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a b s t r a c t

Antiviral drug discovery continues to be an essential complement to vaccine development for over-
coming the global pandemic caused by SARS-CoV-2. The genomic RNA of SARS-CoV-2 contains structural
elements important for viral replication and/or pathogenesis making them potential therapeutic targets.
Here we report on the stem-loop II motif, a highly conserved noncoding RNA element. Based on our
homology model we determined that the G to U transversion in the SARS-CoV-2 stem-loop II motif
(S2MG35U) forms a CeU base-pair isosteric to the C-G base-pair in the early 2000’s SARS-CoV (S2M). In
addition, chemo-enzymatic probing and molecular dynamics simulations indicate the S2MG35U
conformational profile is altered compared to S2M in the apical loop region. We explored S2MG35U as a
potential drug target by docking a library of FDA approved drugs. Enzymatic probing of the best docking
ligands (aminoglycosides and polymyxins) indicated that polymyxin binding alters the conformational
profile and/or secondary structure of the RNA. The SARS-CoV-2 stem-loop II motif conformational dif-
ferences due to nucleotide transversion and ligand binding are highly significant and provide insight for
future drug discovery efforts since the conformation of noncoding RNA elements affects their function.

© 2021 Elsevier Inc. All rights reserved.
1. Introduction

The COVID-19 disease and global pandemic caused by the SARS-
CoV-2 coronavirus continues to threaten human health and well-
being [1]. Considerable effort has been focused on developing
vaccines and small molecule therapeutics [2] including repurposing
of existing drugs [3]. The SARS-CoV-2 coronavirus has genomic RNA
structural elements, many in noncoding regions, which play key
roles in viral replication and/or pathogenesis [4]. These types of
functionally important noncoding RNA structural elements offer an
opportunity for small-molecule interactions and the development
of RNA-targeted therapeutics [5].

Relatively few small-molecule therapeutics targeting RNA are in
the overall drug discovery pipeline [6]. For treating COVID-19,
considerable effort is focused on identifying small molecule ther-
apeutics to target SARS-CoV-2 viral proteins, developing vaccines
and developing siRNA that target viral RNA to silence viral protein
expression [2]. Less focus has been placed on targeting the viral
RNA structural elements, although a few studies identified small
molecules targeting the frame-shifting RNA element in SARS-CoV
[7] and SARS-CoV-2 [8].

One RNA element in SARS-CoV-2 not previously investigated for
small molecule targeting is the stem-loop II motif. This element is
located in the 30-UTR close to the poly-A tail [4]. The sequence of
the stem-loop II motif is highly conserved across coronaviruses and
astroviruses that contain it and its tertiary fold is structurally
complex [9]. While the function of this RNA element is unknown
[10], it may provide an evolutionary advantage [11] and/or be
important for viral pathogenesis [9]. Consistent with this possibility
is a recent genomic RNAmapping study which identified secondary
structural differences in the apical loop of the SARS-CoV-2 stem-
loop II motif in cells compared to that found in vitro indicating the
RNA element may be involved in further molecular interactions in
the context of an infected cell [12]. Based on the high sequence
conservation, complex tertiary structure and cell-dependent
structural differences, the stem-loop II motif has the
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characteristics of an important potential therapeutic target.
In this paper, we investigate the SARS-CoV-2 stem-loop II motif

RNA structure and its ligand binding. We developed a computa-
tional homology model and used this for both molecular dynamics
simulations and ligand docking. We complemented these compu-
tational studies with chemo-enzymatic RNA probing experiments.
Together, the data indicate that the stem-loop II motif in SARS-CoV-
2 has a different conformational profile compared to that of SARS-
CoV due to a G to U base transversion and that this conformational
profile is altered upon ligand binding. Consequently, since the
conformation of noncoding RNA elements often determines their
function [13], we suggest that the coronavirus stem-loop II motif
may be a druggable target.

2. Materials and methods

2.1. Reagents & computational resources

All reagents were molecular biology grade, RNase/DNase-free or
highest purity grade possible. RNases were from ThermoFisher
Scientific. Ligands were from Sigma-Aldrich with purity >90%.
Custom synthesized HPLC-purified RNAs fluorescently labeled with
50-DY547 were obtained fully deprotected from Horizon Discovery.
RNAs 50-labeled with DY547 are a substitute for 32P 50-labeled RNAs
in chemo-enzymatic probing experiments [14]. All RNAs were
dialyzed in 5 mMMOPS, pH 7.0, 0.01 mM EDTA and renatured prior
to use. All computational workwas done using the Owens Cluster at
the Ohio Supercomputer Center [15] with the exception of the
standard precision docking done on a MacPro and the sequence
analysis done on a MacBook Pro.

2.2. Sequence analysis

We used the NCBI Viral Database [16] to search for SARS-related
coronavirus (taxid: 694009) sequences by collection date for three
different time periods: (1) January 1, 1990 to December 1, 2019 (331
retrieved); (2) December 1, 2019 to June 24, 2020 (8171 retrieved);
and (3) June 25, 2020 to October 28, 2020 (9302 retrieved). These
records were then searched by accession number using BLAST-n
[17] for sequences similar to the stem-loop II motif core sequence
[9] (nucleotides 10e40, Fig. 1). The retrieved sequences were then
processed using Jupyter Notebook accessed through Anaconda
Navigator and BioPython [18] to parse them according to host and
nucleotide identity at the position corresponding to nucleotide 35
in Fig. 1 and complementarity to the core sequence.

2.3. Computational model RNAs and ligand docking

The computational model RNAs were derived from PDB ID 1XJR,
the 2005 crystal structure for a stem-loop II motif (S2M) [9]. In
order to facilitate comparison of biochemical and computational
results, only the single G35U mutation difference in the core was
modeled (i.e., S2M vs. S2MG35U, Fig. 1). Using Protein Preparation
Wizard (Schr€odinger), we deleted the G1 GTP and refined the
structure of S2M still with the hydrated Mg2þ. The structure for
S2MG35U with hydrated Mg2þ was prepared by deleting the G35
nucleobase, replacing it with a U followed by refinement. For the
S2MG35U docking studies, the metal ions and water were deleted
and the RNA refined. All of the above refinements used the Protein
Preparation Wizard restrained minimization, 0.3 RMSD, OPLS3e
forcefield. The S2M and S2MG35U model RNAs were then further
minimized using MacroModel (Schr€odinger) with OPLS_2005 force
field, PRCG minimization method and 0.05 kJ/Å-mol gradient
convergence threshold.

The docking grid for S2MG35U was generated using Glide
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(Schr€odinger) with an OPLS_2005 force field including aromatic
hydrogens as hydrogen bond donors and halogens as hydrogen
bond acceptors. The centroid of the grid was set to residues 10, 20,
22 and 38 and themidpoint box set at 25, 35, 40 Å X,Y,Z respectively
with the bounding box set for docking ligands �20 Å. The resulting
grid encompassed nucleotides 5 to 45. The FDA-Approved Drug
Library Plus (HY-LO22P) was obtained from MedChemExpress as a
structure data file. Three-dimensional models of the compounds
(including tautomers and stereoisomers for undefined chiral cen-
ters) were generated using LigPrep (Schr€odinger) with OPLS2005
force field, pH 7.3±0.2. The prepared structures were then docked
to the grid using Glide’s high-throughput-virtual-screening mode
(one pose per ligand, no post docking minimization). The resulting
lowest energy poses were then redocked using the Standard Pre-
cision setting with post-docking minimization.

2.4. Molecular dynamics simulations

Molecular dynamics simulations of the model RNAs were per-
formed using Desmond (Schr€odinger). Solvated structures of the
minimized S2M and S2MG35Umodel RNAs in the presence of bound
Mg2þ were generated in the Desmond system builder. To avoid
formation of a ladder-like structure frequently observed in RNA
molecular dynamics simulations [19] we applied minimal con-
straints to the closing base-pairs of the stem: 1.0 (G2, A3, U47); 0.5
(G4,U46); and, 0.2 (U5, A45). A TIP3P explicit water model with a
30 � 30 � 30 orthorhombic boundary box was used, the charges
neutralized with 41 Naþ ions and the volume minimized for
250 mM NaCl buffer salt. The TIP3P water model was optimal for
other RNAmolecular dynamics simulations [20]. The resulting S2M
system (95075 atoms, 191476� of freedom) and S2MG35U system
(96035 atoms, 193397� of freedom) were relaxed prior to
simulation.

A 10.0 ns molecular dynamics simulation was carried out with a
10.0 ps trajectory recording interval and an NPT ensemble class at
300 K, 1.01325 bar. The root mean square fluctuation (RMSF) ana-
lyses of each simulation were done using the Desmond Simulation
Event Analysis tool and heavy atoms compared to the starting
system for S2M. The resulting data were then plotted using Prism
(GraphPad). The overall quality of the simulationwas verified using
the Desmond Simulation Quality Analysis Tool.

2.5. Chemo-enzymatic probing

Enzymatic probing reactions (10 mL) consisted of 10 mM Tris-
HCl pH 7.0, 100 mM KCl, 0.1 mM MgCl2 and 4.0 mM 50-DY547 RNA
with RNase T1 (0.004 U/ml) or RNase A (0.0004 mg/ml). For the
structure comparison reactions, RNAwas incubated for 10minwith
RNase T1/A at room temperature prior to separation by denaturing
polyacrylamide gel electrophoresis (15% 19:1 acryl-
amide:bisacrylamide, 7.0 M urea). For the ligand dose-response
studies, RNA was incubated with the ligands final concentrations
as noted in figure) for 15 min at room temperature, then incubated
with RNase A (0.0002 mg/ml) for 10 min at room temperature fol-
lowed by gel electrophoresis. Gel images were acquired on a BIO-
RAD ChemiDoc™ XRS instrument and data analyzed using the
Image Lab™ software. The lane % ((background adjusted volume of
a band in a lane)/((background adjusted total volume in that lane)*
100)) of each band was analyzed. Normalized ratios, dose-response
slopes and two-tailed t-test statistics were determined using Prism
(GraphPad).

Experimental conditions for the Mg2þ-facilitated chemical
probing were similar to a previous report of lowmagnesium in-line
probing experiments [14]. In-line experiments (10 mL) consisted of
50 mM Tris-HCl (pH 8.3), 100 mM KCl, 1.0 mM MgCl2, 4.0 mM 50-



Fig. 1. SARS-CoV-2 contains G to U mutation in stem-loop II motif that alters secondary structure in apical loop region. (A) SARS-CoV-2 stem-loop II motif model RNA
(S2MG35U, core ¼ nucleotides 10e40). Open arrow indicates sequence change from early 2000’s SARS-CoV genomes prior to December 2019 (S2M). Canonical (solid line) and non-
canonical (dashed line) base pairs of secondary structure derived from crystal structure PDB ID 1XJR [9]. (B) Representative gel image of RNase A and T1 probing comparing S2MG35U

with S2M (gamma ¼ 0.9). (C) Band lane % of RNase probing triplicates. Asterisk indicate two-tailed t-test significance ****P � 0.0001, ***0.001 < P � 0.001, **0.01 < P � 0.01,
*0.01 < P � 0.05, no asterisks indicates P > 0.05.
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DY547 RNA and were incubated in the dark at room temperature
for 10 days prior to analysis via denaturing polyacrylamide gel
electrophoresis (15% 19:1 acrylamide:bisacrylamide, 7.0 M urea).
Gels were imaged and analyzed as for the enzymatic probing
experiments.
3. Results and discussion

3.1. G to U transversion in SARS-CoV-2 stem-loop II motif alters
secondary structure in apical loop

We surveyed genomic databases to investigate the stem-loop II
motif RNA element that was previously shown to be rigorously
conserved in SARS-related viruses and astroviruses [9,10]. We used
the NCBI Viral database to retrieve SARS-CoV related entries
(taxid:694009) and BLAST-n to search these for sequences some-
what similar to the core sequence in the stem-loop II motif (S2M) of
the 2003 SARS-CoV outbreak (Fig. 1, nucleotides 10e40). All
retrieved sequences that were collected prior to December 2019
(163 sequences) had a G at position 35 (S2M, Fig. 1). In contrast, of
the human host sequences collected from December 2019 to June
24, 2020 (7641 sequences) and from June 25, 2020 to October 28,
2020 (8711 sequences), all had a U at position 35 (S2MG35U, Fig. 1)
with the exception of two sequences having an N or W at this po-
sition. Furthermore, >98% of the sequences were fully comple-
mentary to the S2MG35U core sequence (nucleotides 10e40, Fig. 1),
consistent with an early SARS-CoV-2 genome study [4].

The G35Umutation is notable because it is in a region previously
determined to be base-paired and rigorously conserved across
coronavirus and astrovirus withminimal structural flexibility [9]. In
the stem-loop II motif of the early 2000’s SARS-CoV outbreak, G35
base-pairs with C16 [9]. Of the 16,352 SARS-CoV-2 human host
sequences collected December 2019 to Oct 28, 2020 fewer than 2%
had an additional mutation or deletion in the core region beyond
77
G35U. Only 6 of the sequences had a mutation at the position
corresponding to C16 (a T or Y) indicating that there is no signifi-
cant occurrence of a corresponding compensatory mutation. The
C16-G35 base-pair of S2M of the early 2000’s SARS-CoV is imme-
diately adjacent to G34 and A33, which form key long-range
hydrogen bonds that contribute to the core tertiary fold [9].
Consequently, we investigated the structural effect the G35U mu-
tation has on this important anchoring region in S2MG35U of the
current SARS-CoV-2.

We probed S2M and S2MG35U model RNAs using single-strand
specific RNases T1 and A. We found that both model RNAs have
comparable regions of single-stranded character consistent with
the 2005 crystal structure of S2M (Fig. 1). The most significant
differences in S2MG35U compared to S2Mwere focused in the apical
loop region including a decrease in single-strand character at G24
and an increase in single-stranded character at C27 and G28.
Notably, no significant single-strand character was observed at
position 35 for either model RNA indicating that position 35 is
likely base-paired.
3.2. SARS-CoV-2 stem-loop II motif homology model indicates G to
U transversion forms isosteric base-pair

To investigate the implications of the G35U transversion on the
tertiary structure of the stem-loop II motif, we prepared a homol-
ogy model based on the 2005 crystal structure of an S2M (PDBID:
1XJR [9]). The resulting core region of the S2MG35U homology
model RNA (nucleotides 10e40) superimposed closely with that of
the S2M crystal structure (Fig. 2, 2.68 RMS). In particular, a
C16eU35 base-pair with two hydrogen bonds forms in S2MG35U
that is similar to the C16-G35 base-pair in S2M (Fig. 2a inset) and is
comparable to an exemplar model [21] for a CeU base-pair (1.65
heavy atom RMS with C764eU900 in PDB ID 1S72 [22], Fig. 2b).

While the in silico studies indicated that the G35U mutation



Fig. 2. Computational model of S2MG35U accommodates C16eU35 base-pair isos-
teric to S2M C16-G35 base pair. (A) Superposition of S2MG35U homology model (green
ribbon) compared to S2M crystal structure (grey ribbon, PDB ID 1XJR [9]). Inset: Detail
of S2MG35U C16eU35 base-pair compared to S2M C16-G35 base-pair. (B) Superposition
of S2MG35U C16eU35 base-pair (green) with exemplar CeU base-pair (blue,
C764eU900 from PDB ID 1S72 [22]).
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could form a conformationally isosteric base-pair, the hydrogen
bonding differences could potentially affect the overall structure/
conformational flexibility of the core region. Consequently, we used
chemical probing and molecular dynamics simulations to compare
S2M and S2MG35U model RNAs.
3.3. S2MG35U single base transversion alters conformational profile
compared to S2M

We used magnesium facilitated in-line cleavage to investigate
the conformational profile of each model RNA. This in-line cleavage
method identifies nucleotides that are conformationally flexible
enough to result in in-line attack of the 20OH to cleave the phos-
phodiester bond [23]. In-line probing of S2MG35U resulted in a two-
fold decrease in cleavage at positions U25, U30 and A33 along with
a 50% increase at positions C27 and G28 compared to S2M (Fig. 3).
Notably, while a slight increase in cleavage was observed at posi-
tion 35 in S2MG35U, the differences were not statistically significant.
These in-line probing results indicate a likely change in the
conformational profile of S2MG35U compared to S2M, particularly in
the apical loop region.

We also used molecular dynamics simulations to investigate the
effect of the G35U mutation. Molecular dynamics simulations are
an effective strategy for exploring RNA conformational sampling
and dynamics ranging from bond rotations or sugar puckering
occurring on the nanosecond timescale to base-pair opening on the
microsecond timescale and more global changes occurring at
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longer times [19]. The extent of fluctuation during a 10 ns simula-
tion of the hydrated magnesium model RNAs was greater for S2M
than it was for S2MG35U particularly in the apical loop region (e.g.,
U25), consistent with the conformational profile differences
observed in the in-line probing experiments (Fig. 3). For U30,
however, longer timescale global motions may be why the flexi-
bility differences observed in the in-line probing were not reflected
in the molecular dynamics simulations.

3.4. Computational docking identifies ligands that alter S2MG35U

structure

Since the stem-loop II motif is phylogenetically conserved and
likely important for viral pathogenesis [9], we investigated the
ability of small molecules to target this noncoding RNA element
using docking methods previously applied to ligand-RNA com-
plexes [24]. We conducted a high-throughput virtual screening
(HTVS) of a library of 2309 FDA approved drugs docking to
S2MG35U. Approximately 2% of the library (49 compounds) returned
no structures during ligand preparation, however dropped/incor-
rect structures are not uncommon when working with in silico
compound libraries [25]. The resulting set of 3236 prepared
structures was docked to the S2MG35U model RNA without the
Mg2þ since one keymode bywhich small molecules bind RNA is via
displacement of magnesium ions [26] and since the authors of the
original crystal structure suggested a potential site for ligand
binding that is available in the RNAwithout Mg2þ [9]. The resulting
ligand-RNA poses obtained (2628 valid poses) were then ranked
based on the calculated Emodel value as we have done for other
ligand-RNA docking studies [24]. Ligand poses within 10% of the
lowest Emodel pose (polymyxin B, �492 kcal/mol) were selected for
further analysis: tobramycin (�453 kcal/mol), kanamycin
(�425 kcal/mol), colistin (�406 kcal/mol) and capreomycin (�488
kca/mol). In the case of capreomycin, the isomer with the lowest
energy docking pose was not a natural stereoisomer due to the
original structure data file for this compound not having all the
stereocenters specified, consequently, this ligand was not included
in further analyses. Compound library structure data files with
undefined stereocenters are often encountered [25]. The remaining
four compounds were redocked to S2MG35U using a standard pre-
cision mode and energy minimized. These compounds docked
S2MG35U in the tunnel formed by the long-range G11-A33 base-pair
of the complex tertiary fold (Fig. 4). This tunnel had previously been
proposed as a possible binding site for small molecules [9].

It was not surprising that tobramycin and kanamycin were
amongst the best docking compounds since they are aminoglyco-
sides, compounds known to bind RNA electrostatically, frequently
in divalent metal ion binding sites [26]. In contrast, we were
initially surprised that polymixin B and colistin were amongst the
best binders since their antibacterial mechanism of action is pri-
marily thought to be via cell wall disruption, however a recent
study determined that it might also involve binding to and dis-
rupting ribosomal RNA [27]. Both the aminoglycosides and poly-
myxins make extensive contacts with S2MG35U primarily with the
non-bridging phosphate oxygens lining the tunnel formed by the
G11-A33 base-pair and flanking regions. This is the same location
where the two hydrated magnesium ions are bound in the crystal
structure [9] and is consistent with the electrostatic RNA binding
characteristics of these compounds.

To explore the effects of these compounds on the RNA structure,
we looked at ligand-induced changes in the RNase A profile of
S2MG35U. Tobramycin and kanamycin had no effect at lower con-
centrations and only showed an overall, nonspecific protection of
enzymatic cleavage at high concentrations (>50 mM, Supplemen-
tary Material). In contrast, colistin and polymyxin B increased



Fig. 3. S2MG35U conformational profile altered compared to S2M. (A) Representative gel image of magnesium-facilitated in-line probing (gamma ¼ 0.9) (B) Triplicate lane % of in-
line probing. Asterisks indicate two-tailed t-test statistical significance ****P � 0.0001, ***0.001 < P � 0.001, **0.01 < P � 0.01, *0.01 < P � 0.05, no asterisk indicates P > 0.05. (C)
Per residue Root Means Square Fluctuation (RMSF) in 10 ns molecular dynamics simulation of S2MG35U (black line) and S2M (grey line).

Fig. 4. Computational docking identifies ligands that alter S2MG35U structure (A) & (B) Representative Glide-derived lowest energy ligand docking to S2MG35U (in grey with
phosphate backbone ribbon cartoon and grey tubes along lengthwise axis of nucleobase). Ligands shown in thick tube (green ¼ carbon, blue ¼ nitrogen, red ¼ oxygen,
grey ¼ hydrogen). Dashed lines indicate hydrogen bonds (yellow) and salt bridges (pink). (C) Gel image of S2MG35U RNase A probing dose-response of polymyxins (0.5 mMe10 mM,
gamma ¼ 0.9). (D) Lane % slope of dose-response for individual nucleotide bands.

A.H. Aldhumani, M.I. Hossain, E.A. Fairchild et al. Biochemical and Biophysical Research Communications 545 (2021) 75e80
RNase A cleavage of S2MG35U particularly at C16 and C20 starting in
the low micromolar range (Fig. 4) indicating that binding of these
ligands alters the secondary structure and/or conformational
79
profile of the RNA. At higher concentrations (>0.01 mM) the
polymyxins resulted instead in an overall nonspecific protection of
enzymatic cleavage (Supplementary Material).
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4. Conclusions

RNA conformation and dynamics play a significant role in the
functional activity of noncoding RNA elements. This is due to the
fact that RNA-ligand binding events take place on a slower time-
scale than protein-ligand binding, occurring via a complex inter-
play of tertiary structure capture and induced-fit [28]. The observed
change in the conformational profile of S2MG35U from the current
SARS-CoV-2 outbreak may result in a change in its functional ac-
tivity compared to that of S2M from the early 2000’s SARS-CoV
outbreak. Previous studies indicate that the stem-loop II motif
may have a host-specific target [11], possibly recruiting the 40S
ribosomal subunit to the viral genomic RNA and/or sequestering
translation initiation factors [9]. Consistent with these possibilities
is a recent report of structural differences concentrated in the apical
loop of the stem-loop II motif when in a cellular context [12]. This is
in contrast to the global change in the 30-UTR secondary structure
predicted solely based on sequence analysis [29]. Consequently, the
stem-loop II motif of the current SARS-CoV-2 outbreak may favor a
subset of conformations that facilitate interactions with host or
viral factors related to its function and human pathogenesis.

Small molecules binding to noncoding RNA elements can
directly block the binding of endogenous factors and also can alter
the conformational profile of the RNA, thus disrupting the RNA
element’s cellular function [13]. The enzymatic probing changes we
observed in the presence of polymyxin B and colistin are consistent
with a ligand-induced change in the conformational profile of
S2MG35U. Given the possible functional importance of the stem-
loop II motif conformational profile discussed above, the identifi-
cation of ligands which alter the secondary structure and/or
conformational profile of the stem-loop II motif in SARS-CoV-2 is
significant. These ligand-induced changes indicate the druggability
of the stem-loop II motif andmay provide an avenue for future drug
discovery efforts to treat COVID-19 and other diseases caused by
viruses containing the stem-loop II motif.
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