
Molecular insights into the Stereospecificity of Arginine in RNA te-

traloop folding 

Amal Vijay and Arnab Mukherjee* 

Department of Chemistry, Indian Institute of Science Education and Research, Pune-411008, India.  

 

ABSTRACT: One of the possible hypotheses for the homochi-

rality of amino acids in the context of the origin of life is that 

only a particular stereoisomer provides preferential stability to 

RNA folding by acting as a chemical chaperon. This study 

probes into the molecular understanding of such preferential 

stability for a small GAAA RNA tetraloop in the presence of 

chiral arginine amino acids using a combination of umbrella 

sampling and parallel bias metadynamics involving five collec-

tive variables to tackle the multi-dimensional free energy land-

scape for faster, better, and more efficient estimation with con-

trolled sampling. Our results show that the free energetic stabil-

ity of RNA differs significantly in the presence of D- and L- 

arginine, giving rise to different unfolding rates. Interestingly, 

the folding rates are not altered. We show that the origin of the 

chirality difference in RNA folding–unfolding dynamics is due 

to the differences in configurational diversity of RNA by adopt-

ing different unnatural conformations accompanied by different 

binding modes of D-arginine, and L-arginine towards the given 

RNA motif.  

INTRODUCTION 

The essential molecules of life are mostly found in one spe-

cific chirality. While proteins are made mostly of L-amino ac-

ids, nucleic acids often contain D-ribose sugars.1-2 Many of the 

hypothesis that address this predominance stems from the the-

ories of the origin of life.3-5 One such hypothesis states that in 

the RNA world, preceding the modern "protein world," chiral 

amino acids worked as chaperons for RNA folding and func-

tions.6-8  It is also assumed that in the evolution of amino acid 

and protein-based biological machinery that succeeded RNA 

world, the interaction of  amino acids and RNA motifs could 

also play a role in the above chiral predominance.8-9  

RNA tetraloop hairpins are a special type of tree-dimensional 

motifs where the majority of bases in an RNA structure belong 

to the paired regions (Watson – Crick base pairing between pu-

rine and pyrimidine bases in a given sequence) forming the 

stem part of RNA while the unpaired region having a specific 

sequence forms the loop part of the RNA.10  The stability, sim-

ilarity, structural features and probable interactions between 

different hairpin structures are studied and compared using var-

ious experimental techniques such as NMR and various other 

absorption spectroscopic studies.11-15 The significant feature of 

these types of motifs involves spontaneous transitions between 

native folded states to form various misfolded and elongated 

single-stranded structures.16-19  The role and dynamics of these 

structural motifs in various recognition processes are exten-

sively evaluated by various experimental methods for  

understanding various transition states and RNA folding path-

ways.10, 20-25 The recent FRET experimental studies26 on GAAA 

tetraloop structures show that the kinetics and thermodynamics 

of events associated with folding–unfolding equilibria is highly 

influenced by various complexities of amino acids.27-28 The ar-

guments based on theories related to chiral amino acid-based 

origin of life  are validated to an extent by various studies that 

specify that the energetics and kinetics are altered in the pres-

ence of amino acids from the secondary to tertiary level of in-

teractions in RNA motifs27.  

Along with experimental studies, the mechanistic aspects of 

folding–unfolding events in various tetraloop hairpin RNA mo-

tifs received significant attention by several computational 

methods in recent years.16-19, 29-30 The molecular dynamics sim-

ulation with various enhanced sampling techniques show prom-

ising results in understanding the key intermediates and transi-

tion events involved in these processes.16-18, 29, 31-38 

 

Figure 1. (a) Chemical structures of D- and L-arginines. (b) Struc-

tural representation of GAAA tetraloop. (c) Cartoon representation 

of the RNA tetraloop structure. The stem part is highlighted with 

black color and the loop part is highlighted with violet color. 

It is evident from the literature that the many physical prop-

erties of biomolecules including various RNA motifs show 

marginal difference in the presence of chiral small molecules.39-

42 Even though the dynamics of various RNA tetraloop motifs 

are studied extensively using molecular dynamics simulations, 

the impact of chirality-dependent folding - unfolding studies us-

ing computational studies are not well explored.  The molecular 

driving force and mechanistic aspects causing the specific ef-

fect of   enantiomers on folding – unfolding events remain as a 

mystery. Molecular-level understanding of these processes is 

necessary to comprehend and solve many such scientific ambi-

guities related to enantiospecific dynamics of RNA motifs. 

These challenging aspects of chirality-dependent folding-un-

folding problems and experimental evidence motivated us to 

provide molecular insights into the folding – unfolding of 

GAAA tetraloop in the presence D-arginine and L-arginine 
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using multidimensional free energy landscape aided by en-

hanced sampling techniques. We hope that our discussions on 

chiral dependencies on RNA dynamics will be beneficial for 

further small molecule dependent enantiospecific studies of 

various biomolecules and comprehend chiral amino acid-based 

theories on origin of life. 

The present study aims to gain a molecular understanding of 

the preference of a particular chirality in amino acids on RNA 

tetraloop folding. For that, we constructed here multi-dimen-

sional free energy landscapes of folding-unfolding equilibria of 

GAAA tetraloop (with sequence 5’-gggcGAAAgccc-3') in 

presence of D- and L-arginine. The choice of arginine amongst 

other amino acids is due to its diverse binding capabilities with 

RNA. Due to the presence of double-sided polar groups and 

long hydrophobic tail, arginine can bind RNA in the groove as 

well as stack with the base pairs with specific binding affini-

ties.43-45 It is to be noted that the binding affinity and stereospec-

ificity of amino acids towards RNA motifs is highly dependent 

on the choice of interest of RNA motifs. 

  We have studied the chiral arginine dependent folding – un-

folding landscape of GAAA tetraloop using multiple collective 

variables (CV). The CVs (discussed later) were defined in such 

a way that to understand the conformational flexibility of RNA 

in folded, misfolded, and unfolded states. We have used a com-

bination of umbrella sampling46 and parallel bias metadynam-

ics47 for our further simulations for controlled exploration of 

phase space related to RNA dynamics. Our results indicate that 

the misfolded states of RNA have equal free energy stabilities 

in presence of for both the stereoisomers, while the native 

folded state get much more stability in the presence of D – ar-

ginine. Further our single molecule binding studies targeting the 

native folded state of RNA revealed that the origin of extra 

folded stability difference in these stereoisomers are originated 

due to different binding modes and orientational effects caused 

by these molecules towards RNA motif. 

 

METHODS 

System setup. We took the initial structure of the tetraloop 

from the protein data bank (PDB ID – 1ZIF) and subsequently 

edited it to get the target 12-mer sequence of 5′-gggcGAAA-

gccc-3′. We have used ff99bsc0χOL5 forcefield48 for the RNA 

and previously reported amber based forcefield49 for amino ac-

ids. The tetraloop structure was inserted into a cubical box of 

dimension 9 X 9 X 9 nm3    and solvated using the TIP3P50 water 

model and maintained the target concentration of 300 mM for 

the systems containing amino acids. For neutralizing the charge 

of the system, we used Na+ and Cl- ions. A schematic represen-

tation of the system is shown in Fig. 1  

Equilibration and Simulation. Initially, each system was 

energy minimized using the steepest descent method51 for 

10000 steps, followed by heating it to 300 K in 200 ps using 

Berendsen thermostat and barostat52 with a coupling constant of 

0.6 ps for each. Restraints of 25 kcal/mol/Å2 were applied on 

heavy atoms during the heating process. Thereafter, equilibra-

tion was carried out for 2 ns at constant temperature (300 K) 

and pressure (1 bar) without any restraints using the same ther-

mostat and barostat with coupling constants of 0.2 ps each. Fi-

nally, 10 ns unrestrained NVT equilibrations were carried out 

using the Nosé-Hoover thermostat53 with a coupling constant of 

0.2 ps. During the simulation, the LINCS algorithm54 was used 

to constrain all the bonds, and Particle Mesh Ewald (PME) 

method55 was used for electrostatics. The distance cutoffs for 

the van der Waals (vdw) and long-range electrostatic 

interaction were kept at 10 Å. The time step for each simulation 

was 2 fs.  All the molecular dynamics simulations and free en-

ergy calculations were carried out using GROMACS 2019.656-

57 patched with plumed 2.658-59.  

 

Design of the study. To understand the effect of chiral amino 

acids on RNA tetraloop stability, we have performed two dif-

ferent types of calculations – (a) free energy landscape of RNA 

folding and unfolding equilibrium in the presence of D- and L-

arginine separately, (ii) free energy of binding of D- and L- 

amino acids separately. These two are discussed below: 

(i) Construction of RNA folding-unfolding free energy 

landscape. The equilibrated structure in the production run was 

taken as a starting point for the construction of folding-unfold-

ing free energy landscape. 

We initially constructed a system containing RNA in the ab-

sence of any amino acids and considered well-tempered 

metadynamics60 for achieving the proper sampling of the con-

formational space and understanding the probable minima 

states ranging from the native folded state to elongated unfolded 

state.  

At first, we used the radius of gyration of RNA and native 

hydrogen bonds in the stem region of the RNA motif for well-

tempered metadynamics simulation (section 1 and Figs. S1-S3 

in the Supporting information (SI)). However, we identified 

that the given choice of collective variables failed to distinguish 

similar states specifically in the loop region, which consists of 

the sugar-backbone hydrogen bonds (Fig. S4 of SI). Re-

weighting the free energy surface with respect to ermsd showed 

encouraging results (Fig. S5 of SI). We then incorporated, mod-

ified, and used various combinations of CVs (Figs. S5) for well-

tempered metadynamics limited to a maximum of two per com-

bination to tackle the problems faced in defining the initially 

constructed reaction coordinate setup. Details of these simula-

tions are provided in the SI.  

However, we have observed the following discrepancies in 

the free energy estimates based on our micro-second time scale 

simulations. i) The free energy values and sampling are depend-

ent on the choice of collective variables for biasing. ii) The sys-

tem tries to exist in trapped false minima states, fails to provide 

converged free energy surfaces (Figs S6, S7 of SI). The main 

reason for this is poor choice of collective variables in the com-

plex multidimensional landscape. This leads to improperly 

oversampling of the trapped state resulting in a high barrier for 

transitions to other states. The previous studies on similar RNA 

motifs also encountered similar issues especially related to a 

lack of convergence with respect to the choice of collective var-

iables, technique, and force field parameters.35 The understand-

ing from our unreported well-tempered metadynamics simula-

tions and the need for using multiple collective variables for 

chasing the multi-dimensional free energy landscape directed 

us to use a combination of two enhanced sampling techniques, 

umbrella sampling and parallel bias metadynamics. 

The parallel bias metadynamics makes use of enhanced sam-

pling along multiple CVs by applying low dimensional bias po-

tential across multiple CVs simultaneously. This method was 

found to be very efficient for revealing the free energy estimates 

associated with various biological & chemical systems having 

high energy barriers.47, 61-64. While the umbrella sampling merits 

the control over a given CV  to model the conformational tran-

sitions aided by a series of independent windows.46, 65 
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The advantage of using these combinations of two enhanced 

sampling methods is as follows. By applying the umbrella sam-

pling potential over a given collective variable, we will have 

control & directionality over the reaction coordinate. Further, 

the minima states in each umbrella window can be well ex-

plored by using parallel bias metadynamics simulations, 

providing details about all probable local structural changes in 

each slice of a given umbrella window. So, the method takes 

advantage of metadynamics simulations and is expected to give 

an overview of relevant free energy minima states by controlled 

exploration of phase space. 

   We have used five CVs for the controlled sampling approach. 

Among the CVs used, the center of the mass distance between 

the stem regions was used as an umbrella sampling window co-

ordinate. Further, in each window, the sampling is accelerated 

by parallel bias metadynamics by the other four collective var-

iables (subsidiary CVs): radius of gyration, hydrogen bonds, 

ermsd and contacts. The protocol was carried out for each spe-

cific system of amino acids containing D- and L- stereoisomers. 

A potential harmonic restraint of 200 kJ/mol/nm2 was applied 

to the umbrella sampling coordinate to make sure that the value 

of the reaction coordinate fluctuates around the succussive po-

sitions where potential is applied. Windows were constructed 

from folded state to unfolded state from the umbrella sampling 

coordinate value range from 0.8 nm (folded state) to 4.6 nm 

(unfolded state) with a difference of 0.2 nm between the win-

dows. For the parallel bias metadynamics, a bias factor of 10 

and an initial hill height of 0.5 kJ/mol were used. Further, the 

Gaussian widths of 0.1, 0.4, 1, and 0.05 were used respectively 

for ermsd, hydrogen bonds, contacts, and radius of gyration, re-

spectively. A total of 1 𝜇𝑠 simulation was carried out per system 

by constructing 20 windows across the umbrella sampling co-

ordinate and by simulating each window for 50 ns. 

 Finally, the free energy surface was constructed by combining 

the bias contribution from the umbrella sampling potential and 

the potential from the parallel bias metadynamics from each 

window using the weighted histogram analysis method 

(WHAM)66.  The results are interpreted against the ermsd pa-

rameter and stem distance (umbrella sampling coordinate). The 

ermsd parameter is well suited to explain various interactive 

folded states, base pairing schemes, and base stacking schemes 

in the literature30, 67.  

 

(ii) Binding free energy of a single amino acid. The most 

favorable conformation of amino acid closest to the terminal 

residue of RNA from the cluster was taken for binding studies 

towards single molecular binding studies between RNA and 

D\L Arginine. We have used the center of the mass distance 

between the stem region of RNA and arginine as the biased re-

action coordinate, referred to as binding distance.  

 

(iii) Choice of collective variables. To facilitate the free en-

ergy calculations for both studies above, we have defined the 

collective variables based on an intuitive way of understanding 

the process and also based on reported studies67 on similar RNA 

motifs, as these choices are heuristic. Since the goal of the pre-

sent study is to understand the folding-unfolding thermodynam-

ics in the presence of amino acids, our choice was governed by 

the need to observe the conformational change in the RNA (e.g., 

the stem distance, radius of gyration, contacts, ermsd67). Also, 

we studied binding free energy of a particular stereoisomer to 

the folded RNA using another set of CVs (binding distance, 

angvec). The CVs are discussed in more detail below.  

a. Radius of gyration (𝑅𝑔) of RNA. The radius of gyration 

was defined by, 

𝑅𝑔  =  (
∑ 𝑚𝑖|𝑟𝑖  

𝑛
𝑖 − 𝑟𝐶𝑂𝑀|2

∑ 𝑚𝑖 
𝑛
𝑖

)

1
2⁄

 

and the position of the center of mass 𝑟𝐶𝑂𝑀 is defined by 

𝑟𝐶𝑂𝑀 =
∑ 𝑟𝑖 𝑚𝑖

𝑛
𝑖

∑ 𝑚𝑖 
𝑛
𝑖

 

The center of mass of heavy atoms was taken into considera-

tion for measuring the radius of gyration. Since folded and un-

folded RNA would have different overall sizes, this coordinate 

helps to distinguish these states. 

 

b. Stem Distance. The RNA hairpin loop has specific hydro-

gen bonding pattern between two stem regions. Therefore, the 

center of the mass distance between the two stem regions helps 

monitoring the relative motions of the stem regions with respect 

to the loop part of the RNA. For the first stem, the part center 

of mass of the backbone and bases of residues 2, 3, and 4 were 

used. For the other stem region center of mass of the backbone 

and base of residues 9, 10, and 11 were considered. 

 

c. Hydrogen bonds (HB). The number of hydrogen bonds 

between the purine and pyrimidine bases in two stem regions is 

defined by the switching function as follows. 

𝐻𝐵 =  ∑
1 − (

𝑟𝑖
𝑟0⁄ )

𝑛

1 − (
𝑟𝑖

𝑟0⁄ )
𝑚

𝑖

 

The cutoff distance 𝑟0 was set to 2.5 Å. The values for n and 

m parameters were set to 6 and 12, respectively. The index 

value for the value of i is chosen in such a way that the RNA 

forms a total of 10 hydrogen bonds (9 corresponds to hydrogen 

bonds between complementary bases formed by three base 

pairs in the stem region, and the rest is formed by the hydrogen 

bond in the loop structure. 

To account for the relative loop motion, we also defined a 

hydrogen bond parameter between the phosphate and amide be-

tween the bases G (residue) and A (residue) at 5 and 8 positions 

in the loop structure (Fig. 1c). The switching function used here 

ensures that the calculated hydrogen bond values are continu-

ous derivatives. 

d. End-to-end distance. End-to-end distance is defined be-

tween the two terminal C1 atoms between the first and last res-

idues in RNA. End-to-end distance will be able to comment on 

the extent of elongated structures formed by the RNA in various 

folding–unfolding events. 

e. ermsd. ermsd68 is a metric developed to measure the dis-

tances specifically for three-dimensional structures of nucleic 

acids. The usual RMSD considers only the relative positions, 

while the ermsd incorporates both the relative positions and ori-

entational effects caused by the nucleobases in the RNA. A cut-

off of 3.2 was used for ermsd calculation.  

f. Contacts. The number of contacts is defined by the heavy 

atoms of the purine and pyrimidine bases between the two stem 

regions of the RNA. The benefit of defining contacts over hy-

drogen bonds is that by defining contacts, all possible orienta-

tions of bases will be incorporated in the possible ways giving 

possible contacts formed by the stem regions. The hydrogen 

bonds only give clear information about native structures. The 

contacts are defined by,  
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𝑁𝑐  =  ∑∑𝑠𝑖𝑗

𝑖∈𝐵𝑖∈𝐴

 

 

𝑠𝑖𝑗  =  
1 − (

𝑟𝑖𝑗  −  𝑑0

𝑟0
)
𝑛

1 − (
𝑟𝑖𝑗  −  𝑑0

𝑟0
)
𝑚 

where 𝑠𝑖𝑗  =  1 if the contacts between the atoms i and j is 

formed between the independent stem units of RNA. 

 

 

Figure 2. Representation of angvec collective variable for binding 

studies. 

 

f. angvec. The angvec collective variable is defined as the 

angle between two vectors �⃗�   and 𝑑 , where �⃗�    is  defined as the 

vector connecting center of mass of backbone and sugar region 

of residues 9, 10, 11, and 12 towards residues 1,2,3 and 4. 𝑑  is 

defined as the vector connecting a nitrogen atom of the Guan-

idium end and the oxygen group of the c-alpha end of Arginine. 

𝑎𝑛𝑔𝑣𝑒𝑐 = cos−1[�⃗� . 𝑑 (|�⃗� ||𝑑 |)]⁄ . This CV was used in our 

previous studies of DNA intercalation.69-71 

 

RESULTS & DISCUSSION 

a) Free energy landscape of GAGA tetraloop in the presence 

of L-arginine and D-arginine.  Although we used five collec-

tive variables (CV), we have chosen two of them, the stem dis-

tance and ermsd parameter, to discuss and understand the free 

energy landscape associated with the folding–unfolding equi-

librium of GAAA tetraloop in the presence of L-arginine (Fig. 

3a) and D-arginine (Fig. 3b). While stem distance measures the 

extent of unfolding, ermsd captures various native and non-na-

tive base pairing and stacking geometries. Based on the free en-

ergy values, as indicated by the color bar, we have identified 

three broad regions: folded state (stem distance < 1.8 nm and 

ermsd < 2.0 nm), elongated unfolded states (stem distance > 4.0 

nm and ermsd > 2.0 nm), and the misfolded states (1.8≥ stem 

distance≤ 4.0  and ermsd > 2.0 nm) and denoted them by F, U, 

and M, respectively. The minimum free energy path connecting 

the folded state to the unfolded state through the misfolded state 

was calculated using MULE program72 and is indicated by the 

black dotted lines in the Figs. 3a and 3b. Also, to get a clear 

picture of the three states, the free energy profile relative to the 

unfolded state was plotted against stem distance in Fig. 3c.  

 Figure 3c shows that GAAA is stable by -21.1 kcal/mol in the 

presence of D-arginine while its stability is only -12.2 kcal/mol 

in the presence of L-arginine. The free energy stability of the 

misfolded state is similar (between -17 – 18.0 kcal/mol) in pres-

ence of either of stereoisomers. However, the minimum in pres-

ence of L-arginine is flatter compared that that around D-iso-

mer. Note that, the definition of misfolded state is with respect 

to the structure in presence of D-arginine. In case of L-arginine, 

the misfolded state forms the global minimum. Therefore, we 

can say that in presence of L-arginine, GAAA tetraloop does 

not fold to the hairpin structure at all. This shows the effect of 

stereospecificity in the given RNA sequence, and further the 

evidence for chirality-driven tetraloop folding-unfolding equi-

libria which correlates with the hypothesis on chiral amino acid 

dependent RNA interactions related to the origin of life. 

  In Fig. 3d, we have shown some representative structures of 

the folded (F), misfolded (M) and unfolded (U) states with their 

corresponding CV values. As expected, the stem distance 

(along with end-to-end distance and Rg) increases from 

F→M→U as also evident from Figs 3a-c. However, folded state 

is unique from the rest with a high number of hydrogen bonds 

and contacts between the stems of the tetraloop and a low value 

of ermsd. Both the misfolded and unfolded states have almost 

no contact and hydrogen bond within the stems. Misfolded 

states span a wide range of structures (due to broad minimum) 

differing mostly in terms of stem distance and end-to-end dis-

tance. The difference in the misfolded and unfolded state is 

mostly in the free energy values, which structurally correlates 

with stem distance, end-to-end distance, and Rg values. There-

fore, beyond a certain stem distance, free energy rises fast and 

that we indicate here as the unfolded state. The free energy sur-

faces reweighted with respect to stem distance and other sub-

sidiary collective variables are provided in the supplementary 

information (Fig. S8 of SI). 

 

 

 



 

 

5 

 

Figure 3. Free energy landscape of RNA folding-unfolding equilibria in the presence of (a) L-arginine and (b) D-arginine projected 

on ermsd and stem distance c) Comparison of free energy profiles projected only on stem distance for both L- and D-arginines. d) 

Structural representation for folded (F), misfolded (M) and unfolded states (U) states with corresponding collective variable values.

b) Influence of enantiomers in the folded state. The ques-

tion that naturally comes is why L-arginine can’t stabilize the 

folded state of GAAA tetraloop. First hypothesis was that in-

teraction energy between RNA and stereoisomers are differ-

ent. Therefore, we collected all the structures of the folded 

state (as defined earlier) and calculated the average number of 

hydrogen bond and average interaction energy between RNA 

and arginine. To our surprise, we find that both the quantities 

are same for L- and D-arginine, as shown in Fig. 4, ruling out 

any favorable interaction played by the D-arginine to stabilize 

the native folded state of GAAA tetraloop.  

 

Figure 4. Histogram of the average number of (a) hydrogen 

bonds formed by RNA and stereoisomers of arginine, and (b) av-

erage interaction energy per molecule between RNA and stereoi-

somers of arginine in the cluster corresponding to the native state. 

Therefore, our next hypothesis was that RNA structures 

may be different in the folded state in presence of D- and L-

arginine (although they belong to the similar values of the 

CV), giving rise to similar interaction energy and hydrogen 

bond number. The reason for this hypothesis is that the nucle-

obases in the RNA form different types of interactions with 

respect to its complimentary/neighboring pair. These pairing 

schemes can be distinguished by the edge side of interaction 

forming the H-bonds. The possible edges of interactions are 

Watson-Crick edge, Hoogsteen/C-H edge and the Sugar edge. 

These base pairing schemes can be ideally achieved by 

cis/trans glycosidic rotation around the sugar backbone and 

the orientation of the H-bond formation between the nuclear 

bases. By identifying a given base, probable complementary 

base, and the type of glycosidic rotation, we can identify the 

ideal orientation of the state of a given residue of RNA. We 

have used the above-mentioned parameters based on the way 

portrayed by Leontis for geometric classification of RNA 

structures.73-74  

As the stem region is expected to initiate the folding, we 

investigated the nature of base pairing in RNA and the glyco-

sidic rotation around the sugar backbone for all the four base 

pairs in the stem region. 
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Figure 5.  (a), (b) Representation of SHt and WCc states of RNA. 

The orientation of glycosidic bond is represented by black arrows. 

Yellow line represents the surface of interaction between the 

edges. W, H, C, and S represent Watson-Crick, Hoogsteen, C-H 

and sugar edges, respectively.  (c) Probability distribution of dif-

ferent base pair interactions in the stem region of RNA in the na-

tive folded state. The three-letter code describing the states are 

described as per Leontis nomenclature and classification of RNA 

base pairs. R1, R2, R3 and R4 describes the residue junctions in 

the stem regions of RNA, starting from the 5’ end. Note that for 

L-arginine, there is significant probability to form SHc structure 

for the R1 and somewhat R2 base pairs. 

A representation of various possible combinations of base 

pairing schemes is shown in the Fig. S9 of SI. We have calcu-

lated the probability of the existence of these base paring ori-

entations in RNA structures using Barnaba75 program. Each 

possible complementary interactions between the two bases in 

the RNA structure is labelled by a three-letter code. The first 

letter indicates the probable donating edge for base pairing in 

the 5’ end stem region of RNA. The second letter defines the 

probable acceptor edge of interaction in the complimentary 

residue/neighboring residue in the RNA. The third letter indi-

cate the possible cis/trans mode of interactions by glycosidic 

rotation of the sugar backbone. For example, WHc means that 

5’ end of a given stem residue with Watson-Crick edge is in-

teracting with neighboring Hoogsteen acceptor edge at neigh-

boring end in cis orientation. A representation of SHc and 

WCc state is shown in the Fig. 5a and Fig. 5b respectively. 

The details regarding the three-letter nomenclature are dis-

cussed in Table S1, and Fig. S10 in SI section III. The proba-

bility of existence of the possible states at all four base pairs 

in the stem region is shown in the Fig. 5c. The R1, R2, R3 and 

R4 indicate the base pairs in the stem region starting from the 

terminal end of the RNA. In all these base pairs, most tend to 

exist in WCc state (Watson-Crick edge, C-H edge, cis orien-

tation). Next is the WWc base pairs, with much less probabil-

ity. Figure 5 shows that presence of D- or L- influence the 

geometry of only the terminal base pair (R1). While most of 

the structures preserve the WCc state in presence of D-argi-

nine, there is a noticeable probability of forming SHc struc-

tures in presence of L-arginine. This indicates that the chiral-

ity effect is somehow present for the terminal base pair only.  

c) Single molecule binding studies. Now that we under-

stand that chirality of the amino acids affects RNA structure 

in the folded state (especially for the terminal base pair), we 

wanted to further explore the cause for it. Therefore, we ex-

plored specific binding mode of the amino acids to the RNA 

by calculating the free energy of a single D- and L-arginine 

with RNA separately. For each system, we took the amino 

acid closest to R1 as the starting point and performed well-

tempered metadynamics simulations as a function of binding 

distance. Free energy surface for binding plotted with respect 

binding distance and angvec (see method) is shown in Fig. 6.  

 

 

 

Figure 6. Free energy surface of binding of a single (a) D-arginine and (d) L-arginine with respect to binding distance and angvec. 

(b), (c) The representative structures at the minima for D-arginine bound to RNA. (e) The representative structure of the minimum 

for L-arginine bound to RNA.

We have observed two minima of around -7.8 kcal/mol at 

the bound state for D-arginine (denoted as A and B. in Fig. 

6a) that correspond to different values of angvec.  The 

representative structures of the minima are shown in Figs. 6b 

and 6c. Interestingly, we have observed a single minimum of 

lesser stability (-6.8 kcal/mol) in the bound state of for in L-
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arginine (Fig. 6d). The corresponding minima structure is 

shown in Fig. 6e.  

To analyze the origin of these different interaction behav-

ior, we have probed further into the mode of interaction of 

arginine by analyzing the bound minima through three struc-

tural parts of arginine: (i) C-alpha (ii) alkyl (iii) guanidinium, 

as shown in the Fig. 7a. From Fig. 6e, we observe that C-alpha 

part of the L-arginine is close to the sugar-backbone junction 

of the RNA. This structural orientation provides the most fa-

vorable direction of nucleophilic interaction between the hy-

droxyl sugar part of RNA and the C-alpha region of the argi-

nine. The similar type of observation was previously reported 

for trans-acylation reaction between the RNA motif and acyl-

ated  L-amino acids indicating the favorable geometry for the 

nucleophilic attack between the hydroxyl group of sugar back-

bone and the carbonyl group of C-alpha terminal of  L-amino 

acids.76  A representation of this favorable interaction is 

shown in the Fig. 7b. This representation was in accordance 

with the observed minima state A for L-arginine as shown in 

the Fig. 6e. The D-arginine does not form this interaction with 

the sugar group of RNA, as the steric hindrance caused by the 

long alkyl chain in D-arginine would prevent this favorable 

nucleophilic interaction. Fig 7c shows the possible unfavora-

ble mode of interaction in case of D-arginine, thus discourag-

ing it to bind to the sugar-backbone part of the RNA. Indeed, 

we also have not observed the similar binding mode in our 

simulations. Further, to understand the preferred orientation 

of the C-alpha part (containing the stereocenter) for L- and D-

arginine in presence of RNA, we have calculated and shown 

the distribution of dihedral angle  𝜃 (O2, C2, C1, N) in Fig. 7d.  

The distribution of 𝜃 is very different for D- and L-arginine 

indicating that stereocenters indeed play an important role for 

interaction with RNA. θ peaks at -132o and 36o for D-arginine, 

while it peaks at -37o and 123o for L-arginine. It is evident 

from the Fig. 7d that the distribution is different for D-argi-

nine and L-arginine supporting the favorable interaction 

shown in the Fig. 7b.   

 

 

 

Figure 7.  (a) Showing three parts of arginine to analyze the interactions. The blue star represents the stereocenter. Schematic representation 

of the minima states for (b) favorable nucleophilic interaction of RNA with L-arginine and (c) unfavorable nucleophilic interaction of D-

arginine with RNA. (d) Probability distribution of dihedral angle 𝜃 (O2, C2, C1, N) in the binding mode of L-arginine and D-arginine. (e) 

Representative structures of terminal base pair (R1-R12) of RNA and arginine. Stacking interactions are represented by blue dotted circles 

formed by the guanidinium group in enantiomers and residue 12 (R12) of RNA. The favorable, closest geometric preference between the 

carboxylate group in D-arginine and residue 1 (R1) of RNA is shown by green arrow. The distant unfavorable mode of interaction between 

the carboxylate group in L-arginine and R1 base is shown with red arrow.  

Table 1. Interaction energy between the terminal residues and arginine enantiomers.  

Sl No System 

Interaction energy (kJ/mol) 

Stacking  Carboxyl - Amino interaction  

1 D-arginine -12.0  ± 0.046 -5.2 ± 0.016 

2 L-arginine -12.2 ± 0.037 -0.6 ± 0.016 

 

 

In the context of the above discussion, we find that the two 

minima in the free energy surface of D-arginine binding to 

RNA correspond to two different types of stabilizing interac-

tions. In the minima A, (Fig. 6c), the guanidium part of the ar-

ginine is found to form stacking interactions with terminal 

Cytosine base (residue 12) at the 3’ end of RNA. At the same 

time the C-alpha part of arginine is found to stabilize the com-

plementary base guanine (residue 1) by forming the stabilizing 

interactions between the carboxylate group in c-alpha part and 

amino terminal in the Guanine base part. It is important to note 

that the similar guanidium-nucleobase interaction was found to 
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be very relevant in monitoring the specificity of between D-ar-

ginine, and L-arginine as discussed in the literature.44-45 

It is to be noted that the orientation in of D-arginine is aligned 

in such a way that the carboxylate group faces towards the nu-

cleobase, increasing the binding affinity. We have inverted the 

stereochemistry at this stereo center to observe what might have 

prevented the L-arginine to form the similar binding mode. We 

have observed that the mirror image L-arginine, the carboxylate 

part of c-alpha group will be facing against the direction of 

RNA, failing to form the stabilizing interactions at the c-alpha 

end, as shown in the Fig. 7e. These orientational effect also re-

flected in the difference in the interaction energies between the 

terminal residues of RNA and polar ends of the enantiomers, 

specifically the amino – carboxylate interactions. A comparison 

of interaction energy profiles is shown in the Table 1, support-

ing the structural observations. Since the stabilizing stacking in-

teractions of D-arginine (and not for L-arginine) was found with 

the terminal base pair of the RNA, it was assumed that this in-

teraction would prevent the initiation of unfolding in RNA.  

These specific individual binding modes contribute to the ob-

servation of existence of extra stabilization of D-arginine com-

pared to L-arginine in the free energy landscape in the folding-

unfolding studies previously discussed.  

 

CONCLUSION 

In this study, we have investigated the folding-unfolding 

equilibria of GAAA RNA in presence of D- and L-arginine. Us-

ing rigorous enhanced sampling method with multiple collec-

tive variables, we could construct the free energy landscape of 

GAAA RNA in presence of D- and L- stereoisomers of argi-

nine.  

Here we have combined rigorous umbrella sampling and par-

allel bias metadynamics to understand the specificity of amino 

acids (D- and L-arginine) to the folding-unfolding equilibria of 

a 12-mer GAAA RNA hairpin motif. We constructed the free 

energy landscape using multiple collective variables of RNA 

folding in presence of either D- or L-arginine. Our results show 

that the free energy surface of the folded state is stabilized only 

in presence of D-arginine and destabilized in presence of L-ar-

ginine. Interestingly, the misfolded states were of similar free 

energy with respect to the extended unfolded state.  

To investigate the reason for stereochemical influence of 

amino acid on RNA folding, we also calculated the binding free 

energy of the D- and L-arginine to the folded structure. This 

result corroborated the previous one showing two different min-

ima for the D-arginine while a single less stable minimum for 

L-arginine. 

 Further investigation revealed that the stabilization of D-ar-

ginine comes from two factors: the stacking interactions by the 

guanidinium group and electrostatic stabilization by the c-alpha 

part in the D-Arginine. In case of L-arginine, due to mirror sym-

metry, the electrostatic stabilization is not favorable. Therefore, 

in case of L-arginine, the stabilization majorly occurred due to 

the interaction of the sugar -backbone towards the arginine side 

groups. As the D-arginine stabilizes the terminal base pairs 

through multitude of interactions, it prevents unfolding of the 

RNA. In case of L-arginine, the side interaction does not help 

the stabilization.  

Therefore, our results show the molecular origin of the chiral 

structures on the thermodynamics of RNA hairpin taking the 

example of a specific GAAA motif. This indicates that similar 

specific interaction between the RNA and chiral amino acids 

support the hypothesis of homochirality in the context of the 

origin of life.  

This work can be extended to study more complex RNA mo-

tifs to see how chirality of amino acids affects RNA folding in 

general.   
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