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Abstract

We present the high-resolution structure of stem-loop 4 of the 5’-untranslated region (5_SL4) of the severe acute respiratory syndrome coro-
navirus type 2 (SARS-CoV-2) genome solved by solution state nuclear magnetic resonance spectroscopy. 5_SL4 adopts an extended rod-like
structure with a single flexible looped-out nucleotide and two mixed tandem mismatches, each composed of a GeU wobble base pair and a
pyrimidineepyrimidine mismatch, which are incorporated into the stem-loop structure. Both the tandem mismatches and the looped-out residue
destabilize the stem-loop structure locally. Their distribution along the 5_SL4 stem-loop suggests a role of these non-canonical elements in
retaining functionally important structural plasticity in particular with regard to the accessibility of the start codon of an upstream open reading
frame located in the RNAs apical loop. The apical loop—although mostly flexible—harbors residual structural features suggesting an additional
role in molecular recognition processes. 5_SL4 is highly conserved among the different variants of SARS-CoV-2 and can be targeted by small
molecule ligands, which it binds with intermediate affinity in the vicinity of the non-canonical elements within the stem-loop structure.
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Introduction

tion is SARS-CoV-2, which belongs to the betacoronaviruses

Since its outbreak in December 2019, the coronavirus disease
2019 (COVID-19) pandemic has had a tremendous impact
on global society. To date, >660 million people worldwide
have been infected and >6.7 million people have succumbed
to the disease. The causative agent of this respiratory infec-

(B-CoVs) within the Coronaviridae family. SARS-CoV-2 is a
single-stranded RNA virus with a genome of ~30 000 nu-
cleotides. The propensity for secondary structure formation of
coronavirus RNA genomes in general and SARS-CoV-2 in par-
ticular has been predicted to be higher than that of any other
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previously characterized viral genome (1). Accordingly, chem-
ical probing approaches have demonstrated that >60% of the
viral genome is engaged in secondary structure inside virions
(2,3). The 5’-genomic end in particular, which includes the
5’-untranslated region (UTR), and the 3’-UTR of the genome
contain multiple highly structured stem-loop elements, whose
conservation among all 3-CoVs is substantially higher than
that of the coding part of the genome. These stem-loops have
an essential functional role in viral RNA replication, subge-
nomic mRNA production and viral protein translation (4).

While the three-dimensional structures of virtually all
folded viral protein domains and their complexes have been
reported, experimental structures of the RNA genome are
missing with the exception of stem-loop 2 in the 5-UTR
(5), which is 100% conserved between SARS-CoV and SARS-
CoV-2 and the pseudoknot constituting the frameshifting el-
ement within the coding region of the RNA genome (6-8).
So far, only 3D structure models derived from fragment as-
sembly of RNA with full atom refinement (FARFAR) (9) and
molecular dynamics simulations (10) are available for a set of
genomic RNA elements.

For proteins, 3D structure determination has had substan-
tial impact on the elucidation of their biomolecular functions
within the viral life cycle and also on the development of anti-
viral inhibitors, e.g. targeting the two proteases Nsp3d and
Nsp$5 (11), the RNA-dependent RNA-polymerase (12) as well
as the nucleocapsid protein (13).

Within the global consortium Covid19-nmr (14), we have
defined and investigated 15 individually folded RNA elements
of the SARS-CoV-2 genome—Ilocated in the 5’-genomic end,
the 3’-UTR and the frameshifting region—by nuclear mag-
netic resonance (NMR) spectroscopic studies and reported
their secondary structures (15). These RNA elements have
also been screened against small molecule libraries (16). For
the further development of screening hits toward viral in-
hibitors with high affinity and specificity, precise information
on the 3D structure and dynamics of the target RNAs is indis-
pensable. Here, we report the solution NMR structure of the
fourth stem-loop within the 5’-UTR of the genome (5_SL4)
comprising nucleotides 86 to 125. 5_SL4 was initially pre-
dicted based on its high conservation within the Coronaviri-
dae family (4,17).In all 3-CoVs, it contains an upstream ORF
(uORF), which appears to be under positive evolutionary se-
lection pressure (17) and is suggested to weakly reduce trans-
lation of the viral proteins Nsp1-16 (18). The putative func-
tion of 5_SL4 is to enhance fidelity of discontinuous tran-
scription by presenting a structural roadblock by guiding the
replication—transcription complex to the proper location (19).
Accordingly, the location and stability of this RNA stem-loop
are more conserved than its sequence within the Coronaviri-
dae family (20). Furthermore, only recently, recognition of the
GUGUG motif in the lower helix of 5_SL4 (residues 86 to
90) by the host RNA-binding protein 24 (RBM24) could be
demonstrated (21). An interaction between a similar motif and
RBM24 has been shown to inhibit viral transcript translation
for Hepatitis B and C viruses previously (22,23). Interestingly,
the consensus GUGUG motif exists twice in the SARS-CoV-2
5’-UTR, the second one located in 5_SL5b, 18 nts upstream
of the start codon. However, although both sequences are lo-
cated in very similar secondary structure elements, no RBM24
binding to the 5b RNA element could be detected, whereas
RBM24 unambiguously bound to SL4 (21). This observa-
tion underscores the need for experimental structural and dy-
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namic data as a basis for the predictive study of RNA and its
interactions.

From the secondary structure analysis, it is apparent that
5_SL4 contains non-canonical structural elements: three bulge
motifs as well as a five-nucleotide loop, which are conserved in
all SARS-CoV-2 variants. Knowledge on the precise structure
of these non-canonical elements is indispensable as they sig-
nificantly contribute to stem-loop stability and, hence, to the
folding landscape of the RNA element in general. Moreover,
non-canonical nucleotide interactions interrupt the formation
of the classical A-form RNA helix and thereby provide spe-
cific binding sites for cellular interaction partners as well as for
potential anti-viral inhibitors of low molecular weight. 5_SL4
has been shown to be druggable by the class of amiloride com-
pounds, which selectively bind to the non-canonical parts of
RNA stem-loop structures (24,25). The 3D structure of 5_SL4
should both aid in gaining further insight into the function of
this stem-loop within the SARS-CoV-2 genome such as, for
example, interactions with host proteins, and in facilitating
the structure-guided development of compounds targeting this
RNA element.

Materials and methods

Two different RNA sequences were used for the struc-
tural investigation of 5_SL4, a longer 44 nt sequence
comprising the complete 5_SL4 (residues 86-125 of the
SARS-CoV-2 genome) elongated by two G-C base pairs
(5_SL4, 5'-GGGUGUGGCUGUCACUCGGCUGCAUG
CUUAGUGCACUCACGCCC-3') and a shorter 25 nt se-
quence containing only the upper stem-loop region (residues
96-116) also elongated by two G-C base pairs (5_SL4sh,
5’-GGCACUCGGCUGCAUGCUUAGUGCC-3'). RNA syn-
thesis, NMR sample preparation and NMR resonance
assignment have been described in detail previously (26).
NMR assignments were deposited in the BMRB (entries
50347 and 50760 for 5_SL4 and the shorter apical stem-loop
sequence 5_SL4sh, respectively) (26).

NMR spectroscopy

NMR spectra were collected on 600, 800, 900 and 950
MHz Bruker Avance NMR-spectrometers equipped with 5-
mm cryogenic triple resonance TCI-N probes, a 700 MHz
spectrometer equipped with a quadruple resonance QCI-P
cryogenic probe and an 800 MHz spectrometer equipped
with a 13C-optimized TXO cryogenic probe. '°F measure-
ments were carried out on a 600 MHz Bruker Neo NMR-
spectrometer equipped with a 5-mm cryogenic quadruple res-
onance QCI probe. Measurements were performed in 25 mM
KPi, pH 6.2, 50 mM KCl at 10°C in 5% D,0/95% H,O
for the exchangeable protons and at 25°C in 100% D,O for
the non-exchangeable protons. NMR spectra were recorded
and processed using TOPSPIN (Bruker). For spectra analysis,
CARA was used (27).

In addition to the previously described NOESY experiments
(26), the following NMR experiments were recorded: For the
determination of the sugar pucker for 5_SL4sh, a forward
directed HCC-TOCSY-CCH-E.COSY spectrum was obtained
and 3J(H1>,H2’) and 3]J(H3’,H4’) coupling constants were ex-
tracted (28,29). Structural dynamics were analyzed by record-
ing {'H},13C heteronuclear NOE (hetNOE) experiments opti-
mized for aromatic H6C6- and H8C8-groups for 5_SL4 and
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5_SL4sh and aliphatic H1’C1’-groups for 5_SL4sh with selec-
tive decoupling of CS or C2’, respectively, during '3C chemi-
cal shift evolution. Experiments were acquired as duplicates.
Residual dipolar couplings (RDCs) were recorded using liquid
crystalline Pf1 phage as alignment medium (ASLA biotech).
Next, 11.6 mg/ml Pf1 phage was included in 550 pul samples
of A,C-1B3C,PN- or G,U-13C,"SN-labeled 5_SL4 RNA with a
final concentration of 200 uM. An excellent agreement of the
degree of alignment could be achieved for the two selectively
13C,15N-labeled samples. Isotropic reference samples with the
same RNA concentrations were prepared by adding appro-
priate amounts of the corresponding buffer solution (10 mM
potassium phosphate buffer pH 7.6) instead of the phage so-
lution. 'Dyy and 'Dyc RDCs were obtained using IPAP sep-
aration schemes of the doublet components (30). 'Dypy of the
U and G imino groups were extracted from 'H,'>N-IPAP-
sofast-HMQC spectra (31). The spectra were recorded with
a N resolution of 21 Hz (21) and a recycle delay of 0.3
s. 'Dyrcr, 'Duscs, 'Dhecs and 'Dpgcs were extracted by
recording gradient coherence selected 'H,'3C- IPAP-HSQC
spectra (30). 'Dugcg and 'Dygcg were obtained within the
same spectrum, which was selectively C5 decoupled in the
13C dimension. 'Dyycr» and 'Dyscs were obtained in separate
spectra with selective C2” or C6/C4 decoupling, respectively.
Due to a larger line width, spectra of the aligned samples were
typically recorded with ~10 times the number of transients
and half the resolution in the indirect dimension compared to
the isotropic samples resulting in experimental times of ~12
hours compared to the ~1.5 hours for the isotropic sample.
All RDC measurements were carried out at 800 MHz at a
temperature of 25°C.

To probe the protonation state of C100, 5_SL4sh was
titrated with a 1 M HCI solution in steps of 1 pl. After
each addition of HCI, the pH was measured using a pH elec-
trode dedicated to NMR tubes. pH-induced chemical shift per-
turbances (CSPs) were followed by recording 2D-HS5(C5)C4
spectra at pH values of 6.6,6.2,5.9,5.5,4.8,4.5 and 4.3, all at
25°C.In addition, a 2D-H5(C5C4)N3 spectrum at 25°C and a
TH,N-HSQC spectrum for the imino group region at 10°C
was recorded at pH 4.3. The C100 C4 chemical shift (€2¢4)
was plotted against the pH of the NMR sample. The pK, for
C100 protonation was derived from a curve fit in Origin using
Equation (1):

C
K, - Qg™ +[HY]-Qg,
[H*] + K,

(1)

Qcy =

In Equation (1), K, is the association constant of the pro-
tonation reaction and 10~PKa, Qg?* is the C4 chemical shift
of the protonated state, QF, is the C4 chemical shift of the
non-protonated state and [H*] is 10~PH,

Titration of the ligand DMA0043 with 5_SL4 was car-
ried out at 25°C with a sample volume was 170 pl in 3-mm
NMR tubes. The screening buffer was 25 mM KPi, pH 6.2, 50
mM KCl in 95% H,0/5% [Dg]DMSO. °F 1D spectra were
recorded with 256 scans without 5_SL4 and in the presence of
125 uM of 5_SL4. Binding site mapping on the RNA side was
carried out using 50 uM samples of a selectively A,C- and a se-
lectively G,U-3C,1° N labeled S_SL4 RNA titrated in a sample
volume of 500 ul with increasing amounts of DMA0043 up to
a final concentration of 1 mM. The titration was followed by
recording 'H,"3 C-sofast-HMQC spectra of the aromatic CH-
moieties. Combined 'H and 3C CSPs were extracted from
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comparison of the "H and '3C chemical shifts of the spectrum
of free 5_SL4 to the end-point of the titration (AQy and AQc,
respectively) using Equation (2).

AQC>2

CSP (H, C) = \/(AQH)Z + ( y

(2)

Input restraints and structure calculation

'"H-"H distance restraints were obtained from NOE cross
peak intensities extracted from 2D 'H,'H-NOESY, 2D MN-
CPMG-NOESY and 3D aromatic and aliphatic 'H,3C-
NOESY-HSQC spectra. NOE intensities were referenced to
the average of H5/H6 cross peak intensities of pyrimidine
residues that were set to 2.4 A and then classified into five
classes of upper limit distance restraints (3.5, 4.3, 5.4, 6.5
and 7.5 A). Nucleobase and ribose moieties with {'H},13C-
hetNOE values <1.2 were considered rigid. For residue U95
with a considerably higher hetNOE value of the nucleobase
moiety, only intraresidual distance restraints were incorpo-
rated to account for the conformationally averaged NOEs of
this residue. For nucleobase and ribose moieties of residues
in the apical loop, which displayed elevated hetNOE values
>1.2, distance restraints were loosened to the next longest up-
per limit class.

Confirmed hydrogen bonds of canonical Watson—Crick and
wobble GeU base pairs were incorporated using two upper
limit and two lower limit restraints between the donor hy-
drogen and the acceptor heteronucleus (2.0 and 1.8 A) and
between the two heteronuclei (3.0 and 2.8 A). The backbone
torsion angles «, B, v, 8, € and ( as well as the glycosidic tor-
sion angle x of all canonical A-form residues were amply set
to typical A-form helical values (£20°).

Residues with 3J(H1’,H2’) coupling constants <2 Hz and
3J(H3’,H4’) >8 Hz were restrained to the C3’-endo conforma-
tion, residues with 3J(H1’,H2’) >8 Hz and 3J(H3’,H4’) <2 Hz
were restrained to the C2’-endo conformation. In addition and
for residues, for which no 3J(H,H) coupling constants could
be determined due to spectral overlap, canonical coordinates
were used to delineate the ribose pucker (32,33).

Structure calculation was carried out using CYANA
v.3.98.13 (34). A total of 100 structures were calculated using
32 000 refinement steps per conformer with 12 000 high tem-
perature steps of torsion angle dynamics followed by 20 000
steps of slow cooling and 8000 steps of conjugate gradient
minimization. The 10 structures with the lowest target func-
tion were refined in explicit water using ARIA protocols (35).
MOLMOL (36) and PyMOL (Schrodinger, Inc.) were used for
structure visualization.

SAXS

SAXS data on 5_SL4 were collected at 20°C in phosphate
buffer (25 mM KPi pH 6.5, 150 mM KCl, supplemented with
2 mM TCEP to reduce radiation damage) with an RNA con-
centration of 4.5 mg/ml. SAXS measurements were carried
out remotely at beamline P12 of the DESY synchrotron Ham-
burg with the PETRA III source (37). Measurements were
performed under continuous flow with a total exposure time
of 3.8 s (40 x 95 ms frames). Referencing was carried out
with BSA. Data were processed and analyzed using the ATSAS
v.3.1.3 software suite (38) by averaging of frames followed by
subtraction of buffer scattering taken from the flow-through
of RNA sample concentration. The final curve was further
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Figure 1. (A) Genomic context of 5_SL4: Schematic representation of the SARS-CoV-2 genome (top) and overview of the stem-loop elements of the
5’-genomic end (bottom). 5_SL1-4ext and 5_SL4 are highlighted with a gray and blue box, respectively. (B) Sequence and secondary structure of 5_SL4
(left) and 5_SL4sh (right). The uORF start codon is highlighted by open letters. The two tandem mismatches (TM1 and TM2) are indicated, the
respective residues are shown with bold letters. The part of 5_SL4, which constitutes 5_SL4sh, is indicated by a red box. (C) Overlay of the imino
TH,"®N-HSQC spectra of 5_SL1-4ext (black), 5_SL4 (blue) and 5_SL4sh (red). Assignments for 5_SL4 and 5_SL4sh are given in blue and red, respectively.

processed, i.e. trimmed by noise in the high-q area and ini-
tial points removed to enable shape fitting. Clean curves were
used to derive Dy from the pair-wise distribution function
P(r) and R, values. Subsequently, an estimate of the molecular
weight was obtained using Bayesian inference and an arbitrary
globular shape as part of the ATSAS Primus tool. Finally, we
used the SAXS data to create an ab initio dummy shape model
for 5_SL4 with the DAMMIF program and for the evaluation
of the NMR structure via comparison to a back-calculated,
theoretical scattering curve using the CRYSOL procedure (39).

Results and discussion

SARS-CoV-2 5_SL4 is comprised of nucleotide (nt) positions
86 to 125 of the viral 5-UTR (Figure 1a). It is predicted to
form a hairpin structure with a 5 nt apical loop, a single un-
paired residue (U95) and two tandem mismatches (TM1 and
TM2), each consisting of a pyrimidineepyrimidine mismatch
and a GeU base pair (Figure 1b). For our structural investi-
gation, we elongated the 5_SL4 stem-loop sequence by two
G-C base pairs resulting in a 44 nt long stabilized stem-loop
optimized for in vitro transcription (5_SL4; Figure 1b, left).
To allow for a more detailed structural analysis of the api-
cal loop and TM2, we also investigated a shortened 25 nt
construct of 5_SL4 comprising only the apical stem-loop (nt
96-116) closed by two additional G-C base pairs (5_SL4sh;
Figure 1b, right). In an "H,">"N-HSQC, the NMR signature
of the imino group signals of 5_SL4 coincides with the one

of a larger construct comprising 5_SL1 to 5_SL4 (Figure 1c¢),
strongly suggesting that the 5_SL4 stem-loop is present in the
larger context of the SARS-CoV-2 5’-UTR and folds context-
independently. 5_SL4sh displays imino group signals that are
a subset of the 5_SL4 spectrum indicating that the smaller
RNA construct also folds as expected (Figure 1c).

3D structure of 5_SL4

To solve the three-dimensional solution-state structure of
5_SL4, we first performed NMR resonance assignments on
both 5_SL4 and 5_SL4sh using standard NMR assignment
procedures as described (26). Initial resonance assignment
and secondary structure elucidation investigations supported
the assumed stem-loop structure of 5_SL4 (15). All predicted
Watson—Crick base pairs as well as the three expected GeU
base pairs in wobble geometry could be confirmed. At that
point, however, the structural arrangement of the two pyrim-
idine mismatches C92e¢C119 and C100eU112, the unpaired
nucleotide U95 and the structure of the apical loop (U104-
U108) had not been addressed. In particular, the structure of
the non-canonical intra-helical elements can have a strong ef-
fect on overall stem-loop geometry, as they might induce kinks
resulting in significant deviations from a predicted rigid rod-
like stem-loop structure. In addition, the detailed structure of
the non-canonical elements, in particular the loop, together
with their conservation pattern allows for insights into their
impact on viral function.
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In determining the structure of 5_SL4, we relied on NOE-
derived '"H-"H distance restraints from a fully "’ N-labeled and
two selectively 3C, N-labeled samples (A, C and G, U) of
5_SL4 to decrease signal overlap as well as a fully 13C, °N
-labeled sample of 5_SL4sh. For the lower part of the stem-
loop (residues G, to 96 and G116 to C,;), the upper limit
distance restraints derived from NOE cross peaks extracted
from the 5_SL4 samples were used, while for the apical stem
loop (residues C96 to G116) the distance restraints obtained
from the better resolved NOEs of the smaller 5_SL4sh were
incorporated into the structure calculation. We could obtain
on average 12 interresidual NOEs per residue. However, in
the proximity of the two tandem mismatches and the single
unpaired U935, this number was significantly reduced, mainly
due to the absence of observable imino proton resonances.
This local lack of NOE data resulted in a considerable vari-
ability in the calculated global structures, ranging from a com-
pletely rod-like overall fold to L- and U-shaped structures
(Supplementary Figure Sla, left). To test whether this local
scarcity in NOE data reflects real conformational flexibility,
we exploited the {{H},'3C-hetNOE of the nucleobase H6C6
and H8C8 moieties along the sequence of 5_SL4 as probes
for the NOE-relevant sub-t. dynamics of the individual nucle-
obases (Figure 2a). Distinctly increased hetNOE values (>1.2)
indicate that the unpaired residue U95 and G105 to U108 of
the apical loop are flexible, while all other residues including
the four nucleotides of the two tandem mismatches exhibit
lower hetNOE values suggesting stable structural arrange-
ments. Analysis of the NOE:s in the vicinity of the flexible un-
paired U935 revealed a number of stacking NOEs between the
adjacent G94-C117 and C96-G116 base pairs, demonstrating
that U935 is looped-out of an otherwise continuously stack-
ing helix (Figure 2b). Of note, U95 is completely conserved
among the different SARS-CoV-2 variants, suggesting a func-
tional role, e.g. serving as a recognition hub for host or viral
protein binding partners.

To analyze the global structure of the 5_SL4 stem-loop, we
measured NH and CH RDCs. Incorporation of these RDC
values into the structure calculation resulted in a global rod-
like structure (Supplementary Figure S1a, right) as well as an
improvement in the average pairwise heavy atom RMSD of
all non-flexible residues of the ensemble of the 10 lowest tar-
get function structures from 10.3 + 5.8 A to a final value
of 2.1 + 0.5 A. The combined NMR data show that 5_SL4
in fact forms a continuous straight stem with the unpaired
U9S looped out, a rather unstructured apical loop and the
two pyrimidineepyrimidine mismatches consistently located
within the helical structure (Figure 2¢). The NMR statistics of
the structure of 5_SL4 are summarized in Table 1.

To independently cross-validate the global NMR structure
of 5_SL4 by a complementary method, we subjected the RNA
to SAXS measurements. The ab initio-modeled SAXS enve-
lope of 5_SL4 can be described as a roughly axially symmetric
elongated stick with a radius of gyration (Rg) of 21.3 A and
a maximal distance distribution (Dpay) of 69.5 A. These di-
mensions agree well with the 10 structures of the NMR bun-
dle (R; = 20.3 + 0.7 A and Dyox = 71 £ 4 A; Figure 2d).
The agreement between the back-calculated scattering of the
structures of the NMR ensemble and the SAXS data is very
good (x? = 13.4 & 12.3; Supplementary Figure S1b). In sum-
mary, SAXS data support that 5_SL4 adopts a rod-like global
structure.
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The apical loop is flexible with residual structural
features

The apical loop of 5_SL4 consists of five nucleotides with the
highly conserved sequence 5-UGCAU-3'. The two 3'-residues
of the loop are part of the start codon of the uORFE High
{'H},13C-hetNOE values (>1.2) indicate that most of the loop
residue nucleobase and ribose moieties are more dynamic than
the stem (Figure 3a). In line with this observed flexibility, the
apical loop is not converged in the NMR-bundle but largely
disordered (Figure 3b,c). While {'H},"3C-hetNOE values re-
port on the presence of sub-nanosecond flexibility of individ-
ual C-H moieties, they do not allow to draw conclusions on
whether the observed dynamics originate from a correlated
motion of all the affected residues, independent motions of the
individual residues or a mixture thereof. Therefore, we have
focused on residual structural features of the loop, which can
be delineated from chemical shifts, NOE patterns and scalar
coupling constants. U104—the first nucleotide in the loop—is
the only structurally stable loop residue with low {'H},'3C-
hetNOE for both its ribose and nucleobase moiety (Figure 3a),
canonical chemical shifts (Figure 3d) and a sequential NOE
pattern to the preceding C103 (Supplementary Figure S2a).
These data demonstrate a continuation of the canonical heli-
cal structure into the loop by one residue, with U104 stably
stacking on top of C103. For G105 as well as C106, both
3J(H,H) coupling constants and canonical coordinates point
to a stable C2’-endo ribose conformation (Supplementary Ta-
ble S1, Supplementary Figure S2b). For C106 unusual upfield
chemical shifts can be observed for H2’, H4’, H5” and HS”
(Figure 3d), suggesting a proximity of the C106 ribose to a nu-
cleobase moiety. In the NMR structure bundle, the C106 moi-
ety is most often located close to the nucleobase of A107. The
proximity of a ribose moiety in C2’-endo conformation to the
nucleobase of the following residue is a typical feature of the
Z-step structural motif (40). This 2-nucleotide motif is charac-
teristic for Z-DNA, but has also been identified in a large vari-
ety of structural contexts in natural RNAs such as riboswitch
aptamer domains or ribosomal RNA (41). It involves a lone-
pair...7 interaction between the ribose O4’ of the 5’'-residue
and the nucleobase of the 3'-residue (Supplementary Figure
S2¢). To achieve this interaction, the 5’-ribose moiety is re-
versed in its orientation. This head-to-head orientation can
be observed for the C106 ribose moiety in a number of the
structures of the NMR bundle. In a Z-step the 3'-residue is
preferably a purine with the nucleobase in syn-orientation. For
5_SLA4, the moderate intraresidual NOE between H1”> and H8
for A107, however, suggests that this residue adopts predom-
inantly an anti-conformation. Taken together, the NMR data
indicate that C106 and A107 form a subcategory of Z-steps
referred to as Z,-step at least transiently (40).

The last residue of the 5_SL4 apical loop, U108, is very
dynamic, with a flexible nucleobase moiety and completely
averaged ribose pucker conformation. In the NMR structure
bundle, U108 is mostly flipped-out of the loop, suggesting that
the 5_SL4 pentaloop can be actually considered as a tetraloop
with a one-nucleotide 3’-extension. For the first four loop nu-
cleotides, the observed residual structural features, the C2’-
endo ribose pucker of loop residues 2 and 3, the Z-step con-
formation of loop residues 3 and 4 and the stable stacking
of the first loop residue are all structural characteristics rem-
iniscent of the YNMG tetraloop motif (Y = C, U; N = any
nucleotide; M = A, C) (42). This motif has been shown to
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Figure 2. NMR structure and structural details of 5_SL4. (A) {'H},"C-hetNOE of the aromatic pyrimidine H6C6 and purine H8C8 moieties of 5_SL4.
Residues deviating from canonical A-form conformation are assigned and highlighted in different colors according to the color scheme in (C). Residues of
the two pyrimidineepyrimidine mismatches are connected by dotted lines. (B) NOE derived upper limit distance restraints of residue U95 (orange) and
between its two adjacent base pairs (gray). The RNA is shown as a stick representation. The residues are assigned. Distance restraints are depicted as
gray lines. (C) NMR structure of 5_SL4. Overlay of the 10 structures with the lowest target function (middle). The heavy atoms of all residues with
H6/8C6/8 {'H},'3C-hetNOE values <1.2 were used for the overlay. The RNA is shown as stick representation. Residues deviating from canonical A-form
structure are highlighted in different colors according to the secondary structure (left). The structure with the lowest target function is shown to the right
in cartoon representation displaying the same color scheme. (D) SAXS de novo envelope of 5_SL4 generated with the program DAMMIF superimposed
with the best fitting NMR-structure (ninth lowest target function) using the program CIFSUB of the ATSAS v.3.1.3 software suite (38). The RNA is shown

as a cartoon representation, the SAXS envelope as mesh.

Table 1. Details of the NMR-structure determination of 5_SL4

Distance restraints 1126
Intra-residue 510
Sequential 368
Long-range 156
Hydrogen bond 92
Dihedral angle restraints 275
Ribose pucker 82
Backbone 155
Glycosidic torsion 38
RDCs 64
"'Dyn 11
"Duc 53

Structural statistics
Average pairwise heavy atom RMSD (A)
for G.1-G94,C96-C103,G109-C,4

2.1+0.5

tolerate 3’-extensions by one nucleotide without significant
changes in structure or stability (described as YNMG(N) con-
sensus motif) (43). Members of the YNMG tetraloop fam-
ily also share characteristic NMR spectral features. Thus, the

upfield ribose proton chemical shifts of the third loop nu-
cleotide found for the 5_SL4 C106 ribose moiety are also gen-
erally observed for members of the YNMG family such as the
very stable UNCG motif (Supplementary Figure S2d) (44), the
CACG tetraloop of the Coxsackievirus D-loop (45), and the
UCAG(U) as well as the CUUG(U) pentaloops of a telomerase
RNA mutant (43) and mouse hepatitis virus stem-loop 2 (46).
Furthermore, downfield chemical shifts of H2” and H3’ ob-
served for A107 are characteristic for the fourth UNCG loop
residue (44).

An additional structural characteristic of the YNMG mo-
tif is a hydrogen bond between the amino group of the A or
C at position 3 and the phosphate group of the second loop
residue (44). Although a similar interaction cannot be ob-
served directly in the apical loop of 5_SL4, the amino group
nitrogen resonance of C106 is shifted downfield by ~1.5 ppm
compared to the amino resonance of free monomeric cytidine
(Supplementary Figure S2e). In general, the amino nitrogen
chemical shift is sensitive to hydrogen bonding interactions
with a shift toward larger ppm values signifying a stronger
hydrogen bond. In addition, also the temperature dependence
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Figure 3. Structural details of the apical loop. (A) {'H},">C-hetNOE of the aromatic pyrimidine H6C6 and the purine H8C8 moieties (bottom) and aliphatic
H1'C1" moieties (top) of 5_SL4sh. Residues of the loop region (gray) are highlighted in different colors according to the color scheme in Figure 2. A
dashed line indicates the threshold for flexible residues (1.2). (B-C) NMR structural bundle of the apical loop. The loop closing base pair is used for
structure alignment. The RNA is shown as a cartoon representation in two different orientations turned by 180° in respect to each other. The loop
residues shown in different colors according to the color scheme in Figure 2 and assigned. (D) Aliphatic "'H,'3C-HSQC of 5_SL4sh. Resonances of U104
(green), G105 (red), C106 (blue) and A107 (magenta) are assigned in the respective colors. Gray spheres mark the canonical regions of the spectrum and
characteristic '3C chemical shift regions are indicated to the right of the graph. (E) Overlay between the apical loop region of the NMR bundle of 5_SL4
and the lowest target function NMR structure of the cUUCGg tetraloop in a 14-nt RNA stem-loop (PDB entry 2koc). The C-G closing base pairs are used
for alignment of the loops. The 5_SL4 RNA is shown as a cartoon representation using the color scheme shown in Figure 2. The UUCG tetraloop
residues are colored accordingly. (F) Schematic representation of the transient structural features of the 5_SL4 apical loop. Residues are highlighted in
different colors according to the color scheme in Figure 2 and assigned. Hydrogen bonds are shown as dashed lines and stacking interactions as gray

ellipses. The Zstep with its lone pair...7t stacking contact is indicated.

of the amino group NMR signals can report on hydrogen
bond stability. Two distinct resonances are observed for the
two amino hydrogens when the rotation around the exocyclic
C-N bond is sufficiently slow, e.g. at low temperatures or
in the presence of stabilizing hydrogen bonds. By contrast,
at higher temperatures only one degenerate hydrogen reso-
nance is present due to chemical exchange arising from in-
creased rotation around the C-N bond. For C106, the amino
group signals can still be observed at temperatures of up to
30°C, whereas the amino resonances of free cytidine vanish
already at ~20°C (Supplementary Figure S2e,f). In contrast,
for cytidines in Watson—Crick G-C base pairs, two distinct
amino resonances can still be clearly observed at a temper-
ature of 50°C. We therefore conclude that the amino group
of C106 forms a weak or transient hydrogen bond. Although
the hydrogen bond acceptor group could not be determined
experimentally, it is reasonable to assume that in analogy to
the YNMG tetraloop motif, the acceptor is one of the non-
bridging oxygen atoms of the G105 phosphate group.

In general, all loop sequences that have been included into
the extended YNMG consensus motif so far have displayed
base pairs between the first and the fourth loop residue.
This comprised a trans SugareWatson-Crick YeG base pair
(44,45), a sheared G A pseudo base pair without a direct hy-

drogen bond (47) and a Watson-Crick C-G base pair (46).
All of these base pairs are characterized by a syn or a high
anti conformation of the fourth loop nucleotide. By contrast,
the fourth residue of the 5_SL4 apical loop, A107, adopts
an anti-conformation, an averaged ribose conformation and
no indication of a stable base-pairing interaction with U104
can be found. The absence of a stable base pair between the
first and the fourth loop residue likely rationalizes the de-
creased stability of the 5_SL4 apical loop compared to the
YNMG(N) loop sequences, for which stable structures were
reported previously. The transient nature of the structural fea-
tures in the apical loop of 5_SL4 is also supported by the
canonical A-form like chemical shifts of its phosphate reso-
nances likely originating from a less defined or averaged con-
formation (26). Accordingly, an overlay between the 5_SL4
NMR bundle and the NMR structure of a UUCG tetraloop
shows that whereas the overall positioning of the first and
fourth loop residue is similar, the distinct backbone confor-
mation of the UUCG tetraloop is not reflected in the vari-
ous different conformations of the 5_SL4 apical loop (Figure
3e). In conclusion, the apical loop of 5_SL4 can be described
as dynamic with transient structural features which share
certain similarities with a YNMG(N) motif summarized in
Figure 3f.
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Interestingly, in agreement with the structural features ob-
served in the NMR-experiments, molecular dynamics simula-
tions of 5_SL4 report a dynamic ensemble for the apical loop
structures comprising an YNMG(N)-like fold with a flipped-
out 3'-residue. Within the molecular dynamics ensemble, a Z-
or Zani-step between the third and fourth residue is found
and a base pair between U104 and A107, which either adopts
Watson—Crick or SugareHoogsteen geometry (10).

Given that the observed high sequence conservation of the
apical loop is not imposed by requirements to form a sta-
ble structure, the question remains as to the underlying rea-
sons for this conservation. It can be assumed that a stable
loop structure would interfere with the function of the uORF,
whose start codon comprises loop residues A107 and U108.
The residual structural features identified could be involved in
additional functions of 5_SIL4 such as providing an adaptive
region for transient interactions with viral or host structures.

Mixed tandem mismatches

5_SL4 contains two mixed tandem mismatches (TMs) both
consisting of a pyrimidinespyrimidine mismatch and a GeU
wobble base pair (Figure 4a). In the lower part of 5_SL4,
the C92eC119 mismatch is preceded by the G91eU120
wobble base pair (TM1). Further up in the 5_SL4 stem,
the U112e¢C100 mismatch follows the U111eG101 wob-
ble base pair (TM2). Both tandem mismatches are flanked
by a Watson—Crick G-C base pair on the GeU side and a
Watson—Crick U-A (TM1) or A-U (TM2) base pair on the
pyrimidineepyrimidine mismatch side. For both GeU base
pairs the usual wobble-geometry characterized by two hydro-
gen bonds, one between the U-N3H3 imino group and the
G-06 carbonyl group and one between the G-N1H1 imino
group and the U-O2 carbonyl group has been established
previously (26). For both pyrimidineepyrimidine mismatches,
{'H},13C-hetNOE values of both the ribose C1’ and the nu-
cleobase C6 spin are <1.2 signifying a stable conformation
(see Figures 2a and 3a). The ribose puckers of all four pyrim-
idine residues determined from 3J(H,H) coupling constants
and canonical coordinates of the ribose 13C shifts is C3*-endo
(Supplementary Table S1 and Supplementary Figure S3a), and
the characteristic aromatic-aliphatic NOE pattern is main-
tained along the mismatches as expected for an A-form RNA
helical arrangement (Supplementary Figure S3b,c). Taken to-
gether, these data suggest that the pyrimidineepyrimidine mis-
matches in TM1 and TM2 form defined base pairs.

In general, pyrimidineepyrimidine mismatches are known
to be polymorphic (48). In a helical environment, their geom-
etry varies with the identity of the flanking base pairs. Major
driving forces seem to be to maintain helical integrity, while
at the same time securing optimal base stacking and hydro-
gen bonding interactions. Considering the type of base pair
formed between C92 and C119 in TM1, neither of the two
cytidine residues is protonated, as no imino resonance can be
detected and nucleobase C4 chemical shifts suggest neutral N3
sites for both C92 and C119 (26). Previous studies of intraheli-
cal CeC mismatches in other RNAs postulated the presence of
a dynamical base pair subjected to positional averaging (49—
51). In these cases, no amino group signals could be observed
due to the presence of chemical exchange. This exchange was
attributed to the two C-residues interchanging as donor and
acceptor sites in more or less equal proportions with a hy-
drogen bond between the amino group of one and the N3
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of the other cytidine. Also for 5_SL4 the amino resonance of
C92 cannot be detected due to exchange broadening. How-
ever, two weak, but distinct amino proton signals are found for
C119 (Supplementary Figure S4a). Thus, the C92e¢C119 mis-
match in the 5_SL4 sequence context appears slightly asym-
metric, with the amino group of C119 serving as the predomi-
nant hydrogen bond donor group. The NMR ensemble is also
in agreement with conformational averaging with a preference
for the conformation with the C119 amino group as the hy-
drogen bond donor (Supplementary Figure S4b).

For the C100eU112 mismatch in TM2, no imino proton
resonance is detectable for U112 in the 'H,"*N imino HSQC
spectrum (see Figure 1c), suggesting that the U112 imino
group is not involved in a stable hydrogen bond. By contrast,
two distinct resonances can be observed for the C100 amino
group with a nitrogen shift of 96.8 ppm (see Supplementary
Figure S2d). Compared to the amino group chemical shifts
of free cytidine, the amino group nitrogen of C100 is thus
shifted downfield by ~3 ppm, suggesting that it serves as hy-
drogen bond donor. Two distinct amino proton resonances
can be observed up to a temperature of 35°C, indicating that
the hydrogen bonding interaction is weak compared to the
one of cytidine amino groups in Watson—Crick base pairs (see
Supplementary Figure S2e). In principle, the hydrogen bond
acceptor group could be either the U112-O2 or -O4 carbonyl
group. Uridine carbonyl chemical shifts are known to be sen-
sitive to their involvement in hydrogen bonds with downfield
resonance positions suggesting the presence of a hydrogen
bond (43). For U112 both C2 and C4 are found to resonate at
an upfield position, thus no clear information on which car-
bonyl group is hydrogen bonded to the C100 amino group
can be obtained from the carbonyl shifts (Supplementary Fig-
ure S5). Although both hydrogen bonding arrangements have
been reported in earlier structures of CeU mismatches, only
the hydrogen bond between the C-amino group and the U-
04 carbonyl group has been found in intrahelical single CeU
mismatches (44,52-59). Incorporation of either the hydro-
gen bond to O2 or O4 of U112 into the structure calcula-
tion of 5_SL4 also resulted in a preference for the O4 car-
bonyl as hydrogen bond acceptor, since in this case the hydro-
gen bond could be introduced without violation of distance
restraints.

A structural comparison of the two tandem mismatches
shows that in agreement with the different directionality of
the GeU wobble base pairs, their base stacking topology also
differs (Figure 4a, left). GeU wobble base pairs are known
to be non-isosteric to UeG base pairs. In particular, the twist
angle preceding a GeU base pair (as in TM1) is larger than
the canonical twist, while the one preceding a UeG base pair
(as in TM2) is smaller, implicating sequence dependent ef-
fects on base stacking (60). Accordingly, while in TM1 intra-
strand stacking mostly occurs between the two mismatch
base pairs and stacking to the adjacent Watson—Crick base
pairs is limited, the opposite is the case in TM2. In both
cases the disruption of the A-form helix introduced by the
GeU mismatch in respect of helical twist and stacking in-
teractions, appears to be compensated by the opposite ge-
ometry of the pyrimidineepyrimidine mismatch. Furthermore,
C1’-C1’ distances differ only very slightly from canonical A-
form geometry across both tandem mismatches (Figure 4a,
right) again suggesting that the mismatches adopt a con-
formation which causes minimal disruption of the A-form
helix.
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Figure 4. Tandem mismatches in 5_SL4. (A) Structure of the two tandem mismatches and the two flanking base pairs in the NMR structure with the
lowest target function. TM1 is shown in blue, TM2 in red. The RNA is shown as a stick representation, residues are assigned. Left: Top view from the
pyrimidineepyrimidine side of the mismatches. Hydrogen bonds are indicated by dashed lines. Middle: Sequence of the TMs and surrounding base
pairs. Right: Side view of the TMs and surrounding base pairs. C1'-C1' distances are indicated by dashed red lines, distances are given. (B) Relative
imino resonance integrals referenced to the stable residue average along the base pairs of 5_SL4. The base pairs of TM1 and TM2 and the flanking base
pairs are highlighted in blue and red, respectively. For GeU base pairs, the integral of the G imino resonance was considered in the analysis.

In line with their different structural features, the stabil-
ity of the two tandem mismatches differs as well. Imino
group resonance integrals in 'H,"" N-HSQC spectra reflect the
stability of the imino proton against exchange with the solvent
water, which in turn depends on the stability of the hydrogen
bonding interaction in which a given imino group is involved.
For both TM regions, significant reductions in imino group
resonance integrals compared to the stable stem regions are
observed (Figure 4b), indicating that despite the moderate dis-
ruption of A-form geometry, both TM regions locally disrupt
the stability of the 5_SL4 stem. The extent of this destabi-
lization, however, is different for the two TMs. For TM2, two
sharp imino resonances are observed for the 5'-U111eG101-3’
base pair with resonance integrals similar to those of canon-
ical stem residues, indicating that this UeG wobble base pair
is stable. By contrast, for 5-G91eU120-3’ in TM1, the imino
group signal integrals are much reduced, indicating unstable
base pairing. Furthermore, the imino group signal integral
of U99 of the U-A base pair flanking TM2 is significantly
larger than the one of U93 flanking TM1. Taken together,
these observations suggest that TM1 is less stable than TM2.
The local instability of the two TMs as well as their differ-
ent relative stability observed in our NMR-investigation is in
agreement with dimethyl sulfate (DMS) mapping data (61),
which reports increased reactivity of all three cytosines in the
pyrimidineepyrimidine mismatches with C92 in TM1 show-
ing the highest reactivity.

C100 in the C100eU112 mismatch is transiently
protonated

Interestingly, we could not detect a N3 resonance for C100
under standard slightly acidic NMR-conditions (pH 6.2, (26)).
The absence of the N3 resonance suggests that this nitrogen is
transiently protonated at pH 6.2, e.g. broadened by chemical
exchange between a protonated and a non-protonated state.
To test this hypothesis, we performed a step-wise pH titra-
tion. As shown by Legault and Pardi, the cytidine C4 chemi-
cal shift is extremely sensitive to the protonation state of the

neighboring N3 shifting upfield by ~6 ppm on N3 protona-
tion (62). Indeed, the C4 of residue C100 shifted by exactly
6 ppm from 167.2 ppm at pH 6.2 to 161.2 ppm at pH 4.3
(Figure 5a). The pH dependence of the C4 shift of C100 can
be used to fit a pK, of 5.3 £ 0.1 for this residue (Figure 5a,
inset). This value is shifted by one pH unit from the pK, of free
cytidine mononucleotides (pK, of 4.3, (63)). Thus, at a pH of
6.2, which was used in the structure determination procedure,
C100 is only partially protonated with 11% of the protonated
species. We therefore report the unprotonated structure in this
investigation.

At a pH of 4.3, an additional imino resonance can be de-
tected in the 'H,"N-HSQC spectrum (Figure 5c), which can
be assigned to the C100 H3N3 imino group by connecting
the H5 to the N3 via the H5(C5)C4 and the H5(C5C4)N3
spectrum (Figure 5a—c). Both the C100-N3 and its H3 reso-
nance are found in the upfield region of the imino resonances
typical for non-canonical interactions with oxygens as hydro-
gen bond acceptors. Based on the NMR structure, the most
likely hydrogen bond acceptor for the C100-N3 imino group
is the U112-O4 carbonyl group. The structural context of the
C100eU112 mismatch with the hydrogen bond between the
C100-amino and the U112-0O4 carbonyl group brings C100-
N3 in close proximity to the U112-O4. The formation of this
second hydrogen bond to the U112-O4 carbonyl group is sup-
ported by a slight downfield shift of the U112-C4 resonance
at lower pH values (Figure 5a). In this detailed analysis, we
observe a pH-dependent polymorphism of the C100eU112
base pair (Figure 5d): At higher pH, only one hydrogen bond
is consistently formed between the C100-N4 amino and the
U112-0O4 carbonyl group. At lower pH, the N3 protonated
form of C100 becomes increasingly populated and a bifur-
cated C*eU base pair with two hydrogen bonds, one between
the C*-N4 amino group and the U-O4 carbonyl group and
one between the C*-N3 imino group and the U-O4 is pre-
dominant. Although the low-pH C*eU base pair is stabilized
by two hydrogen bonds, the temperature dependence of its
amino proton resonances suggests that it is not significantly
more stable than the neutral CeU mismatch (Supplementary
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Figure 5. Structure of the C100eU112 base pair. (A) Overlay of 2D H5(C5)C4 spectra recorded for 5_SL4sh at pH 6.6 (black), pH 6.2 (dark blue), pH 5.9
(light blue), pH 5.5 (green), pH 4.8 (yellow), pH 4.5 (orange) and pH 4.3 (red). Assignments are given. pH-dependent chemical shift changes of
resonances of C100 and C106 are indicated by gray dashed lines. The magnetization transfer pathway of the experiment is indicated in red in a
schematic representation of an uracil. Inset: pH dependence of the C100 C4 chemical shift, fitted pH dependence and resulting pK; value. (B) 2D
H5(CB5C4)N3 spectrum recorded for 5_SL4sh at pH 4.3. Assignments are given. The magnetization transfer pathway is highlighted in red in the chemical
structure of an uracil. (C) "H,"®N imino HSQC spectrum recorded for 5_SL4sh at pH 4.3. Assignments are given. The chemical structure of an uracil with
highlighted imino group is displayed. For the protonated C100 the assignment of the imino resonance at pH 4.3 is followed by dashed lines in the
H5(C5)C4, the H5(C5C4)N3 and the "H,"®N-HSQC spectrum. (D) Schematic representation of the C100eU112 mismatch at high pH (top) and low pH

(bottom). Hydrogen bonds are shown as red dashed lines.

Figure S6). Thus, the gain in stability by an additional hydro-
gen bond is apparently counteracted by a less favorable base
pair geometry with regard to base stacking, C1°-C1” distance
or overall hydrogen bonding geometry.

Structure prediction of 5_SL4 using FARFAR2

For proteins, three-dimensional structure prediction from pri-
mary sequences provided by programs such as AlphaFold has
made considerable progress (64). These deep learning algo-
rithms profit from the vast number of deposited protein struc-
tures combined with neural network learning procedures. For
RNA, de novo sequence based predictions can be obtained
from Rosetta’s Fragment Assembly of RNA (FARFAR2 (65)),
which uses a helix base pair step in combination with a frag-
ment library. To assess the reliability of the FARFAR2 pre-
diction in the case of 5_SL4 we compared the NMR struc-
tural bundle to a bundle of 10 FARFAR conformers pre-
dicted based on the 5_SL4 sequence and previously estab-
lished secondary structure (9). As the experimentally deter-
mined structure, FARFAR2 consistently predicts a rod-like
stem-loop structure (Supplementary Figure S7a). However, the
structural details of the prediction differ significantly from the
experimentally determined structure. Thus, U9S5 is stacked in-
side the helical stem between the U94-G117 and the C96-
G116 base pair in all FARFAR2 structures, whereas the ex-

perimental data clearly shows that this residue is excluded
from the helix and flexible (Supplementary Figure S7b). Inter-
estingly, the asymmetric insertion of U95 into the helix in the
predicted 5_SL4 stem-loops is incorporated without an appre-
ciable kink in the overall structure. The overall straight rod-
like shape is similar to the NMR structure, with the difference
that the FARFAR2 prediction results in slightly narrower and
shorter structures (Supplementary Figure S7¢c; R; = 19.0 0.2
A and Dy = 66.6 £ 1.3 A). An evaluation of the solu-
tion scattering from the FARFAR2 and the NMR structure
with the best agreement to the SAXS data (x> = 23 and 2,
respectively) by the program CRYSOL (39) illustrates the bet-
ter fit of the experimental NMR-structure to the SAXS-data
(Supplementary Figure S7d).

A general overemphasis of stacking interactions in the pre-
diction is also found for the apical loop, where both the
first residue (U104) and the last residue (U108) are found
inside the loop stacked on the respective closing base pair
residue (Supplementary Figure S7e). In addition, the remain-
ing loop residues are found in different stacked conformations
inside the loop. Overall, the FARFAR2 prediction significantly
overemphasizes the compactness of the apical loop confor-
mation in contradiction to the high degree of conformational
flexibility indicated by the NMR data.

As for the C92e¢C119 mismatch, two different conforma-
tions are predicted with similar frequency, both with one
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Figure 6. (A) Chemical structure of the screening hit DMA0043. (B) Titration of DMAQ043 to 5_SL4 followed by 'H,"*C-HMQC spectra of the aromatic
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5_SL4 with resolved resonances derived from the comparison of 'H,"*C-HMQC spectra obtained in the absence or in the presence of T mM DMA0043.
Cut-offs for small (0.05) and large shifts (0.1) are indicated by dashed lines. Non-canonical regions are highlighted. Different binding regions are colored
blue (around TM1), red (around TM2) or green (terminal region) with large shifts in dark and small shifts in light colors. (D) CSPs induced by DMA0043
displayed on the secondary structure of 5_SL4. The region comprising TM1 and TM2 are shown in blue and red, respectively. The third binding region at
the terminus of 5_SL4 is shown in green. Small CSPs (0.05-0.1) are shown in light red, light blue and light green, large shifts (>0.1) are shown in red,
blue and green. (E) CSPs induced by DMA0043 displayed on the NMR structure of 5_SL4. The RNA is shown as a sphere and stick representation.

Residues are highlighted according to the color scheme in (D).

hydrogen bond between the amino group of one of the cy-
tidines to the N3 of the other cytidine, suggesting the pres-
ence of a conformational equilibrium between these two lo-
cally symmetric states (Supplementary Figure S7f). Appar-
ently, while the hydrogen bonding details of the CeC mis-
match are reflected in the FARFAR2 prediction, the asymme-
try of the mismatch environment is not sufficiently incorpo-
rated into it. For the C100eU112 mismatch, a base pair with
two hydrogen bonds is consistently predicted by FARFAR2,
one between the C-amino group and U-O4 and one between
the U-imino group and C-N3 (Supplementary Figure S7g).

In summary, FARFAR2 predicts an overall rod-like struc-
ture for 5_SL4 in agreement with the experimental data. The
structural details of the interesting non-canonical elements,
however, are characterized by an overestimation of both stack-
ing and hydrogen bonding interactions. Interestingly, despite
the availability of the respective structural data, features like
the preference for the Z,,-step in the apical loop, which are
consistently observed by the NMR investigation and mod-
eled in the molecular dynamics simulations, are not predicted
by FARFAR2. Considering that the 5_SL4 stem-loop with its
small size and moderate number of non-canonical elements
represents a rather simple prediction benchmark, the need for
further improvement of the prediction scoring algorithms and
cross-validation with experimental data such as accessibility
data or hydrogen bonding information from NMR seems still

advisable, in particular when the structure constitutes the ba-
sis for drug targeting efforts.

5_SL4 chemical shift and structural data as basis for
structure-guided drug development

As most of the stem-loop structures in the 5-UTR of
the SARS-CoV-2 genome, also 5_SL4 is highly conserved
among the different SARS-CoV-2 variants. In particu-
lar, the C92e¢C119 mismatch is completely conserved, the
C100eU112 mismatch is only very rarely substituted by a
GeU, the looped out U9S is only very rarely deleted and A107
and U108 of the apical loop are completely conserved as they
are part of the conserved uORFE. Of the remaining residues of
the apical loop, U104 is completely conserved, while G105
and C106 are only very rarely mutated to uridines (66).
5_SL4 has been recently found to be a druggable target
for small molecule ligands (16,24). The chemical shift assign-
ment and the information on the three-dimensional structure
of the elements of the SARS-CoV-2 genome allow a more de-
tailed characterization of small compound binders identified
in these screening efforts. Amiloride has been previously iden-
tified as promising scaffold for specific RNA targeting (25).
Here, we have selected one of several identified binders from
a library of dimethylamiloride (DMA) derivatives carrying flu-
oride atoms as additional NMR sensitive probes, DMA0043
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(Figure 6a). Initial binding to 5_SL4 was verified by ”F com-
pound shifts in 1D NMR spectra on addition of the RNA
(Supplementary Figure S8a). To map the binding region of
DMAO0043 on 5_SL4, we titrated selectively G,U- and A,C-
13C,’N-labeled samples with increasing amounts of the com-
pound. The binding event was followed by recording 'H,'3C-
correlation spectra for the aromatic CH-moieties. Thus, we
could monitor site-specific binding for each residue. On titra-
tion with DMAQ043, several peaks in the 'H,3C-HMQC
spectrum of 5_SL4 shift and/or become broader in agreement
with binding of the compound to the RNA with an affinity
in the uM range (Figure 6b; Supplementary Figure S8b). Re-
gions with large CSPs are located around the two tandem mis-
matches, the looped-out U95 as well as around the two ter-
minal G-C base pairs (Figure 6¢). Given that the mismatches
could be regions with the function to locally destabilize the
otherwise rigid stem-loop structure, a ligand like DMA0043
could interfere with this function by effectively stabilizing the
mismatch region. Considering the small size of the compound,
the extended regions on the 5_SL4 RNA, for which the NMR-
signals are affected by the presence of DMA0043, suggest
multiple interaction regions. Interestingly, also the terminal
G-C base pairs show affinity for DMA0043 likely rational-
izing the lack in specific binding observed for the compound,
which also showed affinity to several other stem-loops in pre-
vious screening assays (16). This rationale for the unspecific
RNA binding properties of DMA0043 shows the value of our
RNA-based site-specific NMR analysis and can serve to di-
rect further combinatorial chemistry efforts to develop tighter
and more specific binders. Thus, further diversification of the
amiloride scaffold as for example demonstrated for HIV-1
TAR RNA (25), e.g. by introduction of bulky substituents
could interfere with unspecific stacking interactions.

Functional implications of the 5_SL4 structure

Our structural investigation of 5_SL4 shows that its non-
canonical elements are integrated into a more or less un-
perturbed A-form stem-loop structure. Given that both the
looped-out U9S5 as well as the two mixed tandem mismatches
do not result in pronounced structural deviations from the A-
form RNA helix while they are conserved among the SARS-
CoV-2 variants, the question remains as to which function
these structural elements perform in the viral genome. We ob-
served that the regions around the mismatches and the looped-
out residue are less stable than the surrounding stretches of
continuous canonical RNA. For GeU mismatches, which are
the most frequently occurring mismatches in biological RNAs,
their structural deformability is believed to be crucial for
molecular recognition (49). The function of the non-canonical
elements could therefore be to maintain the conformation and
at the same time allow for plasticity of the long stem-loop
structure of 5_SL4 in processes such as interactions with viral
proteins during the viral life cycle. In particular, effective scan-
ning of the ribosomal 48S pre-initiation complex and transla-
tion of the uORF with the start codon located in the apical
loop of 5_SL4 likely depend on unstable non-canonical re-
gions in its vicinity.

Data availability

The coordinates of the 10 5_SL4 structures with the lowest
target functions of the NMR-bundle have been submitted to
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the PDB under the accession code 8CQ1. SAXS data are avail-
able in SASBDB under the accession code SASDRV7.

Supplementary data
Supplementary Data are available at NAR Online.
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