced if one compares the demixing propensities of polyK/polyU and
polyR/polyU mixtures and the viscosities of the resulting condensates6. Furthermore,
NMR spectra revealed that lysine/RNA-interactions differ from arginine/RNA-
interactions resulting in distinct molecular environments in protein/RNA droplets?®.
Nevertheless, a comprehensive microscopic picture is still lacking and multiple
molecular mechanisms have been invoked to justify these results, including
differences in protonation equilibria, H-bonding network, hydrophaobicity and/or
capability of establishing pi-pi and cation-pi interactions with nucleobases!?15. In this
work, we take advantage of Molecular Dynamics (MD) simulations to investigate the
interactions of arginine and lysine side chains with RNA molecules in biomolecular
condensed phases. MD simulations are a promising tool for characterizing the
molecular determinants of LLPS and the structural properties of biomolecules within

condensates, circumventing the limitations of most experimental approaches in
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structural biology. In particular, Coarse-Grained (CG) simulations at various levels of
resolution have been recently used for studying the assembly and properties of
RNA/protein condensates'8-20, While CG models are necessary to tackle the time and
length scales associated with LLPS processes, these models are based on
phenomenological energy functions and therefore cannot fully capture the microscopic
driving forces underlying phase separation. Therefore, here we adopted explicit-
solvent atomistic MD to exhaustively characterize the interactions of polyR/polyK
peptides with polyU oligonucleotides at various concentrations, building on our recent

work on the molecular interactions underlying the phase separation of DDX4 protein?2t.
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Fig. 1 - Time series of the interaction surface from unbiased simulations of polyR/polyU (A)
and polyK/polyU (B) systems. (C) Free energy profile of polyR/polyU and polyK/polyU
interactions as a function of the interaction surface between the two molecules. Shaded areas

correspond to the standard deviation between the first and the second half of the simulation.
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Insets are representative configurations of the systems at the local minimum of the free-energy

profile corresponding to the bound state.

We investigated the behaviour of polyR/polyU and polyK/polyU mixtures by using as
molecular models five-residue long arginine and lysine peptides (Rs and Ks,
respectively) together with five-residue long polyuridylic acid RNA fragments (Us). This
choice is justified by several factors: i) the good accuracy of last-generation force fields
in reproducing the structural ensemble of small oligonucleotides??, ii) the potential
sampling difficulties associated to slower conformational dynamics of long
peptides/oligonucleotides?® and, most importantly, iii) the experimental observation
that the differential behaviour of polyR/polyU and polyK/polyU is not dependent on
molecular sizel6,

We first characterized the relative affinity of Rs and Ks with Us in highly-diluted
conditions by performing unbiased MD simulations of a single peptide chain together
with one oligonucleotide chain. MD trajectories (see Methods) revealed multiple
binding/unbinding events although kinetic bottlenecks hinder an accurate
determination of the thermodynamic stability of the peptide/nucleotide complexes,
especially in the case of Rs/Us system, on the microsecond time scale (Fig.1A,B). To
overcome these sampling difficulties, we relied on REST2 Hamiltonian replica-
exchange method (see Methods) that has been shown to greatly accelerate the
conformational sampling for solvated biomolecules?4. Adopting this approach, we
could reliably evaluate the stability of the peptide/oligonucleotide complexes by
determining the free energy profile (FEP) as a function of the intermolecular interaction
surface for both Rs/Usand Ks/Us (Fig. 1C). Both profiles display a free-energy minimum

corresponding to unbound states (interaction surface = 0) and a large basin
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associated to a variety of structurally-heterogeneous complexes, as expected for a
dynamical, electrostatically-driven interaction between two flexible biomolecules.
Comparison of the FEPs indicate that in highly-diluted conditions Rs binds to Us more
strongly than Ks and it forms complexes characterized by a larger interaction surface,
as it was already hinted at by the unbiased simulations. A more quantitative analysis
of REST simulations provided a rough estimate of the complex dissociation constants,
which differ by more than one order of magnitude (Ky=23 uM for Rs/Us, and Ky=850

MM for Ks/Us, see Methods).
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Fig.2 (A,B,C) Representative snapshots from the MD simulations of poly-R/poly-U simulations
at the three concentrations investigated: 125 mg/ml (A), 250 mg/ml (B), and 500 mg/ml (C).
The periodic box is shown in blue. (D,E,F) Radial distribution function (RDF) of the

intermolecular heavy-atom pair distances between all protein and RNA atoms. Dashed lines


https://doi.org/10.1101/2021.04.22.440959
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.22.440959; this version posted May 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

are the RDFs for random configurations, and exhibit a depletion at short distances due to the
excluded volumes of the two molecules. (G,H,l) Intermolecular contacts per chain for Protein-
Protein, Protein-RNA, and RNA-RNA interactions. (J,K,L) Diffusion coefficients of peptide (R
and K) and oligonucleotide (Ug and U, corresponding to the poly-R and poly-K simulations,

respectively) molecules.

We then sought to characterize the molecular interactions in conditions mimicking the
dense protein/RNA coacervates. Unfortunately, the actual molecular composition of
polyK/polyU or polyR/polyU condensed phases, in terms of RNA/protein ratio and
water content, is yet to be determined experimentally. Phase coexistence
simulations2°26 might in principle provide access to this information but their
applications at the atomistic level would require a prohibitive computational effort even
in the case of small peptides/oligonucleotides. To circumvent this difficulty, we decided
to focus here on Rs/Us and Ks/Us mixtures with a 1:1 molecular ratio and to
characterize their behavior in a range of concentrations comparable to those
determined for in vitro model biomolecular condensates. For this reason, we simulated
peptide/oligonucleotide mixtures with biomolecular densities of approximately 125,
250, and 500 mg/ml, which correspond to diverse volume packing fractions (Fig. 2A,
B, and C, and table S1). Even in these highly crowded conditions, peptides and
nucleotides form dynamical intermolecular contacts, without formation of irreversible
complexes (Fig. S1). We first inspected the overall arrangement of the biomolecules
in the various systems by determining the Radial Distribution Function (RDF) of the
intermolecular distances between all the biomolecular heavy atoms (Fig. 2D, E, and
F). The comparison of these intermolecular RDFs with the distributions corresponding
to random arrangements revealed noticeable attractions between the biomolecules,

independently of the concentration and the nature of the peptides. These favourable
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interactions result in an increased average local density in the nanometer scale that is
particularly evident at lower concentrations and more pronounced for Rs/Us systems,
suggesting stronger intermolecular binding. In order to dissect the molecular driving
forces, we then analysed the average number of protein-protein, protein-RNA and
RNA-RNA contacts per molecule (see Methods and Fig. 1G, H, and I). In all the
systems, heterotypic interactions between peptides and oligonucleotides represent
the largest contribution to intermolecular contacts, as expected due to the electrostatic
attraction between the oppositely-charged moieties. Consequently, homotypic
interactions play a more limited role. In particular, protein-protein contacts are
extremely limited in all the mixtures, due to the electrostatic repulsions between the
positively-charged peptides. This effect is less pronounced in the case of RNA-RNA
interactions, which account for a sizable fraction of the intermolecular contacts,
possibly due to the smaller charge density of Us oligonucleotides that are larger and
have a smaller net charge than Rs/Ks peptides. Nevertheless, the electrostatic
interactions cannot account for the higher interaction propensity of polyR with respect
to polyK. Homotypic polyR-polyR contacts are indeed more frequent than polyK-polyK
ones at all concentrations, as expected due to the well-recognized tendency of
arginine side chains to form favorable stacking interactions. Even more strikingly, Rs
peptides display a significantly higher propensity to bind oligonucleotides Us at all the
concentrations, even if the difference between the number of heterotypic contacts is
mitigated in denser, more crowded systems (~50% relative increase at 125 mg/ml with
respect to ~25% to 500 mg/ml). Next, we evaluated the mobility of peptide and
oligonucleotide chains in the studied systems by estimating the diffusion coefficients
for the various species at different concentrations (Fig. 2J, K, and 1). The results

indicate that molecular diffusion is strongly dependent on the concentration as


https://doi.org/10.1101/2021.04.22.440959
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.22.440959; this version posted May 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

diffusion coefficients decrease roughly by two orders of magnitude between mixtures
at 125 mg/ml and those at 500 mg/ml. Beyond this overall trend, the analysis suggests
that the oligonucleotides are slightly less mobile than polypeptides, consistently with
their larger size and molecular weight. The stronger intermolecular interactions and
higher local densities observed in Rs/Us systems slow the diffusion of all their

components by a factor of ~2 with respect to Ks/Us at equivalent concentration.
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Fig.3 (A,B) Number of contacts per chain formed by backbone (A) and side chain (B) atoms
of Arg and Lys with RNA at different concentrations. (C,D,E,F,G, and H) Radial distribution
function (RDF) between the CZ/CE atoms of Rs/Ks and the centers of geometry of the RNA
groups. RDFs are normalized by the ratio of the concentration of the system at a reference
value (125 mg/ml) (upper panels). Dashed horizontal lines show the expected value at large

distance for the simulated concentration. Number of hydrogen bonds (HB) formed by Arg and
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Lys side chains as a function of the distance between CZ/CE atoms and centers of geometry

of RNA groups (lower panels).

In order to get a deeper insight on the microscopic determinants of protein-RNA
interactions and to elucidate the different behaviour between arginine and lysine
residues, we first broke up the contributions of backbone and side chain groups to the
number of protein-RNA contacts (Fig. 3A,B). This analysis indicated that backbone-
mediated heterotypic interactions are similar for Rs and Ks and that the different
interaction propensity with oligonucleotides mostly originates from contacts with the
structurally-diverse side chains. Thus, we focused on the latter and we determined the
RDF between the peptide side chains and the various chemical groups in the
oligonucleotides, i.e. phosphate, ribose, and base (see Methods). Overall, RDFs
corresponding to Rs/Us and Ks/Us systems exhibit significant differences both in the
position and the intensity of the peaks, immediately suggesting distinct binding modes
for the arginine and lysine side chains. In both systems, the direct interaction with the
phosphate group is characterized by a major peak at <0.5 nm (Fig. 3C,D upper panel),
which corresponds to the formation of Hydrogen bonds (H-bonds) between phosphate
oxygens and the basic groups of the side chains (Fig. 3C,D insets and lower panel).
Remarkably, the average number of simultaneous H-bonds formed by arginine is
approximately twice as much as those formed by lysine. The interpretation of the side
chain interactions with the ribose (Fig. 3 E,F upper panel) is less straightforward. The
broad peak between 0.4 and 0.7 nm observed for both polyK and polyR indicate a
variety of binding modes characterized by similar distances, which can be ascribed to
the complex shape of the sugar group. For both side chains, a fraction of these

interactions implies the formation of H-bonds with the hydroxyl group of the sugar (Fig.

12
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3E,F insets and lower panel). Conversely, RDFs suggest that arginine and lysine
interactions with RNA bases differ significantly (Fig. 3G,H upper panel): while lysine
presents a single peak at a distance of ~0.6 nm, corresponding to H-bonding with the
carbonyl oxygens of the nucleobase ring, arginine side chains also exhibit an
alternative binding mode at lower distances, representing a stacking arrangement of
the nucleobase and the planar guanidinium group (Fig. 3G,H insets and lower panel)

that is reminiscent of the stacking interactions between arginine and aromatic amino

acids.
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Fig.4 (A) Number of hydrogen bonds per amino-acid side chain in contact with RNA. (B)
Number of stacking interactions per arginine side chain in contact with RNA. (C)
Representative configurations extracted from MD simulations of Rs/Us showing the

coordination of multiple RNA groups by arginine side chains.

The previous analysis highlighted that both arginine and lysine side chains can form a
variety of H-bonds with the diverse chemical groups of oligonucleotides. In order to
rationalize the different behaviour of polyR and polyK, we thus calculated the average

number of H-bonds formed simultaneously by a single amino acid, limiting the average

13
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to residues that are in direct contact with polyU to reduce its dependence on the
system density (Fig. 4A). This analysis reveals that each arginine forms approximately
twice as many H-bonds as lysine side chains. This result does not depend on the
overall system concentration and it can be attributed to the structural differences
between the amino-acid side chains and to the availability of more hydrogen donor
atoms in arginine side chains. Furthermore, the guanidinium groups can contribute to
the intermolecular contact network also through stacking interactions with the
nucleotide bases as suggested by RDF. The average number of these interactions
formed by each arginine is significantly smaller than the number of H-bonds but far
from being negligible (Fig. 4B). Therefore, the two-pronged and planar arginine side
chain enables the simultaneous formation of a larger and more diversified set of
protein-RNA interactions than the lysine side chain. This multivalency is pictorially
exemplified by some representative conformations extracted from MD trajectories
where guanidinium groups coordinate multiple bases via H-bonds and stacking
interactions (Fig. 4C, left panel) or bridge. In fact, various examples can be identified
of guanidinium groups coordinating multiple bases via hydrogen bonds and pi-pi
interactions (left panel of Fig. 4C), or forming bridge interactions between phosphate

and base groups (central and right panel of Fig. 4C).

Discussion

In this work we used explicit-solvent atomistic simulations to shed light on the

molecular determinants of protein-RNA LLPS by investigating the distinct role of

arginine and lysine in determining the demixing propensity and the condensate

properties. To this aim, we first characterized the interactions of Rs/Ks peptides with
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Us oligonucleotides in highly-diluted conditions and observed that both peptides form
dynamical fuzzy complexes, whose thermodynamic stabilities were accurately
determined by means of an enhanced sampling method. Our calculations indicated
that Rs has a higher affinity than Ks for Us, with a difference of more than one order of
magnitude in the relative dissociation constants, in good agreement with the binding
affinities determined for longer polyU and polyK/polyR systems by fluorescence
correlation spectroscopy experimentsié. Reassured by this first result, we then aimed
at elucidating the interactions between peptides and oligonucleotides in the dense
protein/RNA condensates. To achieve this goal, we took inspiration from our recent
results?l, suggesting that atomistic MD simulations of peptides at high concentration
can recapitulate fundamental aspects of protein LLPS. Therefore, we performed
multiple MD simulations of highly concentrated Rs/Us and Ks/Us mixtures in a range of
biomolecular concentrations (125-500 mg/ml) that is comparable to those estimated
in vitro for biomolecular condensates?®°27

Even if this approach cannot provide an exhaustive picture of the condensate
assembly and composition, it partially circumvents the difficulties of performing phase
coexistence simulations with computationally-demanding atomistic models and it can
unravel the molecular interactions underlying the LLPS process. We observed that all
the simulated peptide/nucleotide mixtures display strong non-ideal behaviour due to
overall attractions between the biomolecules, resulting in significant local density
fluctuations in the nanometer scale. This effect was more pronounced in polyR/polyU
mixtures consistently with the higher phase-separation propensity experimentally
determined for this system® and with mutagenesis experiments on protein/RNA
condensates!®>'’. The inspection of intermolecular contacts revealed that polyR

peptides always form more homotypic interactions than polyK, reflecting the
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propensity of arginine side chains to self-interact through the stacking of the
guanidinium groups, as already observed in crystal structures?® and atomistic
simulations?!. PolyR peptides also displayed a significantly higher propensity to bind
oligonucleotides, further indicating that, other than the net charge, the structural
differences between arginine and lysine amino acids affects their ability to interact with
RNA molecules. Molecular diffusion was found to be strongly dependent on the system
concentration with a decrease of almost two orders of magnitude between the diffusion
coefficients of oligonucleotides and peptides at 125 mg/ml and those at 500 mg/ml.
Furthermore, the stronger interactions in polyR/polyU mixtures resulted in a factor of
~2 between the diffusivity of arginine and lysine peptides at the same concentration.
This analysis suggests that the impressive difference in the viscosity of polyR/polyU
and polyK/polyU condensates recently measured by microrheology experimentsl6
could be justified by a limited variation in their density.

MD trajectories indicate that both arginine and lysine side chains form a variety of
distinct intermolecular contacts with polyU, which encompass H-bonding with the
oxygens of the negatively-charged phosphates, the hydroxyl oxygen of the ribose and
the carbonyl oxygens of the base, as well as guanidinium-uracil stacking in the case
of arginine. All these dynamical interactions in peptides/nucleotides mixtures closely
resemble those observed in X-ray structures of stable protein/RNA complexes2°-39,

A defining aspect of LLPS is the presence of multivalent, transient interactions
between biomolecules that stabilize the condensed phase?5. In this respect, while both
polyK and polyR can establish H-bonding networks with polyU, we found that arginine
side chains are on average involved in twice as much H-bonds as those formed by
lysine, thanks to the availability of more hydrogen donor atoms and a favorable

geometric complementarity of guanidinium and phosphate groups!®. Arginine

16


https://www.zotero.org/google-docs/?lNFrID
https://www.zotero.org/google-docs/?WktAkg
https://www.zotero.org/google-docs/?9MDIcK
https://www.zotero.org/google-docs/?VhDh0l
https://www.zotero.org/google-docs/?VWV95x
https://www.zotero.org/google-docs/?L0KxyJ
https://doi.org/10.1101/2021.04.22.440959
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.22.440959; this version posted May 10, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

multivalency is further reinforced by its capability of forming additional stacking
interactions with nucleobases, although their frequency was rather limited in our
simulations. Although we cannot exclude an underestimation of 1-1m and cation-1r
interactions by our classical force field, a recent structural analysis3! of protein/RNA
complexes suggests that arginine and uracil have a limited propensity to form stacking
interactions, in agreement with our findings. Altogether, the versatility of arginine
guanidinium groups may eventually lead to complex binding patterns where a single
arginine side chain coordinates several RNA groups, and possibly multiple
oligonucleotide chains. These multivalent interactions are reminiscent of arginine
forks, which are a widespread structural motif in protein/RNA complexes according to
the extensive analysis of protein structural databases?®. In conclusion, our results
suggest that the peculiar structural features of arginine side chain play a key role in
the formation of multivalent interactions with model unstructured RNAs, such as polyU
oligonucleotides, thus rationalizing the important role of this amino acid in protein/RNA
phase separation. Nevertheless, the observation that protein/RNA coacervates
formed with various homonucleotides have distinct rheological properties!? strongly
advocates for future investigation aimed at elucidating the role of RNA compaosition
and sequence in protein/RNA condensation. In this respect, we are confident that
atomistic MD simulations, possibly supplemented by enhanced sampling techniques,
have the potential to substantially contribute to the definition of a comprehensive
molecular grammar of protein/RNA phase behavior, extending pioneering

investigations focusing on mMRNA-protein complementarity32.

Materials and methods

Unbiased MD simulations.
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Rs and Ks peptides were generated in extended structure with the LEaP program in
AmberTools1632, while Us oligonucleotides were built in A-form using Chimera 1.1434,
Peptide molecules were capped with ACE and NME groups to avoid artificial effects
induced by the charged termini. Initial configurations for all simulations were generated
by inserting peptide molecules and RNA fragments in random positions and
orientations using the gmx insert-molecules tool in Gromacs 2018.3%°. Simulations of
systems at 125, 250, and 500 mg/ml were performed in rhombic dodecahedron boxes
of ~145 nm3, with respectively 10, 20, and 40 solute molecules equally divided in
peptide and RNA chains, while a smaller box of ~88 nm?3 was used for the simulations
of systems in highly-diluted conditions with only one molecule per species (~40
mg/ml). However, in the latter systems, the presence of only two molecules within a
large simulation box (side ~5nm) naturally prevents homotypic as well as heterotypic
interactions involving more than one polypeptide and one oligonucleotide, thus
mimicking infinite dilution. Gromacs 2018.3%> was used to run all unbiased MD
simulations, RNA molecules were modeled with the AMBER RNA force field?2 by DES
Research, while peptide fragments, water molecules, and ions were modeled with the
amber99sb-disp force field36. Charges were neutralized with 0.1 M of NaCl. All
production MDs were run in the NPT ensemble controlling temperature (T = 300 K)
and pressure (P = 1 atm) respectively by means of the v-rescale3’ and the Parrinello-
Rahman3® schemes. Long-range electrostatic interactions were evaluated by using the
particle mesh Ewald algorithm3? with a cutoff of 1 nm for the real space interactions,
which is the most reliable and recommended scheme for dealing with long-range
electrostatic interactions in highly-charged biomolecular systems#. Van der Waals
interactions were computed with a cutoff distance of 1 nm. All bond lengths were

constrained by using LINCS,4! allowing for the use of an integration time step of 2 fs.
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For each system three independent replicas were simulated for 1 us starting from
different initial configurations and velocities, saving solute conformations every 10 ps,
while the first 200 ns were discarded from further analysis. Diffusion coefficients of
peptide and oligonucleotide chains were estimated taking advantage of a recently

published python tool by the Hummer group42.

REST2 MD Simulations.

REST2 simulations were run using GROMACS 2019.435 patched with PLUMED 2.7,43
using a general Hamiltonian replica exchange implementation.44 8 replicas were
simulated, scaling the torsional, electrostatics, and Lennard-Jones potentials of the
two solute molecules by factors in a geometric series between 1.0 and 0.7. A
compensating charge was spread on the 6 Cl ions to maintain system neutrality.
Replica exchanges were attempted every 400 steps. The acceptance rate was in the
range 34%-39% for all pairs of neighboring replicas. Each replica was simulated for

480 ns. Only the unscaled replica was analyzed, discarding the first 80 ns.

Generation of random configurations.

Random configurations were generated with the following protocol: structures of Rs,
Ks, and Us molecules were extracted from MD simulations, discarding the first 200 ns,
in order to form an ensemble of equilibrated configurations. An equal number of
peptides (Rs or Ks) and oligonucleotides (Us) were then randomly selected and placed
in random orientations in a ~145 nm?3 rhombic dodecahedron box with the gmx insert-
molecules tool, until the target concentration was reached (5, 10, and 20 molecules

for each species at 125, 250, and 500 mg/ml, respectively).
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Analysis of the interactions.

Two residues were considered in contact when at least one pair of heavy atoms was
within a distance of 0.45 nm. In Us molecules, O3’ and O5 atoms were considered
part of the phosphate group to which they were bound, thus the residue number of O3’
atoms were modified to correspond to those of the bound P atom. Surfaces of
interaction for the simulations in highly-diluted conditions were computed with the gmx
sasa tool in Gromacs 2018.3 as the difference between the sum of the surfaces of the
two molecules and the total solvent accessible surface area (SASA) of the two
molecules. Free energy profiles were computed with the standard equation F(S)=-kgT
In(P(S))+C, where P(S) is the probability distribution of the interaction surface between
peptide and oligonucleotide molecules. The arbitrary constant C has been set to have
the unbound state as reference (F(0)=0). The complex dissociation constants from
REST simulations were estimated considering as bound states all conformations with
at least one intermolecular contact between the two chains. Radial distribution
functions (RDF) were estimated by means of the gmx rdf tool in Gromacs 2018.3. RDF
between heavy atoms (Fig. 2D,E, and F) were computed considering all the
intermolecular distances of non-hydrogen atoms of peptides and oligonucleotides.
RDF between peptide side chains and RNA groups (Fig. 3C,D,E,F,G, and H), instead,
were computed considering the distance between the terminal carbon atom of the side
chains (CZ for arginine and CE for lysine, respectively) and the center of geometry of
phosphate, sugar, and base groups. Hydrogen bond analysis was performed with the
gmx hbond tool in Gromacs 2018.3 using the default definition of H-bond. The
guanidinium group of arginine and the atoms of the nucleobases were considered to
be forming a stacking interaction when the distance between the CZ atom of arginine

and the center of geometry of the base ring is lower than 0.6 nm, and the angle
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between the plane of the guanidinium group and that of the base is lower than 30

degrees.
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