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Mutagenesis and structural studies reveal
the basis for the specific binding of SARS-
CoV-2 SL3 RNA element with human TIA1

protein
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Viral RNA-host protein interactions are indispensable during RNA virus tran-
scription and replication, but their detailed structural and dynamical features
remain largely elusive. Here, we characterize the binding interface for the
SARS-CoV-2 stem-loop 3 (SL3) cis-acting element to human TIA1 protein with a
combined theoretical and experimental approaches. The highly structured
SARS-CoV-2 SL3 has a high binding affinity to TIAI protein, in which the aro-
matic stacking, hydrogen bonds, and hydrophobic interactions collectively
direct this specific binding. Further mutagenesis studies validate our proposed
3D binding model and reveal two SL3 variants have enhanced binding affinities
to TIAL And disruptions of the identified RNA-protein interactions with
designed antisense oligonucleotides dramatically reduce SARS-CoV-2 infec-
tion in cells. Finally, TIA1 protein could interact with conserved SL3 RNA ele-
ments within other betacoronavirus lineages. These findings open an avenue
to explore the viral RNA-host protein interactions and provide a pioneering

structural basis for RNA-targeting antiviral drug design.

There are hundreds of different RNA viruses that trigger infectious
diseases in the world, such as the ongoing COVID-19 pandemic caused
by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2)"2. Due to the RNA nature of their genomes, it is anticipated that RNA
viruses would co-opt host RNA-binding proteins (RBPs) to perform
their particular functions during transcription and replication®~. For
instance, several host RBPs have been identified that affect the
recruitment of plus viral strands for replication, play important roles
during the switch from translation to replication, control viral RNA
synthesis, affect the stability of viral RNAs, and participate in multiple

events during infection®. Therefore, a deeper understanding of the
interactions between viral RNAs and host RBPs will provide new
insights into the virus life cycle and help the development of novel
antiviral strategies.

During the last few years, in order to understand and combat
SARS-CoV-2, various ‘omics’ technologies have been applied to dis-
cover the proviral host factors that are required for the completion of
the SARS-CoV-2 life cycle®™. For example, Flynn et al.” identified 309
host proteins that bind the SARS-CoV-2 RNA during active infection by
mass spectrometry (ChIRP-MS) and provided a comprehensive catalog
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of functional SARS-CoV-2 RNA-host protein interactions. Schmidt
et al.’ identified up to 104 human proteins that directly and specifically
bind to SARS-CoV-2 RNAs in infected human cells by using RNA anti-
sense purification coupling with mass spectrometry, and linked
protein-RNA interactome to cellular pathways relevant to SARS-CoV-2
infections. Kamel et al.® identified comprehensively the RBPs involved
in SARS-CoV-2 infection through a multi-omic approach and revealed
that SARS-CoV-2 infection profoundly remodels the cellular RNA-
bound proteome. Overall, the molecular functions of the related genes
encoding proteins identified as binding partners for viral RNA include
mRNA processing stability and localization, P-body/stress granule
assembly, translation, and many more®. Some representative host
proteins that have been individually validated as proviral factors
include dead-box helicase 5 (DDXS5), T-cell intracellular antigen-1
(TIA1), and insulin like growth factor 2 mRNA binding protein 1°.
Nonetheless, which segment of the SARS-CoV-2 RNA genome serves as
the binding site for a particular host protein remains largely elusive.

Generally, the genome of positive-sense RNA viruses, including
SARS-CoV-2, encode the information essential for their life cycle in two
aspects. Apart from the common coding regions for the translation of
proteins that hijack the host cell machinery and assemble new viral
particles, the single-stranded RNA genome could fold back onto itself to
form the so-called cis-acting elements in the 5- and 3’-untranslated
regions (UTR)*'*2, Previous studies> have demonstrated that those
cis-acting elements are essential for viral transcription and replication
through complicated RNA-RNA and RNA-protein interactions. Particu-
larly, the 5’-UTR of the SARS-CoV-2 RNA genome is highly structured and
harbors several stem-loop (SL) elements (such as SL1, SL2, SL3, etc.)
conserved among the betacoronavirus lineage, which has been validated
by chemical probing, NMR chemical shift experiments, and computa-
tional predictions”™™. Moreover, the secondary structures of the isolated
SL cis-acting elements are in good agreement with the full-length
construct'®, implying their ability to fold independently. Furthermore,
compared to the high mutation rates in the coding regions, those SL
elements are thought to be highly sequence and structure conserved in
different virus variants™'?. Therefore, those properties make the SL cis-
acting elements attractive targets for development of novel antivirals,
such as the RNA-targeting antivirals, against the rapidly evolved RNA
viruses and the possible future coronavirus outbreaks.

TIAL is a ubiquitous RBP* that plays multifunctional regulatory
roles in the gene expression layers, such as transcription, alternative
splicing, and translation of mRNAs, and in the physio(patho)logical-
associated events, such as cell stress, apoptosis, viral infections, etc”.
TIA1 contains three N-terminal RNA recognition motifs (RRMs) con-
nected by flexible linkers and interacts mainly with the target RNA
segments via the second and third RRMs**, Structural studies**
indicated that both RRM2 and RRM3 adopt the canonical Baffaf RRM
fold composed of a four-stranded anti-parallel 3-sheet covered on one
side by two a-helices (see Fig. 1a). Previous works have shown that TIA1
and its related protein TIAR could interact with West Nile” %, dengue®,
and tick-borne encephalitis® virus’ RNAs and play vital roles in their life
cycle. More specifically, Zhang and coworkers™ recently predicted that
TIA1 could bind to the SL2/3 element of the SARS-CoV-2 RNA genome
by using a deep-learning tool based on the in vivo RNA structural data.
The binding of TIAl to SARS-CoV-2 viral RNA was validated by RNA
pull-down assay subsequently'® and was also confirmed in an another
independent experiment through ChIRP-MS method’. Moreover, they
found that both antisense oligonucleotides (ASOs) targeting the SL2/3
RNA element and efficient depletion of the TIAl protein by siRNA
knocking down could dramatically reduce SARS-CoV-2 infects in
human cells. Thus, those points further emphasize the vital function
role of cis-acting RNA elements (such as SL2/3) and their cognate
host RBPs (such as TIAl) in the SARS-CoV-2 life cycle. However, the
molecular mechanism and structural details of the binding between
the SL2/3 RNA element of SARS-CoV-2 and host TIA1 protein remain

unclear, which largely hinders further efforts to develop desirable
RNA-targeting antiviral drugs.

As a complement to expensive experimental structural char-
acterizations, computational predictions for the 3D structures of cis-
acting RNA elements and their binding complexes with host proteins
could provide adequate information for virtual screening of novel
RNA-targeting antivirals before accurate but time-consuming deter-
mination of related atomic details. For instance, computational models
for 5-UTR regions have been used for in silico ligand screening to
inhibit SARS-CoV-2 replication®. In another prior work by Park et al., a
3D structural model of the SARS-pseudoknot was constructed, then a
novel ligand that dramatically inhibits the -1 ribosomal frameshifting
of SARS-CoV has been identified by structure-based virtual screening™.
Here, combined with molecular modeling, free energy calculations,
electrophoretic mobility shift assays (EMSA) and in vivo ASO assays, we
identified the binding mode of the SL3 RNA element and host TIAlL
protein, constructed the putative 3D structure for the binding com-
plex and evaluated various mutagenic point mutations on the key
nucleotides (nts) at the binding interface. We expected those knowl-
edges could provide new insights into viral mechanisms during
infection and lay down the foundation for effective RNA-targeting
antiviral drug design.

Results

Structures of SL2 and SL3 RNA elements

Previous studies™™ have demonstrated the secondary structures of
SARS-CoV-2 SL2 and SL3 RNA elements and their ability to fold inde-
pendently. As shown in Fig. 1b, ¢, both SL2 and SL3 elements adopt the
hairpin structure with a flanked tail at 5’- and/or 3-end. Then, we
employed the IsSRNA2 model* to predict 3D structures of SL2 and SL3
RNA elements. Our previous work indicated that the coarse-grained
ISRNA2 model enables de novo modeling RNA 3D structures with a
comparable performance to the atomic model but at much less cost’.
For the SL2 element, the predicted 3D structure adopts nearly the
same global fold as the NMR solution structure of SARS-CoV SL2*
(Protein Data Bank (PDB) id: 216i), which shares the identical sequence
with SARS-CoV-2 SL2, and the heavy-atom root-mean-square deviation
(RMSD) between two structures is 2.2A (see Fig. 1b). These points
further declare the capability of ISRNA2 model in RNA 3D structure
prediction. For the SL3 segment, the predicted 3D structure indicates
that five (A68, A69, A70, C71, and G72) nts in the hairpin loop (HP)
trend to form consecutive base stackings, while the 3’-end 5-nt term-
inal loop (TL) is somewhat flexible. Recently, the 3D structure of SL3
RNA element was also predicted by FARFAR2* and all-atom MD
simulation®. Our ISRNA2 predicted structure shares a similar fold to
FARFAR2 with heavy-atom RMSD of 1.4 A, but is slightly different from
the prediction via all-atom MD in the HP region (see Supplemen-
tary Fig. 1).

TIA1 RRM2_3 mainly binds to SL3 RNA element

RRMs are the most abundant RNA binding motif and are well known for
their ability to bind most commonly 3- to 5-nt stretches of single-
stranded oligonucleotide® (linear stretches or loop regions). The RRMs
of a single protein can contribute differentially to the overall RNA
binding, in terms of both affinity and specificity. For TIA1 protein, early
experiments** indicated that its preferred target is U-rich sequences
predominantly directed by RRM2. Its RRML is thought to have little
intrinsic RNA binding affinity and contribute trivially to RNA binding in
the context of RRM1,2,3, while the RRM2,3 may bind cooperatively to
pyrimidine-rich RNA sequences®. To explore the interactions between
SARS-CoV-2 SL2/3 RNA elements and human TIA1 protein in detail, we
purified recombinant TIA1 (Supplementary Fig. 2) and performed EMSA
experiments. Expectedly, compared with the TIA1 RRMI-3 protein
(1-274aa), the TIA1 RRM2_3 truncation (93-274aa, Fig. 1a) shows similar
binding ability with both SL2+SL3 and Ul1* (positive control) RNA
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Fig. 1| Structures of SARS-CoV-2 RNA genome stem-loop (SL) SL2 and SL3
elements and their binding ability to human TIA1 protein. a Architecture of TIA1
RNA recognition motif (RRM) RRM2 and RRM3 domains. RRM2 and RRM3 adopt
the canonical BafBofl RRM fold composed of four anti-parallel B-sheets (81, B2, 33,
and 4) and two a-helices (a1 and «2). A non-canonical helix a0 in the flexible linker
is preceded to RRM3. Secondary and 3D structures for (b) SL2 and (c) SL3 RNA
elements. Stem, hairpin loop, and terminal loop in 5-/3-end are colored by green,
blue, and orange, respectively. All 3D structures are predicted by ISRNA2 model.
The NMR solution structure (1st model) for SARS-CoV SL2*? (PDB id: 216i) is given in
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gray in (b). Other possible 3D conformations for SL3 element predicted by ISRNA2
are shown in light gray in (c). Positions from the whole SARS-CoV-2 RNA genome for
SL2 and SL3 elements are provided in parentheses. d EMSA results (left) and the
binding curve (right) show TIA1 bound to 5’ end Cy3-labeled SL2 + SL3 RNA. The
binding curves for individual (e) SL2 and (f) SL3 RNA element with TIA1 protein.
Fromd to f, the K4 values were calculated from the EMSA image quantification from
three independent experiments. Data are presented as mean + SD. Source data are
provided as a Source Data file.

sequences (see Fig. 1d and Supplementary Fig. 3). In contrast, the
negative control oligoC (C21) RNA segment only displays a trivial
binding ability to TIA1 (Supplementary Fig. 4), which agrees with the
previous study®. For simplicity, we focus on the TIA1 RRM2_3 trunca-
tion in the following sections and treat it as the TIA1 protein.

To further dissect the major binding site of TIA1, we measured the
dissociation constants (Ky) of TIA1 with SL2 +SL3, SL2 and SL3 from
EMSA experiments, respectively. The Ky of TIA1 with full SL2 +SL3 is
0.43 +0.05uM, which is consistent with published Ky values of TIAL
with other oligonucleotide substrates™?* (Fig. 1d and Supplementary
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Fig. 2 | Binding capabilities of various SL3 RNA variants with human TIA1
protein. a WT SL3 consists of a 7-nt hairpin loop (HP), a 4-base pairs stem, and

a 5-nt 3-terminal loop (TL). The binding curves of human TIA1 protein with
various mutated and truncated variants of SL3 RNA element: b SL3-HP3, the 7-nt
HP reduced to 3-nt length, ¢ SL3-HP-C7, sequence of 7-nt HP mutated to oligo C,
(d) SL3-HP-U7, sequence of 7-nt HP mutated to oligo U, e SL3-TL1, last four
nucleotides of 5-nt TL deleted, f SL3-TL-C3, three successive uridines in TL replaced
by three cytosines, g SL3-TL-G3, three successive uridines in TL replaced by three
guanines, h SL3-GC, two middle A-U base pairs in the stem substituted by G-C base
pairs. All the secondary structures for SL3 variants are predicted by RNAStructure®

and mutated nucleotides are colored by red. All the K4 values were calculated from
the EMSA image quantification from three independent experiments. Data are
presented as mean + SD. i The yield of the bona fide SARS-CoV-2 virus with
designed ASOs targeting SL3 RNA elements (including HP and TL loops and the
transcriptional regulatory sequence (TRS)) in Huh7.5.1 cells for 24 h, compared to
the “scramble” control treated with a non-targeting ASO. SL2/3 has previously been
reported’®. Data represent the mean = SEM; n = 3 biological replicates.
“p=3.4x10"° (ASO-SL2/3), 4.4 x1077 (ASO-HP), 1.2 x10°° (ASO-TL), and 1.6 x 10”7
(ASO-TRS) using unpaired two-sample Student’s ¢ test. Source data are provided as
a Source Data file.

Fig. 5). For individual SL RNA elements, the Ky of TIAl with SL3 is
slightly increased (K4 = 0.78 + 0.09 uM), but that for SL2 is dramatically
increased to 2.47 + 0.37 uM (Fig. 1e, f). That is to say, the binding abil-
ities of SL2 +SL3 and isolated SL3 element to TIAl protein are com-
parable, while the binding of SL2 is obviously weaker than the others.
The differences in sequences and length of HP (5-nt in SL2 vs. 7-nt in
SL3, Fig. 1b, ¢) may account for the weaker binding of SL2 relative to
SL3 RNA element. Overall, the SARS-CoV-2 SL3 RNA element serves as
the major binding site for human TIAI protein.

Both HP and 3’-TL of SL3 element are essential for TIA1 binding
In order to determine the binding mode of SL3 RNA element with
human TIA1 protein, we measured the binding affinities for various
mutated and truncated variants of SL3. The SARS-CoV-2 SL3 RNA

element folds into a SL structure that contains a 7-nt HP, a stem con-
sisting of four base pairs and a 5-nt 3’-TL (Fig. 2a). Since RRM commonly
recognizes 3- to 5-nt stretches of single-stranded oligonucleotide, the
roles of HP and TL in TIA1 binding were evaluated individually. Firstly,
when the 7-nt HP was truncated to a 3-nt loop (named SL3-HP3, Fig. 2b),
we found that the binding affinity of TIAl is significant decreased
(K4 =3.87 £1.06 uM), demonstrating the HP is required for TIA1 binding.
Moreover, the 7-nt HP was mutated to all cytosines (SL3-C7) or uridines
(SL3-U7) to check sequence preference. EMSA results showed SL3-C7
variant has a lower binding affinity (Kq=1.95+0.44uM) but SL3-U7
variant has a higher binding affinity with TIA1 (K4 =0.54 £ 0.03 uM) than
wild-type SL3 (Figs. 1f and 2c, d). This scenario is consistent with binding
character of TIA1 that prefers U-rich element?** (Supplementary Fig. 3)
and disfavors all C’s loop?® (Supplementary Fig. 4).
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Subsequently, the function of 5-nt 3’-TL for TIAl binding was
assessed. As shown in Fig. 2e, deletion of that TL from SL3 (SL3-TL1)
obviously decreases the binding affinity with TIA1 (K4 =2.86 + 0.55 uM),
indicating the 5-nt TL is also essential for TIA1 binding. Considering that
three successive uridines (U76, U77, and U78) are present in the TL and
the strong U-rich preference of RRM22%, we speculated that SL3
interacts with TIA1 RRM2 through those three uridines. To validate this
assumption, we replaced those 3 Us to 3 Cs (SL3-TL-C3) or 3 Gs (SL3-TL-
G3) and repeated the measurements of their binding ability with TIAL
Expectedly, either SL3-TL-C3 or SL3-TL-G3 variant has a lower binding
affinity than WT SL3 (Figs. 1f and 2f, g). Taken together, both the 7-nt HP
and the 5-nt 3’-TL of SL3 RNA element interact with TIAl protein and
the putative binding mode may be that the HP binds with RRM3 and the
3-TL interacts with RRM2.

In addition, the impact of stability of the stem on binding was also
explored. The stem of SL3 consists of two middle A-U base pairs and
two terminal G-C base pairs. Due to the higher stability of G-C base pair
over A-U one, the substitution of those two A-U base pairs with G-C
ones (SL3-GC, see Fig. 2h) should increase the stability of SL3. Indeed,
the folding free energy change predicted by RNAStructure® is
increased from -2.1kcal/mol (SL3) to -6.6kcal/mol for SL3-GC.
Intriguingly, superior stability of the stem inhibits the TIAl binding
and results in a weaker binding affinity Kq=5.65+1.70 uM (Fig. 2h).
Therefore, a relatively loose stem structure is required for SL3
RNA element binding with TIAl protein, probably to facilitate
the RNA structure rearrangement during TIAl’s binding to both sites
(HP and 3’-TL) of SL3.

To further validate the functional impact of SL3 element, several
ASOs were designed to perturb the aforementioned interactions
between SL3 and TIA1 protein. Specifically, five ASOs with a 2’-O-
methoxyethyl and a phosphorothioate backbone modification were
synthesized (see Supplementary Fig. 6 and Supplementary Table 1),
including a non-targeting scramble ASO (negative control), the ASO-
SL2/3 from previous study'® (positive control), an ASO-HP targeting the
HP, an ASO-TL targeting the 3’-TL, and an ASO-TRS targeting the
transcriptional regulatory sequences® (TRS). In agreement with the
previous study'®, we observed decreased SARS-CoV-2 RNA yield (to
~52.4%) in Huh7.5.1 cells (human liver cancer cell line) transfected with
ASO-SL2/3 in comparison with the scramble control (see Fig. 2i and
Supplementary Table 2). Then, disruptions of interactions between
SL3 RNA element and TIAl protein through ASO-HP and ASO-TL
resulted in ~55.1% and 48.2% decreased viral RNA yields, respectively.
Notably, transfected with ASO-TRS could largely decrease SARS-CoV-2
RNA vyield (to -10.9%) due to the critical role of TRS in viral RNA
replication®. All the ASOs did not show significant cytotoxicity (Sup-
plementary Fig. 6 and Supplementary Table 2). Together, those data
declared that both the HP and 3’-TL of SL3 RNA element are func-
tionally important in SARS-CoV-2 life cycle and the interactions
between SL3 and TIA1 protein may be crucial.

Putative 3D model for SL3 and TIA1 complex

Based on the above knowledge, the 3D binding model for SARS-CoV-2
SL3 RNA element with human TIAl protein was constructed compu-
tationally through template-based approach and MD simulations. The
entire procedure of computational modeling contains four steps and
the details are given in Method and Materials section. Apart from the
most probable conformation displayed in Fig. 3, other possible 3D
models of the binding complex extracted from the 2.5-pus MD simula-
tions (see Supplementary Fig. 7) are displayed in Supplementary Fig. 8
and Supplementary Data 1. The superior stability of the putative 3D
binding model was validated by three independent 1-us MD simula-
tions, in which stable heavy-atom RMSD values (-2.5A) and potential
energies between RNA and protein (-1762 kJ/mol) are observed during
all three simulations (Supplementary Fig. 9). Furthermore, similar
binding interfaces relative to the selected templates**® remained

intact after long MD simulations (Supplementary Fig. 10). In contrast,
the binding model for all C’s loop variant of SL3, which has a much
weaker binding ability to TIA1 protein®®, seems unstable under the
same simulation conditions, which is characterized by larger fluctua-
tion of RMSD and less number of contacts between RNA and protein
(see Supplementary Fig. 11). In agreement with the previous study*,
SL3 binding induces a compact domain arrangement for TIAl protein,
which is highly flexible in its apo state”, and the RRM2 and RRM3
domains cooperate in binding to SL3 RNA element (Fig. 3a). For SL3
element, compared to the free state (Fig. 1c), binding to TIAl obviously
stretches both the hairpin and 3-TLs and the heavy-atom RMSD
between predicted free and bound structures is 4.9 A (see Supple-
mentary Fig. 12). Thus, SL3 binding by TIAl causes notable structural
changes both in protein domain arrangement and RNA 3D structure
adaptation.

Since the 3-sheet surfaces of the TIA1 RRM2 and RRM3 serve as the
classical oligonucleotide binding interface®, lots of positively charged
residues, such as Argl25, Lys136, and Argl67 in RRM2 and Arg233,
Lys238, and Lys274 in RRM3, are resided on the sheet surfaces to
accommodate the negatively charged RNA backbone. For the base
moieties in the binding interface, the main interactions include aro-
matic stacking, specific hydrogen bonds (H-bonds), as well as hydro-
phobic interactions (Fig. 3 and Supplementary Table 3). Specifically,
four conserved aromatic residues (Phe98 and Phel40 in RMM2 and
Tyr206 and Phe242 in RRM3*) located in the RNP-2 and RNP-1 sub
motifs of RRMs interact directly with RNA bases U77, U78, U67, and
A68 through -t stacking, respectively. Additionally, U67 forms two
H-bonds via N3-H3 and 02 atoms with Trp272 and Lys274, respectively
(see Fig. 3b and Supplementary Table 3). And an acyclic stacking
interaction between U67 and Lys274 is present. For other nts in the HP
region, A68 and A69 possess rich van der Waals (vdW) interactions
with residues from TIA1 RRM3 (Fig. 3¢). In the case of the 3’-TL, U76
forms four H-bonds through atoms 02, N3-H3, 04, and 02’ (Fig. 3d
and Supplementary Table 3), U77 forms two H-bonds via N3-H3 and
04 atoms (Fig. 3e and Supplementary Table 3), and U78 forms two
H-bonds through atoms 02 and O4 (Fig. 3f and Supplementary
Table 3), respectively. It should be noted that the N3-H3 and 04 atoms
involved in above H-bonds are unique for uracil and could not be taken
place by other RNA bases, which may facilitate to understand the
U-rich preference for TIA1 binding.

As the sequences of TIAl and its related protein TIAR are highly
similar (sequence identity 89%) and the identified residues that inter-
act with SL3 RNA element are all conserved (see Supplementary
Fig. 13), the 3D binding model for SL3 and TIAR was also constructed
through sequence replacement and subsequent MD simulations. In
general, the SL3 and TIAR binding complex adopts a similar global fold
with SL3 & TIAI (Supplementary Fig. 13), and all the key interactions
identified above between RNA and protein were reserved in the course
of MD simulations (see Supplementary Table 3). Thus, it is plausible
that TIAL and TIAR interact with SARS-CoV-2 SL3 RNA element in a
nearly identical manner.

Influence of single nucleotide mutations on SL3 binding

The putative 3D structure of SL3 and TIA1 binding complex proposed
above suggests that six nts (U67, A68, A69, U76, U77, and U78) play
important roles in directing SL3 binding to TIAl protein. Therefore,
exhaustive mutations were introduced for each of those six nts and the
relative binding free energy changes (AAG..c) were estimated through
free energy perturbation (FEP) calculations. Up to now, FEP is regarded
as the most rigorous and reliable method in estimating binding affinity
changes, which has also achieved high accuracy in characterizing
vital residues and their mutational effects for many protein-protein,
protein-ligand, and protein-DNA bindings, as compared with
experiments***, As shown in Fig. 4a and Supplementary Table 4,
mutations in U67 site are all adverse, e.g., AAGc = 3.62 + 0.33 kcal/mol
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Fig. 3 | The putative 3D binding model for SARS-CoV-2 SL3 RNA element and
human TIA1 complex. a Overview of the most probable 3D structure of binding
complex constructed by computational modeling. TIA1 RRM2, RRM3, and flexible
linker are colored by sky blue, light green, and gray, respectively. Hairpin loop,
stem, and terminal loop of SL3 are separately colored by blue, green, and orange.
Details of interactions between TIA1 RRM3 and nucleotides (b) U67, (c) A68 and
A69 in hairpin loop region of SL3 element. Details of interactions between TIA1
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RRM2 and nucleotides (d) U76, (e) U77, and (f) U78 in 3’-terminal loop of SL3.
Atoms of phosphorus, oxygen, nitrogen, and hydrogen are colored yellow, red,
purple, and white, respectively, and carbon atoms are colored according to their
locations. Hydrogen bonds between RNA nucleotides and TIA1 residues are indi-
cated by thin black lines. Rotations may be adopted to display the interaction
details in subfigures (b-f).

for U67C and AAGc,c =3.84 + 0.58 kcal/mol for U67G mutations, and
are predicted to decrease the binding affinities. Likewise, mutations
for nts U76 (except for U76C), U77, and U78 are also all unfavorable,
such as U77 (U78) with the least binding free energy change
AAG_qc=2.29 £ 0.91 kcal/mol (AAG¢ac=2.18 + 0.66 kcal/mol) at U77C
(U78C) mutation. The aforementioned U’s particular H-bonds may
partially account for those disfavors, including U67@N3-H3...
Trp272@0  (Fig. 3b), U76@N3-H3...AsplOl@081 (Fig. 3d),
Asnl69@NG&2-HB82...U77@04 (Fig. 3e), and so on. Those results
reprove the U-rich binding preference of TIAl protein. However,
impacts of mutations at A68 and A69 sites are diverged (see Fig. 4a and
Supplementary Table 4). On one hand, A68C (AAG,=0.64+
0.86 kcal/mol) and A68G (AAG s =-0.40 * 0.68 kcal/mol) were pre-
dicted to have trivial influence on binding affinity. On the other hand,

the predicted binding free energy changes for A68U and A69G muta-
tions are AAG.,c =-1.84 £ 0.63 and -3.07 + 0.65 kcal/mol, respectively,
which indicates an enhanced binding affinity between those two SL3
variants and TIA1 protein.

To further validate the influence of single nucleotide mutations
indicated by FEP approach, the binding affinities (K4) for some
representative mutations were measured from ESMA experiments
(see Supplementary Fig. 14). For comparison, the experimental
binding free energy changes (Supplementary Table 4) are derived as
AAGey, = — kg TIN(KY/KG"), where K§* and K" are dissociation
constants for wild type and mutated SL3 elements, respectively, and
kg is the Boltzmann constant and 7=300K. For twelve selected
mutations (at least one case for each of aforementioned six key sites
for SL3 binding), a strong correlation with Pearson coefficient
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Fig. 4 | Influence of single nucleotide mutations of SL3 RNA element on TIA1
binding. a The relative binding free energy changes AAG,,. for exhaustive single
nucleotide mutations of six identified sites that are important for SL3 binding.
AAG,,. <0 means enhanced binding affinity with TIA1 protein than wild type SL3
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R is the Pearson correlation coefficient. Five independent FEP calculations were run
for AAG,. and data are presented as mean + SD. The values of AAG,,, were derived
from three independent EMSA experiments and data are presented as mean + SD.
Source data are provided as a Source Data file. Structural details before (left) and
after (right) mutations for SL3 (c) A68U and (d) A69C variants. The phosphorus,
oxygen, nitrogen, and hydrogen atoms are colored by yellow, red, purple, and
white, respectively. The carbon atoms in SL3 and TIA1 are separately colored to blue
and light green. Black dash lines indicate the distances of given atom pairs.

R=0.88 between experimental (AAG,,;,) and calculated (AAGca)
binding free energy changes is observed (see Fig. 4b). Although the
magnitude of the binding affinity changes is generally larger in FEP
calculations, this is probably due to the imperfect force field para-
meters yet. This point declares that those elect six nts (U67, A68, A69,
U76, U77, and U78) are indeed important for SL3 binding by TIAL
protein and indirectly prove the reliability of the 3D binding model
proposed in Fig. 3.

Particularly, both the FEP calculation and subsequent experiment
indicate SL3 A68U (K4 = 0.46 + 0.05 uM) and A69C (K4 = 0.42 + 0.04 uM)
variants have an enhanced binding affinity to TIAI protein than the wild
type (Kg=0.78+0.09 uM). Inspection of the detailed interactions
before and after mutations in MD simulations reveal that an extra
H-bond was formed between side chain of Arg233 at TIA1 RRM3 and SL3
U68/C69 variant (Fig. 4¢, d), which is indicated by the decreased pair
distances (such as A68@N3-Arg233@Ne vs. U68@02-Arg233@Ne
in Supplementary Fig. 15) and increased occupancies of particular
interactions (such as 4.5% for Arg233@Nn-Hn...A69@N3 vs. 45.4% for
Arg233@Nn-Hn...C69@O02 in Supplementary Table 4). Considering
the potentially vital function of SL3-TIAl binding in SARS-CoV-2 repli-
cation, A68U and A69C can be treated as possible variants of concern
for COVID-19.

Interactions between TIA1 protein and SL3 RNA elements are
common for betacoronavirus genomes

Apart from the SARS-CoV-2, the other members of betacoronavirus also
cause illness in humans and animals, including the SARS coronavirus
that caused the SARS outbreak in 2003*¢ and the Middle East respira-
tory syndrome (MERS) coronavirus that triggered the MERS outbreak in
2012". In addition to the identical SL3 shares by SARS-CoV-2 and SARS

genomes, multiple sequence alignment™" indicates that SL3 RNA
elements are well conserved among different species within genus
Betacoronavirus (Fig. 5a). More specifically, the two identified binding
cores in SARS-CoV-2 SL3 RNA element to TIA1 protein are highly con-
served, namely, the 5-U[A/U]A-3’ and 5-UU[U/A]-3" segments located
before and after the TRS¥, respectively. Thus, we assumed that TIA1
protein could interact with other SL3 RNA elements within betacor-
onavirus genomes. To validate this hypothesis, the binding abilities of
two representative SL3 RNA elements from other members of beta-
coronavirus to human TIA1 protein were studied by EMSA experiments.
Expectedly, high binding affinities with K4 =0.41+ 0.02 M (Rousettus
bat coronavirus HKU9) and K4 = 0.30 + 0.02 uM (MERS) were observed
(Fig. 5b, c) for those two different SL3 RNA elements. Furthermore,
consisting with the higher binding affinity for the A68U SL3 variant of
SARS-CoV-2 (Fig. 4), six of ten concerned betacoronavirus genomes
adopt uridines in the corresponding position and only three members
adopt adenines, which results in the 5-U[U/AJA-3’ binding motif pre-
ceded to the TRS (Fig. 5a). Overall, interactions between the SL3 RNA
elements of betacoronavirus genomes and human TIAl protein are
common. We speculated that this viral RNA-host protein interaction
plays an indispensable role in the life cycle of betacoronavirus.

Discussion

RNA-protein interactions are pervasive in biology and play numerous
roles in cellular function and disease*®*’. Due to the critical relationships
between structure and function, structural and mutagenesis studies of
RNA-RBP interactions are highly desired. However, only several hun-
dreds of RNA/RBP complexes can be found among the -4400 experi-
mentally determined structures of protein-RNA complexes currently
deposited in the PDB database. The paucity of RNA/RBP structures
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Fig. 5| Sequence comparison of SL3 RNA elements in betacoronavirus genomes
and their binding abilities to human TIA1 protein. a Multiple sequence align-
ment showing nucleotide coverage within SL3 RNA elements of representative
species within genus Betacoronavirus. The transcriptional regulatory sequences
(TRS) are highlighted by red box. Six identified sites important for SARS-CoV-2 SL3
binding by TIA1 protein are marked by red triangles. Sequence positions of SL3 RNA
element in each species are given in parentheses. BatHp, Bat Hp-betacoronavirus/
Zhejiang2013; RousettusBat, Rousettus bat coronavirus; RousettusBatHKU9,

TIA1 concentration (M)

Rousettus bat coronavirus HKU9; PipistrellusBat, Pipistrellus bat coronavirus
HKUS; TylonycterisBat, Tylonycteris bat coronavirus HKU4; Englandl, Betacor-
onavirus England 1; MERS, Middle East respiratory syndrome-related coronavirus;
Erinaceus, Betacoronavirus Erinaceus/VMC/DEU/2012. The binding curves between
human TIAI protein and SL3 RNA elements from (b) RousettusBatHKU9 and (c)
MERS genomes. The Ky values were calculated from the EMSA image quantification
from three independent experiments. Data are presented as mean + SD. Source
data are provided as a Source Data file.

mainly comes from the inherent difficulties in the crystallization of
protein—-RNA complexes that are most likely linked to the high flexibility
of RNA molecules. In this scenario, the emerging computational mod-
eling is very attractive, which largely benefits from the recent rapid
advancements in protein®>* and RNA 3D modeling®*™*, ever improving
atomic force fields for protein and RNA molecules®®, and the ready
availability of high-performance computing.

Particularly, though interactions between viral RNA and host
RBPs are indispensable during RNA virus transcription and replica-
tion, which RBPs and how they interact with viral RNA genomes
remain largely unclear. Here, we systematically investigated the
binding interactions between the SARS-CoV-2 cis-acting RNA ele-
ments and human TIA1 protein through a combined theoretical and
experimental approach including molecular modeling, free energy
calculations, EMSA, and ASO assays. To the best of our knowledge,
this is the first time that a detailed study for the binding interface
between the cis-acting element in the 5-UTR of SARS-CoV-2 RNA
genome and a particular human protein (namely TIA1) was performed.
We first confirmed that the SL3 element of SARS-CoV-2 RNA genome
can bind to TIAl protein RRM2_3 truncation with high affinity
(Kg=0.78+0.09 uM). Then, both the 7-nt HP and 5-nt 3’-TL were
found to be essential for SL3 in its binding with TIAl protein in a
sequence-dependent manner, in which truncations of loops or
sequence alterations in loop regions by cytosines/guanines obviously
decrease the binding affinity. And disruptions of the SL3 RNA and TIA1
binding with specific ASOs designed apparently decreased the bona
fide SARS-CoV-2 RNA yields in Huh7.5.1 cells. After that, a 3D model for
the binding complex between SL3 RNA element and TIA1 protein was
constructed by template-based approach and MD simulations. Along
with the electrostatic interactions between positively charged resi-
dues and the negatively charged RNA backbone, the aromatic stack-
ing, specific H-bonds, and hydrophobic interactions collectively direct
the specific binding of SL3 to TIA1 protein. Moreover, for six identified
nts (U67, A68, A69, U76, U77, and U78) at the binding interface,
exhaustive single nucleotide mutations were introduced (in silico
mutagenesis) and their relative binding free energy changes were
calculated. Specifically, FEP calculation and subsequent experiments
demonstrated that the SL3 A68U (-1.7-fold) and A69C (-1.9-fold) var-
iants have an enhanced binding affinity to TIA1 protein than the wild
type. Finally, due to sequence conservation of the cis-acting elements,
we found that the human TIAl protein also interacts with other SL3
elements from betacoronavirus RNA genomes, such as the MERS and
SARS coronavirus, in comparable binding affinities. In conclusion,
those presented data provide a pioneering structural basis to

understand the viral RNA-host protein interactions for SARS-CoV-2
(which might be extended to other betacoronavirus infections).

Due to the RNA nature of its genome, SARS-CoV-2 can rapidly
evolve and adapt towards vaccines and drugs by slightly altering their
core protein-coding sequences®, such as those encoding for the spike
protein. Thus, no vaccine has been proven to have sustained efficacy
against the recently reported SARS-CoV-2 variants, such as the Omi-
cron variant, which highlights the need for development of novel and
synergistic antivirals®®. In contrast to the highly mutated protein-
coding regions, the cis-acting elements in the UTR of SARS-CoV-2 are
much more stable (of ~107 mutation rate in 1,147,000 variants) and are
associated with the regulation of viral replication, subgenomic mRNA
production and translation. Therefore, development of novel antivirals
targeting those cis-acting RNA elements is particularly attractive and
several pioneering works have been performed recently”***%, To this
end, our study here and previous works®**¢* provided putative 3D
structural information for future structure-based drug designs. For
instance, since SL3 element binding to TIAl protein requires notable
conformation changes both in protein domain arrangement and RNA
3D structure adaptation, drug-like compounds that either disrupt RNA
3D structure adaptations or interfere with the viral RNA-host protein
interactions are promising.

Methods

3D structure predictions of SL RNA elements

The IsSRNA2 model’* was employed to predict the 3D structures for
SARS-CoV-2 SL2 and SL3 RNA elements. With the sequences and sec-
ondary structures of SL2 and SL3 elements (Fig. 1b, ¢) as inputs, a
procedure identical to previous study®** was utilized to obtain the
predicted 3D RNA structures. In brief, initial 3D structures were gen-
erated firstly by Vfold3D%/VfoldLA®® programs from input. Then, 50 ns
replica-exchange molecular dynamics (MD) simulations with 10 repli-
cas possessing temperatures from 200 to 425K were run in coarse-
grained representations to sample the 3D conformational space. After
that, a clustering process based on the top 10% snapshots with the
lowest potential energies was used to obtain the candidate structures.
Finally, the centroid structure of the largest cluster followed by all-
atom reconstruction and energy minimization presented the pre-
dicted 3D conformation.

Molecular dynamics simulations

All-atom MD simulations were conducted using Gromacs®’ (version
2020.6) to further relax the predicted 3D structures. For each simu-
lated system, a water box with at least 1.5 nm distant from the surface
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of the RNA or RNA & TIAl complex was used to solvate the systems
with 50 mM NaCl ions added. The Amberff14SB*’ force field was used
for protein and RNA*® parameters. Water molecules were described by
TIP3P model®® and Li and Merz 12-6 ion parameters® were used. The
periodic boundary conditions were applied in all three dimensions.
The particle mesh Ewald (PME) method was used to compute the long-
range electrostatic interactions while the vdW interactions were
truncated at 1.5 nm. The LINCS algorithm’® was adopted to constrain
the H-bonds to allow an integration timestep of 2 fs. Before MD pro-
ductions, an energy minimization, 100 ps NVT, and 1 ns NPT simulation
with a temperature of T=300K and pressure of 1atm was executed
sequentially to equilibrate the simulation box. To avoid unexpected
structural deviations in the beginning, a further 15ns MD simulation
with gradually weakening position restraints on Cl’ atoms of RNA
molecule and Ca atoms of protein was subsequently performed in the
NPT ensemble. After that, series of MD simulations (1000/1500/
2500 ns) for isolated RNA and RNA&TIA1 complex were conducted in
the NPT ensemble with velocity-rescaled Berendsen thermostat’.
Three duplicate simulations were run for each concerned system. A
summary of the simulation systems performed in this study was given
in Supplementary Table 5. Snapshots extracted from the last 500 ns
MD trajectories (2500 snapshots recorded in the duration of 200 ps)
were clustered based on gromos method’® with a 0.3 nm RMSD cutoff
to obtain the most probable conformation. The analysis of occu-
pancies of key interactions between RNA and protein was done
by VMD?”’. The 3D structure models were rendered by UCSF Chimera™
programs.

Construction of the binding complex

We combined template-based approach with MD simulations to
construct the 3D structure of the binding complex between SL3 RNA
element and TIA1 RRM2_3 truncation. The entire procedure contains
four main steps. The first step is to find suitable template for indi-
vidual RRM and its bound RNA fragment from PDB. Since the
3D structure for TIA1 RRM2 recognition of target oligonucleotide
(5’-TTT-3’) has been determined by X-ray diffraction® (PDB id: Sith),
the binding complex between RNA fragment 76UUU78 and RRM2
was achieved straightforward through replacing the thymine by
uracil. For complex of RRM3 and HP of SL3 element, we selected the
crystal structure of the RNA-binding domain of UIA spliceosomal
protein complexed with an RNA hairpin as a template®® (PDB id:
1urn). Due to highly structural similarity between different canonical
RRMs, the TIA1 RRM3 extracted from the apo state?® (PDB id: 2mjn)
could consistently align to UIA protein with RMSD 1.7 A over Ca
atoms. Then, the RNA segment 9GCACI2 in the UIA/RNA complex
was chosen as a feasible template for fragment 66CUAA69 of SL3
RNA in the binding complex. The second step is to predict the pos-
sible 3D structures for SL3 RNA element in its bound form. In addi-
tion to sequence and secondary structure (see Fig. 1c) as inputs, the
templates for fragments 66CUAA69 and 76UUU78 were also intro-
duced as rigid constraints in IsSRNA2 model®. Following the same
process mentioned above for free SL RNA 3D structure prediction,
we obtained two possible 3D bound conformation for SL3 RNA ele-
ment. The third step is to construct the initial binding complex for
SL3 RNA element and TIA1 RRM2 3. From the bound conformation of
SL3, the positions of RRM2 and RRM3 were determined manually
according to the found templates in step 1, respectively. The coor-
dinates for RRM2 were from the bound state* (PDB id: 5ith), while
those for RRM3 (plus the N-terminal helix a0 in Fig. 1a) were extract
from the apo state of TIA1 RRM2_3* (PDB id: 2mjn). Then, the flexible
linker between RRM2 and RRM3 was recovered by Modeller”. As a
result, two possible 3D binding conformations (Confl and Conf2)
were constructed for subsequent refinement in MD simulations. The
final step is to further optimize the binding complex through MD
simulations. After balance of the simulation box and release of the

position restraints on C1" (RNA)/Ca (protein) atoms, an extra 100 ns
MD simulation with distance restraints (k, =800 kJ/mol/nm?) on 14
particular atom pairs between RNA and TIA1 was performed. Those
atom pair restraints account for key interactions between nucleo-
tide/residue derived from the aforementioned templates in step 1,
such as U67@C4-Tyr206@Cé1, A68@C8-Phe242@Cl, U76@02-
Argl64@Nn2, U77@04-Asn1l69@NG&2, U78@C4-Phel40@C81, etc.
Then, a 2500 ns MD production without any restraints was run to
further relax the initial binding complex. For each possible 3D
binding conformation in step 3, three duplicated simulations were
performed. For each of those six runs (2 conformations x3 runs),
snapshots extracted from the last 1500ns MD trajectories
(7500 snapshots recorded in the duration of 200 ps) were clustered
based on gromos method” with a 0.3 nm RMSD cutoff to obtain the
most probable conformation and the centroid structure of the largest
cluster was chosen. After comprehensive consideration of the profiles
of RMSDs (see Supplementary Fig. 7) and occupancies of key interac-
tions between SL3 and TIAl (see Supplementary Table 6) during
simulations, three possible 3D models (see Supplementary Fig. 8 and
Supplementary Data 1) were selected as the putative binding com-
plexes for SL3 RNA element and TIA1 RRM2_3 (model #1, #2, and
#3 represents the most probable conformation from simulation
“Confl_runl”, “Conf2_run2”, and “Confl_run2” in Supplementary Fig. 7,
respectively). To further validate the stability of the putative 3D
binding model (model #1), three additional 1000 ns MD simulations
were conducted, and the detailed results were provided in Supple-
mentary Fig. 9 and Supplementary Table 3. In total, more than 18.06 ps
collective MD simulations were conducted to extract the putative 3D
binding model for SL3 & TIA1 complex. In this procedure, the relative
orientation of TIA1 RRM2 and RRM3 was determined by the selected
templates (step 1), the predicted bound conformations of SL3 (step 2),
and the structure refinement in MD simulations (step 4) together.

Free energy calculations

The binding affinity changes, due to point mutations of key RNA nts at
the interface, between the SL3 RNA element and TIA1 RRM2_3 complex
were calculated by the FEP method***%. We estimated the free energy
changes for single nucleotide mutation in both the bound state (SL3 and
TIA1 complex) AG*®™ and the free state (isolated SL3 RNA) AG™® using
Gromacs 2020.6. Thus, the binding free energy change caused by
nucleotide mutation is estimated as AAG,. = AG*"™ — AG™®, For each
single nucleotide mutation, the dual-topology file was prepared in a
pmx-like”® manner based on the Amberffl4SB force field”*® (Supple-
mentary Data 2) and eighteen A windows (0.0, 0.01, 0.05, 0.1, 0.15, 0.2,
0.25, 0.35, 0.45, 0.55, 0.65, 0.75, 0.8, 0.85, 0.9, 0.95, 0.99, and 1.0) with
1.5 ns/window were used. The vdW and electrostatic interactions were
transferred simultaneously during simulations and the soft-core
potentials (a=0.3) were used. For each mutation, at least five inde-
pendent runs starting from different conditions were performed for
sufficient sampling and at least 270ns (1.5nsx18 windows x5
runs x 2 states) simulation time was generated, which result in reason-
able convergence in the free energy calculations. After MD simulations
completion, the Gromacs bar’’ analysis tool was used to estimate the
free energy changes based on the last 1 ns simulation per window.

Vector construction
For the 6 x His-SUMO-TIA1 RRM1-3 (1-274aa) construct, the CDS of TIA1
RRM1-3 was amplified from a human ¢cDNA template using specific
primers (Supplementary Table 7) and digested with BamH 1/Hind 11l
(Thermo Fisher), then ligated into a BamH I/Hind lll-digested Pet28a-
6xHis-SUMO vector’® to obtain the Pet28a-6 x His-SUMO-Htial RRM1-3
construct.

For the 6 xHis-SUMO-TIA1 RRM2 3 (93-274aa) construct, the
fragment of TIA1 RRM2.3 was amplified from the Pet28a-6 x His-
SUMO-TIA1 RRMI-3 plasmid and digested with BamH I/Hind 1ll. The
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resultant fragment was ligated into the BamH 1 / Hind 1ll-digested
Pet28a-6 x His-SUMO vector to produce the Pet28a-6xHis-SUMO-TIAL
RRM2_3 construct.

Expression and purification of recombinant proteins
pET28a-6xHis-SUMO-TIA1 RRM1-3 and pET28a-6 x His-SUMO-TIAL
RRM2_3 constructs were transformed into Escherichia coli strain BL21
(DE3) cells. Cells were grown in Luria-Bertani (LB) at 37 °C until an
ODgoonm = 0.6-0.8 was reached. Expression of recombinant proteins
was typically induced with 0.5 mM IPTG and grown at 16 °C overnight.

For purification of TIA1 RRM2_3, the induced bacterial cells
were harvested by centrifugation and re-suspended in ice-cold lysis
buffer (50 mM sodium phosphate buffer pH 8.0, 300 mM NaCl, 1 mM
PMSF) and disrupted with a high-pressure homogenizer (JNBIO).
After centrifugation and filtering with a 0.4 um filter, the cleared
lysate was supplemented with 20 mM imidazole and loaded on a
HisTrap HP column (GE Healthcare, Cat#: 17-5248-02). The column
was washed with 25mL wash buffer (Sodium phosphate buffer
pH 8.0, 300 mM NaCl, 1mM PMSF, 80 mM imidazole) and eluted
with gradient elution buffer from 80 to 200mM imidazole
(sodium phosphate buffer pH 8.0, 300 mM NaCl, 1 mM PMSF). The
peak fractions containing the recombinant 6 x His-SUMO-Htial
RRM2_3 proteins were pooled and incubated with SUMO protease at
4 °C overnight for the 6 x His-SUMO tag removal. Then the fractions
were concentrated by 10 kDa molecular weight cut-off centricon
(Thermo Fisher), and loaded onto a HiLoad 26/600 Superdex 200 pg
column (GE Healthcare) to separate 6 x His-SUMO tags from the TIA1
RRM2_3 proteins. The gel filtration buffer contains 10 mM Sodium
phosphate buffer pH 6.5, 50 mM NaCl, and 2mM DTT. The peak
fractions containing TIA1 RRM2_3 were dialyzed overnight with the
dialysis buffer (10 mM sodium phosphate buffer pH 6.5, 50 mM NaCl,
2mM DTT, 50% glycerol). The purity of the purified TIA1 RRM2_3
proteins was detected on a sodium dodecyl sulfate (SDS) poly-
acrylamide gel. The TIA1 RRM2_3 proteins were finally frozen by
liquid nitrogen and stored at =80 °C. Purification of TIA1 RRM1-3 used
the same protocol.

Electrophoretic mobility shift assays

The EMSA was performed based on previous protocol with minor
modifications’®. Synthesized 5’ end Cy3-labeled RNAs (Supplementary
Table 7) were annealed with the annealing buffer (10 mM Tris-HCI pH
7.5,100 mM KCI) under a predefined procedure: 68 °C for 5 min, then
annealing at —0.1°C/s to 25°C, and finally at 25 °C for 5 min. Recom-
binant proteins and annealed Cy3-labeled RNAs were mixed in the
EMSA buffer (10mM Sodium phosphate buffer pH 6.5, 50 mM
NaCl, 1mM DTT, 1 U/pl SUPERase-In Rnase Inhibitor [Thermo Fisher]).
Mixtures were incubated at room temperature for 20 min. Bound
complexes were added 6x loading buffer (15% Ficoll 400, 0.25%
Bromophenol Blue, 0.25% Xylene cyanol, 1x TBE), then resolved on a
native 1.2% agarose gel and visualized with iBright1500 (Thermo
Fisher). The images were quantified with Image ] software. The dis-
sociation constant K for TIA1 RRM2_3 with RNAs were calculated using
Prism 8 (GraphPad) software.

ASO and treatment efficiency

All ASOs were synthesized by Synbio technologies. The sequences of
ASOs are listed in Supplementary Table 1. Huh7.5.1 cells, a well differ-
entiated human hepato cellular carcinoma cell line, were plated in 24-
well plate at a density of 1.2x10° cells per well for 16 h, then 1.5 pl
100 pM ASOs were transfected with 1.5 pl Lipofectamine RNAIMAX
(Life technologies, Carlsbad, CA) on a final concentration of 0.3 uM for
12 h. Cells were washed with opti-MEM and incubated with SARS-CoV-2
at an MOI=0.05 for 1h, then cells were washed with opti-MEM and
supplemented with maintenance medium. At 24 hpi, supernatants
were collected and viral RNA in the cell supernatants were extracted by

using Direct-zol RNA MiniPrep kit (Zymo Research, CA, USA) according
to the manufacturer’s instructions. SARS-CoV-2 viral RNA levels were
measured by qPCR.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available from the
corresponding authors upon reasonable request. The raw data of
EMSA experiments, ASO assessments, and FEP calculations are pro-
vided in a Source Data file. The 3D models (in pdb format) constructed
in this study are provided in Supplementary Data 1. Other data are
included in the main text and the supplemental data. The PDB data-
base used in the study includes PDB IDs: 2l6i, 5ith, lurn, and
2mijn. Source data are provided with this paper.

Code availability

The in-house program used to generate the single-topology files (.top
and. gro) for FEP calculations in Gromacs 2020.6 is provided in Sup-
plementary Data 2.

References

1. Wu, F. et al. A new coronavirus associated with human respiratory
disease in China. Nature 579, 265-269 (2020).

2. Perlman, S. Another decade, another coronavirus. N. Engl. J. Med.
382, 760-762 (2020).

3. Li, Z. & Nagy, P. D. Diverse roles of host RNA binding proteins in RNA
virus replication. RNA Biol. 8, 305-315 (2011).

4. Nagy, P. D. & Pogany, J. The dependence of viral RNA replication on
co-opted host factors. Nat. Rev. Microbiol. 10, 137-149 (2011).

5. Sola, I, Mateos-Gomez, P. A., Almazan, F., Zuniga, S. & Enjuanes, L.
RNA-RNA and RNA-protein interactions in coronavirus replication
and transcription. RNA Biol. 8, 237-248 (2011).

6. Baggen, J., Vanstreels, E., Jansen, S. & Daelemans, D. Cellular host
factors for SARS-CoV-2 infection. Nat. Microbiol. 6, 1219-1232
(2021).

7. Flynn, R. A. et al. Discovery and functional interrogation of SARS-
CoV-2 RNA-host protein interactions. Cell 184, 2394-2411 (2021).

8. Kamel, W. et al. Global analysis of protein-RNA interactions in SARS-
CoV-2-infected cells reveals key regulators of infection. Mol. Cell
81, 2851-2867 (2021).

9. Schmidt, N. et al. The SARS-CoV-2 RNA-protein interactome in
infected human cells. Nat. Microbiol. 6, 339-353 (2021).

10. Chen, S. C. & Olsthoorn, R. C. Group-specific structural features of
the 5'-proximal sequences of coronavirus genomic RNAs. Virology
401, 29-41 (2010).

1. Madhugiri, R., Fricke, M., Marz, M. & Ziebuhr, J. Coronavirus cis-
acting RNA elements. Adv. Virus Res. 96, 127-163 (2016).

12. Yang, D. & Leibowitz, J. L. The structure and functions of cor-
onavirus genomic 3' and 5' ends. Virus Res. 206, 120-133 (2015).

13. Andrews, R. J. et al. A map of the SARS-CoV-2 RNA structurome.
NAR Genom. Bioinform. 3, lgab043 (2021).

14. Huston, N. C. et al. Comprehensive in vivo secondary structure of
the SARS-CoV-2 genome reveals novel regulatory motifs and
mechanisms. Mol. Cell 81, 584-598 (2021).

15. Manfredonia, I. et al. Genome-wide mapping of SARS-CoV-2 RNA
structures identifies therapeutically-relevant elements. Nucleic
Acids Res. 48, 12436-12452 (2020).

16. Miao, Z., Tidu, A., Eriani, G. & Martin, F. Secondary structure of the
SARS-CoV-2 5'-UTR. RNA Biol. 18, 447-456 (2021).

17. Rangan, R. et al. RNA genome conservation and secondary struc-
ture in SARS-CoV-2 and SARS-related viruses: a first look. RNA 26,
937-959 (2020).

Nature Communications | (2023)14:3715

10



Article

https://doi.org/10.1038/s41467-023-39410-8

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

Sun, L. et al. In vivo structural characterization of the SARS-CoV-2
RNA genome identifies host proteins vulnerable to repurposed
drugs. Cell 184, 1865-1883 1820 (2021).

Wacker, A. et al. Secondary structure determination of conserved
SARS-CoV-2 RNA elements by NMR spectroscopy. Nucleic Acids
Res. 48, 12415-12435 (2020).

Beck, A. R., Medley, Q. G., O'Brien, S., Anderson, P. & Streuli, M.
Structure, tissue distribution and genomic organization of the
murine RRM-type RNA binding proteins TIA-1 and TIAR. Nucleic
Acids Res. 24, 3829-3835 (1996).

Sanchez-Jimenez, C. & Izquierdo, J. M. T-cell intracellular antigens
in health and disease. Cell Cycle 14, 2033-2043 (2015).

Dember, L. M., Kim, N. D., Liu, K. Q. & Anderson, P. Individual RNA
recognition motifs of TIA-1 and TIAR have different RNA binding
specificities. J. Biol. Chem. 271, 2783-2788 (1996).

Wang, |. et al. Structure, dynamics and RNA binding of the multi-
domain splicing factor TIA-1. Nucleic Acids Res. 42,

5949-5966 (2014).

Waris, S. et al. TIA-1 RRM23 binding and recognition of target oli-
gonucleotides. Nucleic Acids Res. 45, 4944-4957 (2017).

Emara, M. M. & Brinton, M. A. Interaction of TIA-1/TIAR with West Nile
and dengue virus products in infected cells interferes with stress
granule formation and processing body assembly. Proc. Natl Acad.
Sci. USA 104, 9041-9046 (2007).

Emara, M. M., Liu, H., Davis, W. G. & Brinton, M. A. Mutation of
mapped TIA-1/TIAR binding sites in the 3’ terminal stem-loop of
West Nile virus minus-strand RNA in an infectious clone negatively
affects genomic RNA ampilification. J. Virol. 82,

10657-10670 (2008).

Li, W. et al. Cell proteins TIA-1 and TIAR interact with the 3’ stem-
loop of the West Nile virus complementary minus-strand RNA and
facilitate virus replication. J. Virol. 76, 11989-12000 (2002).
Albornoz, A., Carletti, T., Corazza, G. & Marcello, A. The stress
granule component TIA-1 binds tick-borne encephalitis virus RNA
and is recruited to perinuclear sites of viral replication to inhibit viral
translation. J. Virol. 88, 6611-6622 (2014).

Zafferani, M. et al. Amilorides inhibit SARS-CoV-2 replication in vitro
by targeting RNA structures. Sci. Adv. 7, eabl6096 (2021).

Park, S. J., Kim, Y. G. & Park, H. J. Identification of RNA pseudoknot-
binding ligand that inhibits the -1 ribosomal frameshifting of SARS-
coronavirus by structure-based virtual screening. J. Am. Chem. Soc.
133, 10094-10100 (2011).

Zhang, D., Chen, S. J. & Zhou, R. Modeling noncanonical RNA base
pairs by a coarse-grained ISRNA2 model. J. Phys. Chem. B 125,
11907-11915 (2021).

Lee, C. W., Li, L. & Giedroc, D. P. The solution structure of cor-
onaviral stem-loop 2 (SL2) reveals a canonical CUYG tetraloop fold.
FEBS Lett. 585, 1049-1053 (2011).

Rangan, R. et al. De novo 3D models of SARS-CoV-2 RNA elements
from consensus experimental secondary structures. Nucleic Acids
Res. 49, 3092-3108 (2021).

Bottaro, S., Bussi, G. & Lindorff-Larsen, K. Conformational ensem-
bles of noncoding elements in the SARS-CoV-2 genome from
molecular dynamics simulations. J. Am. Chem. Soc. 143,
8333-8343 (2021).

Afroz, T., Cienikova, Z., Clery, A. & Allain, F. H. T. One, two, three,
four! how multiple RRMs read the genome sequence. Method
Enzymol. 558, 235-278 (2015).

Reuter, J. S. & Mathews, D. H. RNAstructure: software for RNA
secondary structure prediction and analysis. BMC Bioinform. 11,
129 (2010).

van den Born, E., Posthuma, C. C., Gultyaev, A. P. & Snijder, E. J.
Discontinuous subgenomic RNA synthesis in arteriviruses is guided
by an RNA hairpin structure located in the genomic leader region. J.
Virol. 79, 6312-6324 (2005).

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Oubridge, C., Ito, N., Evans, P. R., Teo, C. H. & Nagai, K. Crystal-
structure at 1.92 angstrom resolution of the RNA-binding domain of
the Ula spliceosomal protein complexed with an RNA Hairpin.
Nature 372, 432-438 (1994).

Clery, A., Blatter, M. & Allain, F. H. RNA recognition motifs: boring?
Not quite. Curr. Opin. Struct. Biol. 18, 290-298 (2008).

Das, P., Li, J., Royyuru, A. K. & Zhou, R. Free energy simulations reveal a
double mutant avian H5N1 virus hemagglutinin with altered receptor
binding specificity. J. Comput. Chem. 30, 1654-1663 (2009).

Xia, Z., Huynh, T., Kang, S. G. & Zhou, R. H. Free-energy simulations
reveal that both hydrophobic and polar interactions are important
for influenza hemagglutinin antibody binding. Biophys. J. 102,
1453-1461 (2012).

Zhou, R., Das, P. & Royyuru, A. K. Single mutation induced H3N2
hemagglutinin antibody neutralization: a free energy perturbation
study. J. Phys. Chem. B 112, 15813-15820 (2008).

Fu, H. et al. Accurate determination of protein:ligand standard
binding free energies from molecular dynamics simulations. Nat.
Protoc. 17, 1114-1141 (2022).

Gapsys, V. & de Groot, B. L. Alchemical free energy calculations for
nucleotide mutations in protein-DNA complexes. J. Chem. Theory
Comput. 13, 6275-6289 (2017).

Kuhn, M. et al. Assessment of binding affinity via alchemical free-
energy calculations. J. Chem. Inf. Model. 60, 3120-3130 (2020).
Peiris, J. S. M. et al. Coronavirus as a possible cause of severe acute
respiratory syndrome. Lancet 361, 1319-1325 (2003).

Zaki, A. M., van Boheemen, S., Bestebroer, T. M., Osterhaus, A. D. &
Fouchier, R. A. Isolation of a novel coronavirus from a man with
pneumonia in Saudi Arabia. N. Engl. J. Med. 367, 1814-1820 (2012).
Keene, J. D. RNA regulons: coordination of post-transcriptional
events. Nat. Rev. Genet. 8, 533-543 (2007).

Moore, M. J. From birth to death: the complex lives of eukaryotic
mRNAs. Science 309, 1514-1518 (2005).

Baek, M. et al. Accurate prediction of protein structures and inter-
actions using a three-track neural network. Science 373, 871 (2021).
Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

Dawson, W. K. & Bujnicki, J. M. Computational modeling of RNA 3D
structures and interactions. Curr. Opin. Struct. Biol. 37,

22-28 (2016).

Miao, Z. et al. RNA-puzzles round IV: 3D structure predictions of four
ribozymes and two aptamers. RNA 26, 982-995 (2020).

Sun, L. Z., Zhang, D. & Chen, S. J. Theory and modeling of RNA
structure and interactions with metal lons and small molecules.
Annu. Rev. Biophys. 46, 227-246 (2017).

Best, R. B. et al. Optimization of the additive CHARMM all-atom
protein force field targeting improved sampling of the backbone
phi, psi and side-chain chi(1) and chi(2) dihedral angles. J. Chem.
Theory Comput. 8, 3257-3273 (2012).

Denning, E. J., Priyakumar, U. D., Nilsson, L. & Mackerell, A. D. Jr.
Impact of 2’-hydroxyl sampling on the conformational properties of
RNA: update of the CHARMM all-atom additive force field for RNA.
J. Comput. Chem. 32, 1929-1943 (2011).

Maier, J. A. et al. ff14SB: improving the accuracy of protein side
chain and backbone parameters from ff99SB. J. Chem. Theory
Comput. 11, 3696-3713 (2015).

Zgarbova, M. et al. Refinement of the Cornell et al. nucleic acids force
field based on reference quantum chemical calculations of glycosi-
dic torsion profiles. J. Chem. Theory Comput. 7, 2886-2902 (2011).
Fang, S. et al. GESS: a database of global evaluation of SARS-CoV-2/
hCoV-19 sequences. Nucleic Acids Res. 49, D706-D714 (2021).
Greaney, A. J. et al. Comprehensive mapping of mutations in the
SARS-CoV-2 receptor-binding domain that affect recognition by
polyclonal human plasma antibodies. Cell Host. Microbe. 29,
463-476.e466 (2021).

Nature Communications | (2023)14:3715



Article

https://doi.org/10.1038/s41467-023-39410-8

61. Sreeramulu, S. et al. Exploring the druggability of conserved RNA
regulatory elements in the SARS-CoV-2 genome. Angew. Chem. Int.
Ed. Engl. 60, 19191-19200 (2021).

62. Zhang, S. et al. Comparison of viral RNA-host protein interactomes
across pathogenic RNA viruses informs rapid antiviral drug dis-
covery for SARS-CoV-2. Cell Res. 32, 9-23 (2022).

63. Gumna, J. et al. Computational pipeline for reference-free com-
parative analysis of RNA 3D structures applied to SARS-CoV-2 UTR
models. Int. J. Mol. Sci. 23, 9630 (2022).

64. Zhang, D., Li, J. & Chen, S. J. IsSRNA1: de novo prediction and blind
screening of RNA 3D structures. J. Chem. Theory Comput. 17,
1842-1857 (2021).

65. Cao, S. & Chen, S. J. Physics-based de novo prediction of RNA 3D
structures. J. Phys. Chem. B. 115, 4216-4226 (2011).

66. Xu, X.&Chen, S. J. Hierarchical assembly of RNA three-dimensional
structures based on loop templates. J. Phys. Chem. B. 122,
5327-5335 (2018).

67. Pall, S. et al. Heterogeneous parallelization and acceleration of
molecular dynamics simulations in GROMACS. J. Chem. Phys. 153,
134110 (2020).

68. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. &
Klein, M. L. Comparison of simple potential functions for simulating
liguid water. J. Chem. Phys. 79, 926-935 (1983).

69. Li, P., Song, L. F. & Merz, K. M. Jr. Systematic parameterization
of monovalent lons employing the nonbonded model. J. Chem.
Theory Comput. 11, 1645-1657 (2015).

70. Hess, B., Bekker, H., Berendsen, H. J. C. & Fraaije, J. G.E. M. LINCS: a
linear constraint solver for molecular simulations. J. Comput. Chem.
18, 1463-1472 (1997).

71. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101 (2007).

72. Daura, X. et al. Peptide folding: when simulation meets experiment.
Angew. Chem. Int. Ed. 38, 236-240 (1999).

73. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graph. 14, 27-38 (1996). 33-38.

74. Pettersen, E. F. et al. UCSF Chimera-a visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605-1612 (2004).

75. Sali, A. & Blundell, T. L. Comparative protein modelling by satis-
faction of spatial restraints. J. Mol. Biol. 234, 779-815 (1993).

76. Zhao, B. et al. Structural basis for concerted recruitment and acti-
vation of IRF-3 by innate immune adaptor proteins. Proc. Natl Acad.
Sci. USA 113, E3403-E3412 (2016).

77. Bennett, C. H. Efficient estimation of free-energy differences from
Monte-Carlo data. J. Comput. Phys. 22, 245-268 (1976).

78. Wang, Z. et al. SWI2/SNF2 ATPase CHR2 remodels pri-miRNAs via
Serrate to impede miRNA production. Nature. 557, 516-521 (2018).

Acknowledgements

This work was supported by funds from the National Key R&D Program
of China (2021YFF1200404 to R.Z., 2021YFA1201200 to R.Z.), the
National Natural Science Foundation of China (Nos. 12104396 to D.Z.,
U1967217 to R.Z., 81930063 to J.W.), National Independent Innovation

Demonstration Zone Shanghai Zhangjiang Major Projects (ZJZX2020014
to R.Z.), the National Center of Technology Innovation for Biopharma-
ceuticals (NCTIB2022HS02010 to R.Z.), Shanghai Atrtificial Intelligence
Lab (P22KN0OO272 to R.Z.), the Starry Night Science Fund at Shanghai
Institute for Advanced Study of Zhejiang University (SN-ZJU-SIAS-003 to
R.Z., SN-ZJU-SIAS-009 to D.Z.), Aoming Biomedical Research (AO-ZJU-
SIAS-001 to R.Z.), the R&D Program of China Jiliang University - Aoming
(Hangzhou) Biomedical Co., Ltd. Joint Laboratory (20211008 to Y.T.).

Author contributions

D.Z. and R.Z. conceived and designed the research. D.Z. built the 3D
model, performed MD simulations, and calculated free energy changes.
D.Z. and R.Z. analyzed the MD data. L.Q. and Z.W. prepared the proteins
and performed EMSA experiments. X.L., X.D. and J.W. performed ASOs
assessments. D.Z., L.Q., X.L., Z.W., and R.Z. drafted the manuscript with
help from all authors.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39410-8.

Correspondence and requests for materials should be addressed to
Jianwei Wang, Zhiye Wang or Ruhong Zhou.

Peer review information Nature Communications thanks Wei Yang and
the other, anonymous, reviewers for their contribution to the peer review
of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:3715

12


https://doi.org/10.1038/s41467-023-39410-8
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Mutagenesis and structural studies reveal the basis for the specific binding of SARS-CoV-2 SL3 RNA element with human TIA1 protein
	Results
	Structures of SL2 and SL3 RNA elements
	TIA1 RRM23 mainly binds to SL3 RNA element
	Both HP and 3′-TL of SL3 element are essential for TIA1 binding
	Putative 3D model for SL3 and TIA1 complex
	Influence of single nucleotide mutations on SL3 binding
	Interactions between TIA1 protein and SL3 RNA elements are common for betacoronavirus genomes

	Discussion
	Methods
	3D structure predictions of SL RNA elements
	Molecular dynamics simulations
	Construction of the binding complex
	Free energy calculations
	Vector construction
	Expression and purification of recombinant proteins
	Electrophoretic mobility shift assays
	ASO and treatment efficiency
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




