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RNA structures are involved in many biological processes and the progression of
human disease, making them potential targets for therapeutic development. The first
chapter introduces topics relevant to targeting RNA structures and to the subsequent
chapters of this thesis: disease-associated RNA classes, the characteristics of RNA-
binding ligands of different sizes (e.g., small molecules, peptides, engineered
proteins), and NMR-based methods for RNA structure determination.

Chapter 2 describes the strategy and result of my research on designing cyclic 3-
hairpin peptidomimetics targeting pre-microRNA-20b (pre-miR-20b). Small cyclic
peptidomimetics were rationally designed based on the sequence of 2-B3 hairpin of
Rbfox2 protein, that recognize the terminal loop of precursor miR-20b. I identified a
peptide with low p-molar affinity for the miR-20b precursor and specifically targets
the apical loop of pre-miR-20b. This work demonstrates that it is possible to mimic

RNA-binding proteins with a minimal structurally pre-organized peptide, which



provide a starting point for designing or evolving small peptide mimetics of RNA-
binding proteins.

Chapter 3 describes the results of structural analysis of a 70 nucleotides stem-
loop RNA structure (called SLA) from Dengue virus serotype 1 (DENV1), which
functions as the promoter for viral replication. NMR structure of a monomeric
DENVI SLA is assembled to high-resolution from independently folded structural
elements, and SAXS modeling is used for independent validation. Both NMR
structure determination and SAXS modeling result in an L-shape of RNA structure. It
is very likely that the three-dimensional structure of SLA is conserved among
flaviviruses because the sequence is highly conserved among different flavivirus
genomes. This work establishes RNA structural features involved in Dengue
replication and provides a foundation for the discovery of new antiviral drugs that

target this essential replicative step.
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‘Chapter 1

In the past few decades, RNA molecules have received increased attention as targets for
drug discovery efforts, because RNA has been revealed to play critical roles in many human
diseases. RNA molecules are involved in gene regulation processes such as transcription,
splicing, mRNA transport and translation, and therefore they are also strictly regulated by
other RNAs or RNA-binding proteins transcriptionally and post-transcriptionally. RNAs and
RNA-protein interactions regulate viral replication (e.g. HIV TAR and Dengue SLA) which
infect human cells, and mis-regulation of non coding RNAs in human cells can lead to
diseases such as cancer. In this first chapter, I introduce topics relevant to the subsequent
Chapters 2 and 3 are introduced: introductions to different kinds of RNA which play
important role in human disease; the characteristics of RNA-binding ligands (e.g. small
molecules, peptides, proteins), and the NMR-based methods for structure determination used

in the chapters that follow.

Section 1: Non-Coding Regions of mRNAs and Non-Coding RNAs Play
Important Roles in Gene Expression and Viral Replication

The analysis of the human genome (Lander et al., 2001; Venter et al., 2001) has
revealed that less than 2% of the human genome is translated into proteins (Warner et al.,
2018). In fact, most of the genome is expressed at the RNA level and involved in the
regulation of gene expression (Breaker & Joyce, 2014; Castro-Oropeza et al., 2018; Di Leva
et al., 2014; Esteller, 2011; Hill & Tran, 2021; Pereira-Castro & Moreira, 2021; Statello et al.,
2021). This can occur at the transcriptional level, promoting or inhibiting the transcription of
a gene, or the post-transcriptional level, controlling the fate of the transcribed RNA

molecules. RNA elements that are involved in gene regulation include the well-known
1



transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs), as well as untranslated regions
(UTRs) in mRNA, but also new players such as non-coding RNAs (ncRNAs), such as
microRNAs, siRNAs and piRNAs, and large non-coding RNAs (IncRNAs). These RNAs can
form complex secondary or higher order structures which participate in their function.
Furthermore, a large number of ncRNAs and non coding regions of mRNA are found to be
disease-associated (Castro-Oropeza et al., 2018; Di Leva et al., 2014; Esteller, 2011; Hill &
Tran, 2021; Statello et al., 2021; Winkle et al., 2021). Many viral RNA elements, often within
untranslated regions, were also found to be critical for viral replication and translation (Chen
et al., 2018; Mazeaud et al., 2018; Neupane et al., 2020; Rasekhian et al., 2021; Stevens et al.,
2006). Because of the growing interest in ncRNAs and untranslated regions of protein-coding
RNAs (UTRs) are viewed as potential therapeutic targets. Various RNA molecules have been
intensely studied and potential drugs have been discovered in the past decades (Chavali et al.,
2019; Cooper et al., 2009; Falese et al., 2021; Hegde et al., 2021; Li & Chen, 2013; Ling et
al., 2013; Matsui & Corey, 2017; Winkle et al., 2021), but only few have reached the clinical
stage and questions exist concerning their modality (Cheung et al., 2018; Mullard, 2020;

Ratni et al., 2018; Ratni et al., 2021; Singh et al., 2020; Zogg et al., 2022).

Section 1.1: UTRs Play Essential Roles in Post-Transcriptional and

Translational Regulation of mRNAs

Untranslated regions (UTRs) of mRNA play critical roles in post-transcriptional
regulation of gene expression. Many examples of cis-acting regulatory elements in 5’-UTR
were found to enhance or suppress translation of the downstream protein coding genes, while

3’-UTR often regulates gene expression by influencing mRNA stability (Rasekhian et al.,

2021; Wilkie et al., 2003). For instance, AU-rich elements in 3’-UTR, which can facilitate the



shortening of poly(A) tail, are known to be responsible for translational repression and
mRNA destabilization (Chen & Shyu, 1995; Kontoyiannis et al., 1999; Mayr, 2019; Otsuka

et al., 2019). 3’-UTRs also contain binding sites for trans-acting regulatory elements such as

microRNAs or RNA binding proteins which can induce degradation or stabilize a mRNA
(Matoulkova et al., 2012).

Riboswitches are regulatory elements found usually in 5’-UTRs that control translation
rates by directly binding small-molecule metabolites (Breaker, 2012; Coppins et al., 2007;
Richards & Belasco, 2021; Roth & Breaker, 2009). Most known riboswitches occur in
bacteria, but functional riboswitches have also been discovered in eukaryotic systems (Broft
et al., 2021; Cheah et al., 2007; Dann et al., 2007; Nahvi et al., 2004; Sudarsan et al., 2003).
The core of the riboswitch mechanism is a conformational change induced by ligand binding
which promotes or suppresses the formation of critical RNA structures and, for example,
mask or unmask ribosome-binding sites. Riboswitches provide proof of concept that RNA-
ligand interactions can regulate gene expression and directly validate RNA as a promising
target for drug discovery (Howe et al., 2015; Howe et al., 2016).

The canonical translation initiation of eukaryotic mRNA occurs through a cap-
dependent mechanism, where the protein complex elF4F (eukaryotic initiation factor 4F)
which contains a RNA helicase and recognizes the mRNA 5’-m’GTP cap through eIF4E,
unwinds the mRNA structure and allow the small (40S) ribosomal subunit to land near the
translation start site (Bhat et al., 2015; Jackson et al., 2010; Lopez-Ulloa et al., 2022). An
alternative cap-independent mechanism for translation initiation was discovered in
flaviviruses such as hepatitis C virus, where a complex structure within the 5’-UTR acts as an
internal ribosome entry site (IRES) to recruit the 40S ribosomal subunit and promote
translation initiation independent of the cap (Martinez-Salas et al., 2018). Various RNA

viruses with uncapped genome depend on IRES elements to initiate viral protein synthesis
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(Lee et al., 2017; Lopez-Ulloa et al., 2022; Pelletier & Sonenberg, 1988). IRES elements
often adopt complex structures, which serve as the anchoring site for the ribosome
through RNA-protein interactions which in many cases includes the use of canonical elFs
and RNA-binding proteins (RBPs) in unique non canonical ways (Jang & Wimmer, 1990;
Khan et al., 2014; Lee et al., 2017; Lopez-Ulloa et al., 2022; Lozano & Martinez-Salas,

2015).

Section 1.2: Viral UTRs are Critical for Replication

Viral UTRs contains essential structural elements required not only for translation but
also for viral replication. The HIV (human immunodeficiency virus) trans-activation response
element RNA (TAR) is a classic example. Transcription of the integrated HIV-1 RNA in

infected cells is activated by the complex of the viral Tat protein and TAR RNA, which is

found at the 5 ’end of nascent viral transcripts (Peterlin & Price, 2006; Stevens et al., 2006).

Through an interaction with TAR, Tat protein and the transcription elongation factor-b (P-
TEFDb) are recruited to the elongating RNA polymerase II (RNAP II). The CDKO9 kinase
component of p-TEFb phosphorylates the C-terminal domain (CTD) of RNAP II and the
repressive factors NELF and DSIF, enhancing transcription of the viral RNA (Figure 1.1).
The recruitment of Tat and p-TEFb to TAR is required for reactivation of the integrated
proviral genome in latently infected cells (Peterlin & Price, 2006; Stevens et al., 2006).
Therefore, TAR has been an attractive target for antiviral development, and numerous small
molecule and peptidic inhibitors of the Tat-TAR interaction have been presented during the
past two decades (Alanazi et al., 2021; Baba, 2006; Gallego & Varani, 2001; Murchie et al.,

2004; Zeiger et al., 2014).



Figure 1.1. Schematic illustration of the activation of transcription of the integrated HIV-1
RNA in infected cells by the complex of the viral Tat protein, TAR RNA, and human cyclin
T1, the cdk9 kinase, integrated into the p-TEFb complex. The complex is recruited to the
polymerase RNAP II just downstream of the start of transcription, where the enzyme is
stalled by the stable stem-loop. Phosphorylation by CDK9 kinase within p-TEFb inactivates
NELF and DSI, and activates the CTD of RNAP II to relieve transcriptional blocks and

enhance elongation of the viral RNA.

Another example of UTR structures regulating viral replication are found in Dengue
virus, a flavivirus. Dengue virus (DENV) is a single-stranded positive sense RNA virus with
a genome of about 11 kb flanked by 5 ’and 3 'UTRs (Colavita et al., 2020; Dang et al., 2020;
Kamau et al., 2019; Pascalis et al., 2020; Selisko et al., 2014). Studies have identified cis-
acting RNA elements in both UTRs which are essential for translation and RNA synthesis,

including the highly-conserved terminal stem-loop within the 3’'UTR and stem-loop A (SLA)
within the S"UTR (Gebhard et al., 2011; Ng et al., 2017). The removal of either SL or SLA

leads to a significant reduction of virus replication (Alvarez, De Lella Ezcurra, et al., 2005;

Filomatori et al., 2006; Yu et al., 2008). The terminal SL appears to be important for viral



RNA synthesis, and is required for efficient translation as well (Alvarez, De Lella Ezcurra, et
al., 2005; Ng et al., 2017). The SLA within the 5’UTR has been proposed to be the promoter
for the viral RNA polymerase NS5 and a direct interaction between them has been shown to
be critical for RNA synthesis (Choi, 2021; Filomatori et al., 2006; Gebhard et al., 2011). The
structure and significance of the SLA is further discussed in Chapter 3.

DENYV and other flavivirus genomes contain inverted complementary sequences at the
ends of the RNA, mediating long-range RNA-RNA interactions which induce the cyclization
of the genome (Gebhard et al., 2011; Ng et al., 2017). Two pairs of complementary regions in

DENV, 5°-3'CS and 5’-3’'UAR, are responsible for these long-range RNA-RNA interactions.
The 5’UAR is located within the 5 ’stem-loop B (SLB), and the 3’'UAR is found at the bottom
of 3’'SL and the 3 ’small hairpin (sHP). Visualization of DENV genome cyclization was

demonstrated by atomic force microscopy (AFM) (Filomatori et al., 2006).

The current model for the initiation of DENV RNA replication starts with opening of

5’SLB, 3’sHP and 3’SL helices, allowing the complementary regions to form RNA duplexes
involving 5’-3’CS and 5’-3-UAR to cyclize the viral genome. The genome cyclization
positions the 5 'and 3’'UTRs in close proximity, relocating the SLA-bound NS5 to the SL at
the end of the 3’'UTR to initiate (-)-strand synthesis (Figure 1.2) (Alvarez, Lodeiro, et al.,

2005; Filomatori et al., 2011; Filomatori et al., 2006; Hodge et al., 2016; Mazeaud et al.,

2018; van den Elsen et al., 2021; Villordo et al., 2010).



Figure 1.2. Schematic representation of the current model for the initiation of DENV RNA
replication (Gebhard et al., 2011). This involves conformational changes in the RNA
structure during the transition between the linear and circular forms of the DENV genome.
Predicted changes of conserved RNA structures upon 5'-3' end hybridization are indicated:
(a) the SLB and the sHP of the 3'SL structures, as observed in the linear conformation, open
to form an extended duplex helix in the circular form; (b) the large stem of the 3'SL observed
in the linear form opens, releasing the last nucleotides of the genome in the circular form; (c)
the complementary sequences 5' and 3' CS form a duplex in the circular form through RNA-

RNA interactions.

Section 1.3: Long Non-Coding RNAs

Long non-coding RNAs (IncRNAs) are non-protein coding RNA molecules that
contains more than 200 nucleotides (Derrien et al., 2012; Statello et al., 2021). Some
IncRNAs have been found to possess conserved structures between different species
(Necsulea et al., 2014), and through a series of IncRNAs knock-out experiments, IncRNAs
have demonstrated to perform critical roles in cellular physiology (Sauvageau et al., 2013).
Many IncRNAs are currently believed to participate in the recruitment of transcription factors
or chromatin-modifying complexes to chromatin, or otherwise inhibit the function of protein
complexes (DiStefano, 2018; Mirzaei et al., 2022; Statello et al., 2021; Wapinski & Chang,

2011). One example is the well-known IncRNA HOTAIR (HOX transcript antisense
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intergenic RNA) which is a regulator of epidermal tissue development, and particularly
abundantly expressed in human peripheral tissues (Cantile et al., 2021; Chen et al., 2021;
Rinn et al., 2007; Schorderet & Duboule, 2011). HOTAIR is a 2 kb spliced and
polyadenylated transcript which interacts with chromatin-remodeling enzymes and silences
the genes of numerous tumor and metastasis suppressors (Gupta et al., 2010; Mozdarani et
al., 2020; Rinn et al., 2007). Therefore, over-expression of HOTAIR can lead to tumor
development and metastasis (Gupta et al., 2010; Kim et al., 2013; Mozdarani et al., 2020).
Despite the growing interest in IncRNAs, the mechanism by which they exert their molecular

functions remains largely to be studied, as does their structure.

Section 1.4: MicroRNAs

MicroRNAs (miRNAs) are small non-coding RNAs of 21-23 nucleotides that play key
roles in post-transcriptional regulation of gene expression by binding to target mRNAs and
inhibiting translation or inducing mRNA degradation (Bartel, 2009; Fabian et al., 2010; Hill
& Tran, 2021). MiRNAs primarily base-pair to the 3’-untranslated region (UTR) of the
mRNA by incomplete complementary base pairing. Each miRNA can regulate multiple genes
and each gene can be regulated by multiple miRNAs (Fabian et al., 2010; Hill & Tran, 2021).
As aresult, even a small change in the level of a miRNA can combinatorially cause large
phenotypic effects trough regulation of a large number of mRNAs.

MiRNAs are involved in all fundamental cellular processes (Baek et al., 2008; Bartel,
2009; Fabian et al., 2010). Currently, more than 2000 miRNAs are recognized in humans
(Friedlander et al., 2014; Kozomara & Griffiths-Jones, 2014), targeting at least 60% of
human protein-coding genes (Friedman et al., 2009). Mis-regulation of the expression of
miRNAs is associated with many human diseases as well (Croce, 2009; Di Leva et al., 2014;

Hill & Tran, 2021; Im & Kenny, 2012).



MiRNAs are regulated both transcriptionally and post-transcriptionally (Ha & Kim,
2014; Krol et al., 2010; Li & Yu, 2021). The generation of miRNAs starts from the primary
miRNA (pri-miRNA) which is a long precursor RNA generally transcribed by RNA
polymerase II (Figure 1.3). The Pri-miRNA is cleaved by the Drosha/DGCRS8 microprocessor
complex in the nucleus to produce the precursor miRNA (pre-miRNA), a 60-70-nucleotides-
long stem-loop embedding the mature miRNA. The pre-miRNA is then cleaved into a ~22 nt
miRNA:miRNA* duplex by the RNAse III enzyme Dicer in the cytoplasm. The mature
miRNA is subsequently loaded onto the RNA-induced silencing complex (RISC) to guide the
repression of target mRNAs (Ha & Kim, 2014; Krol et al., 2010). It has been found that the
apical portion of the stem-loop miRNA precursors is often involved in the regulation of the
maturation process, and several proteins have been found to regulate miRNA processing by
binding to this apical loop region (Castilla-Llorente et al., 2013; Choudhury & Michlewski,

2012; Ha & Kim, 2014; Li & Yu, 2021).



RNA polymerase 1T l o
transcription
complex

microprocessing
B _-—.)
Drosha-DGCR8
export

H_AAA(A) pre-miRNA
n 4
pri-miRNA(s)

e

Nucleus dicing / Dicer
Cytoplasm _ﬂ:u@-
unwinding miRNA
/ duplex
RISC RNA
& _’L«‘:"Ur helicase
Mature miRNA

target
selection

LXDAnAQ),

Near-perfect complementarity

_@nmn%m( ),

Partial complementarity w

mRNA
cleavage

Translational e
repression ol

Figure 1.3. Synthesis and processing of miRNAs. Pri-miRNAs are processed by the
Drosha/DGCRS8 complex in the nucleus to generate pre-miRNAs, and then by Dicer-TRBP in
the cytoplasm to generate the mature miRNAs. MiRNAs are loaded onto the RNA-induced
silencing complex (RISC), and then bind to a target mRNA to suppress its translation or

induce its degradation (Nelson et al., 2017).

Section 1.5: RNAs in Diseases

Many RNAs have been reported to be related to human diseases and thus received
attention as potential targets for drug discovery. Diseases can be caused by mis-regulation of
non-coding RNAs in cells, or the infection of virus particle.

For virus-induced diseases, viral UTRs are potential drug targets because of their

significance in viral replications, which are introduced in Section 1.2. Inhibiting the RNA
10



function and RNA-protein interactions can inhibit the multiplication of viruses and possibly
lead to the cure of the disease. Many efforts have been dedicated to develop drug molecules
targeting viral RNA motifs such as HIV TAR (Alanazi et al., 2021; Baba, 2006; Gallego &
Varani, 2001; Murchie et al., 2004; Zeiger et al., 2014), HIV RRE (Chapman et al., 2002;
Prado et al., 2016; Shuck-Lee et al., 2008) and HCV IRES (Carnevali et al., 2010; Dibrov et
al., 2014; Ding et al., 2014; Rynearson et al., 2014; Zhou et al., 2013).

Cancer can be caused by mis-regulation of non-coding RNAs in human cells such as

IncRNAs and miRNAs, which are introduced in Section 1.3 and 1.4. One famous example is

miR-21, which had been identified as a cancer-promoting “oncomiR". Mir-21 targets and

inhibits tumor suppressor genes including Phosphatase and Tensin Homolog (PTEN) and
Programmed Cell Death 4 (PDCD4) (Gaur et al., 2011; Meng et al., 2007; Zhu et al., 2007;
Zhu et al., 2008). It has been shown that miR-21 is commonly upregulated in tumor
cells(Volinia et al., 2006). Studies have implicated the role of miR-21 in tumor pathogenesis
and during all other stages of tumorigenesis (Chan et al., 2005; Feng & Tsao, 2016; Zhao et
al., 2015). The development of anticancer therapeutics and drug targeting miR-21 has been
carried out by different groups (Bose et al., 2012; Fu et al., 2021; Gumireddy et al., 2008;
Javanmard et al., 2020; Naro et al., 2015; Watashi et al., 2010; Wickramasinghe et al., 2009).
The development of RNA-binding molecules in different sizes is subsequently

introduced in the next section.
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Section 2: RNA-binding Molecules Come in Different Sizes

With the growing awareness of RNA as a potential therapeutic target, different kinds of
RNA-targeting molecules have been proposed. The size of these molecules varies from small
drug-like molecules to proteins. In this section, the chemistry of different types of RNA-

binding molecules is introduced.

Section 2.1: Oligonucleotides and their analogues

The potential usefulness of RNA-targeting drugs has been proven by preclinical studies
and clinical trials using antisense oligonucleotides which bind to specific sequences through
Watson-Crick base pairing (Bennett, 2019; Di Fusco et al., 2019). Two major therapeutic
approaches in this field are antisense oligonucleotides that inhibit mRNA translation and
oligonucleotides which function through the RNA interference (RNA1) pathway (Chery,
2016; Gagliardi & Ashizawa, 2021; Hung & Slotkin, 2021; Kole et al., 2012; Tian et al.,
2021). Although these large and highly charged oligonucleotide molecules inevitably present
stability, distribution and delivery challenges (Moreno & Pego, 2014), they are nevertheless
considered important tools for gene-specific therapeutics that target the RNAs of disease-
related genes.

Antisense oligonucleotides are sequences which can bind to specific target RNAs, such
as regulatory element in UTRs, and inhibit it by inducing RNA degradation or by steric
blocking access of other RNAs and proteins (Chan et al., 2006; Gagliardi & Ashizawa, 2021).
The mechanism of RNAi induced post-transcriptional gene silencing involves two steps
(Agrawal et al., 2003; Tian et al., 2021): First, a larger double-stranded RNA is cleaved into
small interfering RNA (siRNA) by certain RNA nucleases. Second, these siRNAs join the
multi-nuclease complex RISC and degrade single-stranded mRNAs containing

complementary sequences.
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Section 2.2: Small Molecules

Small molecules that affect RNA function have been identified in nature such as in
RNA riboswitches, which are described in Section 1.1, and ribosomal RNA binding small
molecule antibiotics produced by bacterial species (McCown et al., 2017; Wilson, 2014).
These examples provide encouraging precedence for the development of RNA targeting
small molecule therapeutics. A number of RNA binding small molecules have also been
discovered through different drug discovery strategies, including high-throughput screening
(Abulwerdi et al., 2019; Borgelt et al., 2021; Davila-Calderon et al., 2020; Hermann, 2016;
Howe et al., 2015; Palacino et al., 2015; Prado et al., 2016; Rizvi et al., 2020; Seth et al.,
2005; Sztuba-Solinska et al., 2014), structure-based rational design (Barros et al., 2016; Joly
et al., 2014; Luu et al., 2016; Nguyen et al., 2015; Rzuczek et al., 2017), fragment-based
approaches (Binas et al., 2021; Harner et al., 2013; Lee et al., 2014; Lundquist et al., 2021;
Tam et al., 2019) and computational modeling (Park et al., 2011; Stelzer et al., 2011; Tanida
& Matsuura, 2020). However, the discovery and development of small molecules to inhibit
specific RNAs and RNA-protein interactions remains challenging, in part because of the
large surface interface buried in the complex, because of the inherent flexibility of RNA
(Aboul-ela, 2010; Falese et al., 2021) and of its high negative charge density.

High-throughput screening contributed by the development of automatic device and
rapid assay methods is a widely used method in drug discovery (Zeng et al., 2020). Potential
binders can be rapidly identified by screening large libraries against the target molecule even
without knowing the detailed structure of a target or target-ligand complex. Binding signals
can be detected by analytical methods such as fluorescence spectroscopy or mass
spectrometry (Eydoux et al., 2021; Rizvi et al., 2018; Zeng et al., 2020). The Automated

Ligand Identification System (ALIS), which was developed by Merck, is a label-free affinity-
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selection mass spectrometry (AS-MS) platform for high-throughput screening of small
molecules. By coupling fast (<20 s) size exclusion chromatography to separate free ligands
from target—ligand complexes to LC-MS ligand identification, this platform can screen up to
500,000 compounds a day with minimal and label-free sample consumption (Rizvi et al.,
2018; Rizvi & Nickbarg, 2019). Overall, high-throughput screening has the advantages of
automatic detection against large libraries at a rapid pace and require low sample amounts.

Structure-based rational design of small molecules relies on a detailed understanding of
the target RNA structure, which can be revealed by structural biology approaches such as

NMR spectroscopy or X-ray crystallography. Three-dimensional structures of RNAs and/or

RNA-ligand complexes with atomic resolution can provide insight into possible “hot-

spots* to initiate drug discovery efforts. For example, a rational design based on electrostatic
potential analysis of the TAR RNA structure resulted in a series of TAR-binding small
molecules and the discovery of a low-nM binder with Kd <100 nM (Davis et al., 2004;
Murchie et al., 2004); the conjugation of modified nucleobases, which can recognize specific
RNA base pairs, and positively charged amino acids, which provide favorable electrostatic
interactions, also resulted in TAR-binding small molecules with mid-nM Kd values (Joly et
al., 2014), but not drug-like characteristics.

Fragment-based drug design is an approach to develop potent small-molecule
compounds from fragments with weak binding activity to a target (WM-mM range), low
complexity in chemical structures and low molecular weight (<300 Da) (Congreve et al.,
2003; Erlanson et al., 2016; Kirsch et al., 2019; Lundquist et al., 2021). After the
identification of initial fragment hits, improvement of binding affinity and optimization can
be achieved by fragment linking, merging or growing strategies, which are key approaches
for fragment-based drug design (Diethelm-Varela, 2021; Erlanson et al., 2016). Compared to

high-throughput screening, fragment-based screening has advantages such as lower
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experimental cost, more diverse hits, and exhibiting multiple ways to develop novel
compounds (Hall et al., 2014; Hann et al., 2001; Kirsch et al., 2019; Osborne et al., 2020). In
order to detect weak binders, fragment-based screening techniques require a detection method
with high sensitivity, and thus nuclear magnetic resonance (NMR) spectroscopy and x-ray
crystallography are more suitable methods than fluorescence (Chilingaryan et al., 2012;
Diethelm-Varela, 2021; Harner et al., 2013; Kirsch et al., 2019; Moumne et al., 2012;
Schiebel et al., 2016). In addition to its ability to detect a wide variety of binding affinities,
NMR can also provide experimental restraints for the determination of target-fragment
binding modes and thus has become one of the most frequently used method in fragment-

based screening(Diethelm-Varela, 2021; Harner et al., 2013; Moumne et al., 2012).

Section 2.3: RNA Binding Proteins

RNA binding proteins (RBPs) are proteins that are involved in gene regulation by
interacting with RNA to form ribonucleoprotein particles (RNPs), which govern the fate of
their target RNAs, by regulating transcription, splicing, modification, localization, translation
and decay (Gebauer et al., 2021; Gerstberger et al., 2014; Lukong et al., 2008; Mitchell &
Parker, 2014), and more. The RBPs do so by binding to specific sequences or structures in
RNA, often via structurally well-defined RNA-binding domains such as the RNA recognition
motif (RRM), K-homology (KH) domain, dsSRBDs and RNA-binding zinc-finger (Agrawal et
al., 2019; Clery et al., 2008; Font & Mackay, 2010; Hentze et al., 2018; Lunde et al., 2007;
Olejniczak et al., 2022; Valverde et al., 2008). Moreover, the discovery and investigation of
IncRNAs, many of which interact with transcription factors or chromatin-remodeling
enzymes, provide a notion that RBP function can also be regulated by RNAs (Cech & Steitz,
2014; Hentze et al., 2018). More than 1500 RBPs have been identified in the human

proteome through modern large-scale quantitative methods (Gebauer et al., 2021; Gerstberger
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et al., 2014; Hentze et al., 2018). However, despite the large number of identified RBPs, our
understanding of their constituent properties and interaction with RNA is still limited,
compared for example to transcription factors.

The RNA recognition motif (RRM) is the most abundant RNA-binding motif in
eukaryotes and is known to be involved in many gene regulation steps (Clery et al., 2008;
Maris et al., 2005; Venter et al., 2001). RRMs are 80-100 amino acids long, with
BlalB2B3a2pB4 topology that forms a four-stranded antiparallel B-sheet packed against two a-
helices (Clery et al., 2008; Maris et al., 2005). Despite the similarity in structure, RRMs are
able to recognize a wide variety of RNAs that have different sequence and length (Afroz et
al., 2015; Burd & Dreyfuss, 1994; Collins et al., 2017; Gebhardt et al., 2015; Jonas et al.,
2020), most commonly through the B-sheet surface, at the center of which are strands f1 and
B3 with conserved signature sequences (Clery et al., 2008; Maris et al., 2005). Non-canonical
interactions through the a-helices (Clery et al., 2013; Tintaru et al., 2007), protein loop
(Auweter et al., 2006; Dominguez et al., 2010; Gebhardt et al., 2015; Skrisovska et al., 2007),
and N- or C- terminal extensions (Auweter et al., 2006; Dominguez et al., 2010; Skrisovska
et al., 2007) are also found in RRM-RNA complexes, to boost affinity or specificity of
individual domains and even to redirect certain RRMs to bind to proteins.

Several RBPs regulate miRNA processing by binding at or near the apical region of the
stem-loop precursors species, which is common to both pre- and pri- miRNAs (Michlewski et
al., 2008; Newman et al., 2008). One example is provided by the highly conserved RRMs of
Rbfox proteins (Rbfox2 RRM), which inhibits the maturation of miR-20b and miR-107 by
binding to the terminal loop of the precursor miRNAs (Chen et al., 2016). The RRM of
Rbfox proteins targets RNA specifically through the conserved (U)GCAUG element, a well-
known cis-element for the regulation of alternative splicing (Auweter et al., 2006; Jin et al.,

2003) which is found in the apical loop of pre-miR-20b and pre-miR-107 (Chen et al., 2016).
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By binding to the apical loop, the Rbfox2 RRM inhibits processing of the two pri-miRNAs
both in vitro and in vivo, and thus increases expression of the downstream tumor suppressor
PTEN (Phosphatase and Tensin Homolog) (Chen et al., 2016; Zhou et al., 2014; Zhu et al.,

2014).

Section 2.4: Peptide Mimetics

In addition to the intrinsic interest in protein engineering and evolution of RNA-binding
protein, peptides provide much more advantageous starting points than proteins to discover
inhibitors of RNA functions (Craik et al., 2013; Sachdeva et al., 2016; Sakamoto et al., 2017;
Walker & Varani, 2019). Peptides possess a bigger interacting surface than small molecules,
which improves specificity and binding activity, but are smaller than proteins and cheaper to
manufacture and deliver (Craik et al., 2013; Jing & Jin, 2020). Compared to linear peptides,
cyclic peptides often have better binding affinity, specificity and stability due to
conformational rigidity and are less susceptible to proteolysis within cells and organisms
(Gongora-Benitez et al., 2014; Jing & Jin, 2020).

Different approaches have been used to discover RNA binding peptides. High-
throughput screening technologies, which enable the rapid evaluation of interactions between
RNA and peptide on a large scale, is one of the methods (Fernandes et al., 2009; Hamzeh-
Mivehroud et al., 2013; Henninot et al., 2018; Hilpert et al., 2009). A success of quantitative
peptide microarray development was demonstrated by immobilizing hydrazide-linked
peptides onto a epoxide-derivatized glass slide (Pai et al., 2012). RNA-peptide bindings were

probed by RNA 5’-end fluorophore-labeling. Using this method, the group was able to profile

interactions of six hairpin RNAs (IRES of domain IV of HCV, HIV RRE, HIV TAR, IRE,
and thymidylate synthase mRNA) with 111 peptides, containing systematic amino acid
replacements or deletions. Another success in discovery of RNA binding ligands occurred by
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using peptoid microarrays (Chirayil et al., 2009). Cysteine-terminated peptoids were printed
on a N-(p-maleimidophenyl)isocynate pretreated surface through thiol-maleimide click
chemistry. By screening peptoid microarrays, a peptoid binding to pre-miR21 with a Kd of
1.9 uM was identified. However, a disadvantage of microarray technologies is the potential
for false negatives due to the masking of the peptide by the surface attachment.
Structure-based peptidomimetics were designed through a strategy where a protein-
bound structure provides a rational to design a minimal peptide that mimics the activity of the
full protein. The protein binding site structure and its interactions with the target molecule
provides a starting point of the peptide design. Design of peptidomimetics binding to the HIV
TAR represents a successful example of this strategy (Athanassiou et al., 2004; Athanassiou
et al., 2007; Davidson et al., 2009; Davidson et al., 2011). Inspired by the structure of the
TAR recognition Tat Arginine Rich Motif (ARM) in the BIV (bovine immunodeficiency
virus) protein, which interacts with the major groove at the apical stem-loop junction of BIV
TAR through a B-hairpin, peptide mimetics were made by grafting the protein sequence onto
a B-hairpin inducing cyclic peptide scaffold. This led to the discovery of peptide BIV2 which
binds to BIV TAR with a dissociation constant (Kd) of 0.15 uM (Athanassiou et al., 2004).
Optimization of its binding to HIV TAR was carried out by screening small-to-medium sized
peptide libraries, resulting eventually in the discovery of JB-181, a 30 pM binding ligand for
HIV TAR (Shortridge et al., 2018). The Varani Group has also successfully targeted cancer
related pre-miRNAs by using cyclic B-hairpin peptides, which will be described in Chapter 2.
A “semi-design” strategy using evolution and selection for RNA-binding peptide
discovery was recently proposed (Belashov et al., 2018). Laboratory evolution is used to alter
putative RNA-binding amino acids within a known protein. Thus, an RRM protein library
was created by performing saturation mutagenesis in RRM1 and B2-f3 loop of UIA protein,

then subjected to yeast-display screening. Desired TAR-binding proteins (TBPs) were
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identified by flow cytometry. Variant TBPs which recognize TAR through evolved amino
acids in 2-B3 loop and possess nano-molar binding affinity were discovered. To find the
minimal RNA binding module, short peptide mimics were then designed, which were
stabilized by a side-chain disulfide linkage and comprised the lab-evolved loop sequence.
The resulting peptides retained low-uM TAR binding affinity and demonstrated the ability to

inhibit Tat-dependent transcription in cells.
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Section 3: Structural analysis by NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy is a powerful tool to study
biomolecule structure and is largely used in Varani group to investigate structures of proteins,
peptides, small molecules and RNAs, and of their complexes.

The use of 2D NMR in structure determination of proteins was first demonstrated by
the group of Kurt Wiithrich, and in 1985, the first structure of a small globular protein
established using NMR spectroscopy was published (Williamson et al., 1985). With new
technological developments, the credibility of NMR as structural tool for biomolecules has
strengthened over the past few decades: the higher magnetic fields which are reached using
new superconducting material improve spectra resolution; the use of cryoprobes where
transmitter and receiver coils are maintained at low temperature to improve signal-to-noise
ratio; and the development of multi-dimensional NMR using isotope-labeled samples
(Marion, 2013). In addition, NMR can provide information on dynamics over time scales
which is very difficult to investigate by crystallography. In the field of drug discovery,
chemical shift mapping provides information on which part of the biomolecule is interacting
with the ligand and NMR is a very powerful tool for screening or hit optimization (Diethelm-
Varela, 2021; Harner et al., 2013; Moumne et al., 2012).

This section is an introduction to peptide and RNA NMR spectroscopy; additional

experimental details are provided in Chapter 2 and Chapter 3.

Section 3.1: Total Correlation Spectroscopy (TOCSY)

In NMR spectroscopy, J coupling (spin-spin coupling) arises from indirect interactions
between two nuclear spins, mediated by interactions between the nuclear spin and local

electronic currents. The value of J-coupling is affected by the bond distance and bond angle,

20



and thus can provide information about stereochemistry of a molecule, as well as
conformation.

Total correlation spectroscopy (TOCSY) allows the observation of scalar correlations
between all protons within a spin system. In TOCSY experiments, the evolution of the
chemical shift is suppressed by an intense radio-frequency pulse along a selected direction,
allowing magnetizations to remain aligned with the field, which is called the spin-lock field.
The two most common pulse sequences used to generate the spin-lock field are DIPSI (Shaka
et al., 1988) and MLEV (Bax & Davis, 1985). This enables the spin system to emerge only
under the J-coupling and allows magnetization to be transferred as long as protons are
coupled. For a long spin-lock time such as 80ms, magnetization can be transferred through up
to 5 or 6 bonds, generating cross-peaks between all protons in the same spin system, unless

being interrupted by small or zero proton-proton couplings along the spin system.

Section 3.2: Nuclear Overhauser Effect Spectroscopy (NOESY)

The Overhauser effect was first reported by Albert Overhauser as a polarization of
nuclear spins in metals on saturation of electrons to which they are coupled (Overhauser,
1953). The Nuclear Overhauser effect (NOE) is a similar effect observed between nuclei,
when nearby nuclear spins are saturated; then, the nuclear spin polarization of one nucleus
can transfer to another nucleus within 5 A through cross-relaxation, resulting in changes in
the intensity of its NMR signal. The NOE effect is strongly dependent upon the distance
between nuclei, and thus it is a key effect for obtaining three-dimensional structures of
molecules in solution by NMR spectroscopy.

Nuclear Overhauser Effect Spectroscopy (NOESY) is an NMR spectroscopic method
that identifies NOE interactions in molecules which can be used to measure internuclear

distances. The cross peaks observed in NOESY spectra identify protons that are close to each
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other in space, providing spatial information, and is distinct from TOCSY which relies on J-

couplings to provide spin-spin correlations.

Section 3.3: Peptide and Protein NMR Spectroscopy

NMR spectroscopy is a powerful tool to study proteins and peptides structure and
dynamics in solution (Bax & Clore, 2019; Hu et al., 2021; Williamson, 1993; Wuthrich,
1990). A large number of NMR structures have been reported in the past several decades.
The main constituents of biomolecules, e.g. hydrogen, carbon, nitrogen, have at least one
NMR-active isotope. Thus, isotope-labeling can be used to obtain additional structural
information for even complex structures.

NMR can provide evidence for the presence of stable secondary structure in peptides in
aqueous solution, even for flexible peptides undergoing rapid interconversion between
multiple low-energy conformations (Mielke & Krishnan, 2009; Wuthrich et al., 1984). In
polypeptide structures, residues are separated by amide bonds, so correlations between HN,
Ha and side chain protons can be observed in TOCSY spectra for each amino acid. Because
the 20 amino acids have distinct side chain structures, each amino acid has a characteristic
TOCSY pattern which allows them to be distinguished from each other in NMR spectra. For
example, Gly is the only amino acid with 2 Ha protons, and the Ha chemical shifts are
relatively upfield compared to other amino acids because of its lack of a side chain. Side
chain protons in non-polar amino acid side chains, such as Ala and Leu, are usually upfield
shifted; in contrast, side chain protons in polar and charged amino acids, such as Thr and
Asp, are more downfield shifted because of the presence of electron-withdrawing group. Side
chain HN in Arg and Lys (~7.3 ppm) and their backbone HN (~8.3 ppm) shows the same

TOCSY patterns to side chain protons, making them easy to be recognized.
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Characteristic NOE patterns and chemical shifts were identified for different secondary
structures such as a-helix, B-sheet and B-turns (Mielke & Krishnan, 2009; Wishart et al.,
1991; Wuthrich et al., 1984). For example, strong sequential iHN-(i+1)HN NOEs and iHa-
(i+1)HN NOE:s are used to establish sequential connectivity in a-helix and B-strand,
respectively. Characteristic iHa-(i+4)HN and iHa-(i+3)HB NOEs are only found in a-helix
because of its spiral structure; cross-strand HN-HN NOEs can be found in B-hairpins or -
sheets. Chemical shifts of Ha can also provide an additional validation for peptide and
protein secondary structure. An a-helix often presents more upfield-shifted Ho chemical
shifts compared to random-coil structures, while B-strand presents more downfield-shifted Ho

chemical shifts (Mielke & Krishnan, 2009; Wishart et al., 1991).

Section 3.4: RNA and NMR Spectroscopy

Because of the increasing emphasis on the role of RNA role in gene expression and
regulation, more efforts have been put into the investigation of its structure and function.
High resolution X-ray crystal structures of various RNAs have been published, such as tRNA
(Byrne et al., 2010; Chan et al., 2020), rRNAs (Ban et al., 2000; Vicens & Westhof, 2003;
Yusupov et al., 2001), riboswitches (Edwards & Ferre-D'Amare, 2006; Garst et al., 2008; Lu
et al., 2008) and disease-related viral RNAs (Hood et al., 2019; Ippolito & Steitz, 1998; Lee
et al., 2021). However, the often-elongated structure and intrinsic flexibility of RNA makes
crystallization often challenging or sometimes results in poor resolution at binding interfaces.
Solution-state NMR spectroscopy is a suitable tool to study the structure and dynamics of
flexible RNA molecules in solution with easier sample preparation requirements than X-ray
crystallography (Barnwal et al., 2017; Marusic et al., 2019; Varani et al., 1996). However,
NMR of RNA is also challenging because of severe spectral overlap resulting from the

smaller chemical dispersion in nucleic acids. Compared to proteins which are composed of 20
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different amino acids, RNAs are composed of only four different nucleosides, making
unambiguous resonance assignments much more difficult to achieve (Furtig et al., 2003). In
addition, RNA molecules often form extended structures, resulting in slower overall tumbling
times and shorter transverse relaxation times (T2), causing increased linewidth which worsen
the spectral overlap and prevent many advanced experiments from working as designed.
These challenges become severe for RNAs that contain more than 40-50 nucleotides.
Nevertheless, introducing isotope labeling can effectively reduce the complexity of NMR
spectra and allow unambiguous assignments (Furtig et al., 2003; Varani et al., 1996).

Three-dimensional structural information essential for structure determination can be
obtained through NMR experiments. Detailed explanation for the assignment process is
covered in (Varani et al., 1996; Varani & Tinoco, 1991). Distance information between
protons separated by less than 5 A can be obtained from nuclear Overhauser effect
spectroscopy (NOESY), and torsion angles from scalar couplings.

The assignments of aromatic and sugar protons from double-stranded helical regions
are generally easier compared to single-stranded loops or mismatched base pair. The NOE
patterns for A-form helical RNA structures is well-established. NOE interactions within
Watson-Crick base pairs can be identified in H2O NOESY spectra: strong NOEs are
observable from Ade H2 to Ura imino protons, and Gua NH1 to Cyt amino protons.
Sequential intrastrand connectivity can be established by aromatic-to-sugar or aromatic-to-

aromatic proton NOEs. Aromatic protons within each base (H6/8) exhibit weak NOEs with

intra-residue H1 ’and H2 ’and the preceding (i-1) H1 ’protons, while the intra-residue H6/8-
H3 'NOEs and sequential iH6/8-(i-1)H2 'NOEs are often strong. Sequential aromatic-to-

aromatic NOEs (H5 to HS and H6/H8 to H6/HS) are observable at long mixing times. These
patterns can be used if intrastrand base stacking is present, regardless of the presence or
absence of base pairing.
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The RNA sugar conformation and dynamics can be investigated through TOCSY. For

3’-endo sugar pucker, the H1’-H2 ’coupling is very small, so generally no correlation between
H1 ’and other sugar protons is observable in TOCSY. The 2’-endo conformation has strong
H1’-H2 ’couplings, medium H2'-H3 ’couplings and very weak H3’-H4 ’couplings. Thus,
strong H1’-H2’, medium H1’-H3 ’and weak/unobservable H1’-H4 ’peaks are observed in
TOCSY spectra for 2’-endo sugar pucker. For a mixture of 3 ’and 2’-endo conformations,

which could be a sign of dynamics, peaks from H1 'to H2’, H3 "and H4 ’are all observable.

Distance and torsion angle constraints determined from experimental NMR data are
then used in simulated annealing protocols for structure determination, which is introduced in
the next section. Compared to the structure determination of proteins of similar size, RNA
structures often have a lower density of distance constraints due to their elongated helical

structures, which results in a lower precision of the structure (Allain & Varani, 1997).

Section 3.5: Structure Determination

Xplor-NIH is a popular software package for biomolecular structure determination
from NMR experimental data sources combined with known geometry and stereochemistry.
Structure determination for polypeptides and RNA molecules can be achieved by seeking the
minimum of a target energy function containing terms for experimental restraints, covalent
geometry and non-bonded contacts using simulated annealing protocols and torsion angle
dynamics. The energy function is a sum of terms for experimental, chemical and knowledge-
based restraints. Experimental restraints include NOE-derived distance restraints and dihedral
angle restraints obtained from chemical shift or scalar coupling data. Knowledge-based terms

restrain the structure based on statistical trends observed in structural databases.
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The interactive process of structure determination begins once a majority of NMR-
derived conformational constraints are established confidently from the analysis of NOESY

spectra. Distance restraints are derived from NOE assignments in 2D and 3D NOESY spectra

which are sorted into strong (2.5 #0.7 A), medium (3.5 +1.2 A) and weak (4.5 1.5 A) bins

based on peak intensities, relative to fixed distances, for example, aromatic H5-H6 = 2.5 A in
Uri and Cyt for RNA, and aromatic H3-He = 2.5 A in Phe and Try for polypeptide.

For RNA structure determination, base-pair planarity and hydrogen-bonding restraints
are used for unambiguously established base pairs as identified by 2D NOESY involving NH
base protons. Hydrogen bond, planarity and dihedral restraints are included for base-paired
nucleotides surrounded by base pairs conforming to A-form helical structures, as established
from the pattern of NOE cross-peaks (Varani et al., 1996; Varani & Tinoco, 1991). Similarly,
hydrogen-bonding restraints are also used in peptide structure determination for secondary
structure such as a-helix or B-sheet identified by characteristic NOE patterns and chemical
shifts, as introduced in Section 3.3.

Conformational constraints, including distance, torsion angle and planarity constraints,
are input into the NIH-XPLOR package for biomolecular structure determination (Schwieters
et al., 2003). Compiled experimental restraints are then used in a simulated annealing
procedure, initially undergoing high-temperature (2,500K to 298K) torsional angle dynamics,
where incremental decreases in temperature are generated by progressively introducing Van
der Waals terms and increasing force constants for angles, dihedral angles, NOEs, and the
Van der Waals repulsive term. After the final cooling step, the RNA undergoes two
sequential refinement steps, first in torsional angle space then in Cartesian space. Large
number of structures are generated (200-1000 models) in the initial calculations to produce a
reliable ensemble of converged structures. Restrain violations, if they occur, are then

reviewed and reevaluation of spectral assignments and constraint binning are carried out. The
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lowest total energy structure calculated by the Xplor energy function is further refined by an
extended simulated annealing calculation against the constraints listed above to generate 200-
400 structures. The 10 structures with the lowest total energy, based on the Xplor energy
function, were chosen as the representative structures to calculate RMSD, and structure
quality analysis is conducted using servers such as MolProbity (Williams et al., 2018). Scripts

and commands used for structure calculation are reported in the Appendix.
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Chapter 2
A small cyclic -hairpin peptide mimics the Rbfox2 RRM

and binds to the precursor miRNA 20b

Abstract

The RRM (RNA-recognition motif), the most abundant RNA-binding motif in
eukaryotes, is a well-structured domain of about 90 amino acids, yet the f2-B3 hairpin
corresponding to strands 2 and 3 of the B-sheet, and the intervening loop makes essential
interactions with RNA in many RRM complexes. I designed a series of small cyclic peptides
mimics of the B2-f3 hairpin of Rbfox2 protein, that recognize the terminal loop of precursor
miR-20b, to investigate whether I could mimic the full RNA-binding protein with a minimal
structurally pre-organized peptide. Within a small library of 7 cyclic peptides, I identified a
peptide with low p-molar affinity for the miR-20b precursor. NMR titration data suggest that
this peptide specifically targets the apical loop of pre-miR-20b. My work shows that it is
possible to mimic RNA-binding proteins with designed stable peptides, which provide a

starting point for designing or evolving small peptide mimetics of RRM proteins.
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Section 2.1: Introduction

The RRM is the most abundant RNA-binding motif in eukaryotes (Venter et al., 2001).
RRM-containing proteins are involved in all aspects of post-transcriptional gene regulation,
including pre-mRNA processing, mRNA export, and stability (Maris et al., 2005). RRMs are
typically 80—100 amino acids long and fold to form a four-stranded antiparallel -sheet,
packed against two a-helices, with a split aff topology (Clery et al., 2008; Maris et al., 2005).
Despite the similarity in structure, RRMs are able to bind to a wide variety of RNAs that have
different sequences and lengths, in some cases with high affinity and specificity, although
this is most often found in proteins containing multiple domains (Afroz et al., 2015; Burd &
Dreyfuss, 1994). The versatile sequence specificity provides RRM-containing proteins with
diverse biological functions by endowing them with the ability to target many cellular RNAs
(Clery et al., 2008; Maris et al., 2005). Typically, RRM proteins recognize RNA through the
B-sheet surface, at the center of which are strands B1 and B3, which contain the conserved
signature sequences that define the domain (Clery et al., 2008; Maris et al., 2005). However,
noncanonical interactions through the a-helices (Clery et al., 2013; Tintaru et al., 2007),
protein loop (Auweter et al., 2006; Dominguez et al., 2010; Skrisovska et al., 2007), and N-
or C- terminal extensions (Clery et al., 2011; Oberstrass et al., 2005; Tsuda et al., 2009) are
also found in RRM-RNA complexes, to boost affinity or specificity of individual domains
and even to redirect RRMs to bind to proteins.

Among RNA with activity regulated by RRM proteins are miRNAs (Ha & Kim, 2014;
Krol et al., 2010), which are small noncoding RNAs of 21-23 nucleotides that play key
regulatory roles in protein expression by binding target mRNAs and inhibiting translation or
inducing mRNA degradation (Bartel, 2009; Fabian et al., 2010). The primary miRNA (pri-
miRNA), which is the long precursor of miRNA transcribed by RNA polymerases, is cleaved

by the Drosha/DGCR8 microprocessor complex in the nucleus to release the precursor
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miRNA (pre-miRNA), a 60-70 nt stem-loop embedding the mature miRNA. The pre-miRNA
is then cleaved into about 22 nt miRNA:miRNA* duplexes by the RNAselll enzyme Dicer in
the cytoplasm, from which the mature miRNA is loaded onto the RNA-induced silencing
complex (RISC) to guide the repression of target mRNAs. Several RRM proteins regulate
miRNA processing by binding at or near the apical region of the stem-loop precursors
species, which is common to both pre- and pri-miRNAs (Michlewski et al., 2008; Newman et
al., 2008), including the highly conserved Rbfox2 RRM, which inhibits the maturation of
miR-20b and miR-107 by binding to the terminal loop of the precursor miRNAs (Chen et al.,
2016).

Rbfox proteins are tissue-specific alternative splicing factors (Auweter et al., 2006; Jin
et al., 2003; Kuroyanagi, 2009), and include three family members in mammals with nearly
identical N-terminal RRMs: Rbfox1(A2BP1), Rbfox2(RBM?9), and Rbfox3(NeuN)
(Kuroyanagi, 2009). The RRM of Rbfox proteins targets RNA specifically through the
conserved (U)GCAUG element, a well-known cis element for the regulation of alternative
splicing (Auweter et al., 2006; Jin et al., 2003), which is also found in the apical loop of the
two miRNA precursors targeted by Rbfox2 (Chen et al., 2016). Through this interaction, the
Rbfox2 RRM inhibits the processing of the two pri-miRNAs in vitro and in mammalian cells
(Chen et al., 2016). The downregulation of miR-20b by Rbfox2 increases the expression of
downstream targets (Zhou et al., 2014), such as the tumor suppressor phosphatase and tensin
homologue (PTEN) (Chen et al., 2016). Conversely, upregulation of miR-107 by knocking-
down Rbfox2 decreases the expression of Dicer protein (Chen et al., 2016); a downstream
target of miR-107 (Li et al., 2015; Martello et al., 2010; Ristori et al., 2015).

The structure of the complex of Rbfox2 RRM and pre-miR-20b was determined by
nuclear magnetic resonance (NMR) spectroscopy (Figure 2.1) (Chen et al., 2016). In the

complex, three base pairs in the apical stem immediately below the loop open up, drastically
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enlarging the size of the terminal loop. The B2B3 hairpin inserts into the opened-up terminal
loop of pre-miR-20b, anchoring the RNA loop-helix junction against the protein surface.
Inspired by this structure, I designed a small set of short cyclic peptide mimics of the f233
and investigated whether it was possible to mimic the core of recognition elements of RRM
proteins with a minimal peptide and target pre-miR-20b.

In addition to the intrinsic interest in protein engineering and evolution of RNA-binding
protein, which might have emerged from much smaller B-hairpins by subsequent duplication
and fusion, peptides provide much more advantageous starting points to discover miRNA
inhibitors (Craik et al., 2013), an attractive prospect since mis-expression of miRNAs is
observed in many human diseases (Croce, 2009; Ha & Kim, 2014; Im & Kenny, 2012), often
as a result of post-transcriptional mis-regulation of their maturation. Peptides potentially
combine the specificity and binding activity of proteins, but are smaller in size and cheaper to
manufacture and deliver (Craik et al., 2013). A peptidic miR-21 processing inhibitor was
discovered and reported in (Sakamoto et al., 2017). Compared to linear peptides, cyclic
peptides have better binding affinity, specificity and stability due to conformational rigidity
and are less susceptible to proteolysis within cells and organisms (Gongora-Benitez et al.,
2014).

Cyclic peptides mimic of Arginine-rich domain proteins that potently disrupt the HIV
TAR RNA-Tat protein interactions have been discovered in the Varani group (Athanassiou et
al., 2004; Athanassiou et al., 2007; Davidson et al., 2009; Lalonde et al., 2011), and a peptide
mimic of an RRM stabilized by a perfluoroaryl side chain linkage was discovered through
evolution and selection (Belashov et al., 2018). I wished to use a similar design strategy with
the Rbfox RRM2, but unlike the Tat protein, which forms a short B-hairpin that can
immediately be mimicked by cyclic peptides, RRM proteins such as Rbfox2 are much larger

and have complex structures. By mimicking the 283 hairpin of Rbfox2 based on the
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structure of Figure 2.1, I discovered a cyclic peptide mimetic of this protein which selectively
binds to pre-miR-20b with a dissociation constant (Kd) ~50 uM, and opens the way for the

optimization of this new peptide by rational design and genetic selection.
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Section 2.2: Result

Section 2.2.1: Peptide Design

Cyclic B-hairpin peptides were designed to mimic the f2B3 hairpin in the Rbfox2 RRM
structure (Figure 2.1B). This part of the protein forms a B-hairpin in all RRMs, and amino
acids from it, including both the strands and intervening loop, are often involved in sequence-
specific RNA recognition. For example, the specificity of U1A and U2B’’ proteins can be
switched by swapping 2 among the two proteins (Price et al., 1998). Given its role in
sequence-specific RNA recognition, we sought to mimic these hairpins with synthetic
peptides, cyclized to form a stable B-hairpin with a sequence and structure matching those of
the $2f3 hairpin of Rbfox2. We reasoned that the peptide would retain some of the activity of
the complete protein, and that full activity could later be restored by further cycles of design
and/or selection.

To provide proof of principle that this goal can be achieved, seven cyclic peptides were
designed (Table 2.1) varying in length (14, 16 and 18 residues), as was originally done when
mimicking the BIV Tat protein (Athanassiou et al., 2004). It was later found that despite the
14-amino-acid-long cyclic peptide would be more stable, the 16-amino-acid-long cyclic

peptides mimic the protein structure best, as described herein. The PPro-'Pro type IIf -turn

was introduced into all sequences to promote -hairpin formation (Athanassiou et al., 2004).
The B2B3 loop in Rbfox2 RRM is composed of Asnl51, Glul52, Argl53 and Gly154. We

transplanted this loop and part of the B2 and 3 strands onto the type IIf ’-turn to mimic the

RNA interacting segment observed in Rbfox2-RNA structure (Figure 2.2). Direct
transplantation of residue 148-159 and 146-161 from Rbfox2 RRM generate cyclic peptides
CPfox1 and CPfox3, respectively. The rest of the peptides are designed rationally. The basic
side chain of residue 156 provides a salt bridge interaction to the RNA backbone (Maris et

al., 2005); therefore, Lys or Arg were used in position 11 in CPfox peptides. Aromatic
67



residues on strand B3 (Phe158 and Phe160) which often interact with the RNA sugar in
RRM/RNA interactions (Clery et al., 2008; Maris et al., 2005) were left unchanged in all
mimetic peptides (position 13 and 15). Gly residues on strand 2 were substituted with Arg in
CPfox2 and CPfox4-7 (positon 12 and/or 14) to increase B-sheet propensity and solubility
and to rigidify the structure. Position 2 in CPfox5-7 was changed into Lys to increase the
basicity of peptide. for the same reason, position 5 in CPfox6 was changed into Arg. Finally,
in CPfox7, the Glu in the center of the RNA interacting loop (position 7) was mutated to Gln

to remove the acidic side chain while retaining side chain size and hydrophilicity.

Section 2.2.2: Structure of the Peptides

The ability of peptides to bind the target RNA is highly affected by their structure.
Folded peptides which pre-organize the interacting groups often give better binding affinity
and specificity than unfolded peptides. Thus, we investigated the structure of each peptide
mimetic in aqueous solution by NMR spectroscopy to confirm their rigidity. 1D and 2D
NMR spectra, including 1H NOESY, TOCSY and natural abundant HSQC spectra, were
obtained for all but peptide CPfox3, for which 2D spectra could not be recorded because of
its low solubility in water.

The 1D and 2D '"H NMR spectra of CPfox1 show that the peptide is unfolded (Figure
2.3 and 2.4), as revealed by the narrow diversion of HN peaks and multiple conformations are
present in exchange, as revealed by the broad peak shape. In contrast, the spectra of CPfox2
demonstrate formation of a highly stable B-hairpin structure (Figure 2.3 and 2.5). The HN
peaks are widely dispersed, and most of the *Jun-Hq constants for residues within the putative
B-strands are >9.0 Hz, as expected for a B-sheet structure. In addition, many intra-strand and
cross-strand NOE signals expected for -sheet structures are observed in the NOESY

spectrum of CPfox2. For CPfox3, the 1D 1H NMR spectra show a moderate dispersion of
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HN peaks, suggesting a less stable B-hairpin structure compared to CPfox2 (Figure 2.3).
Unfortunately, no 2D NMR information could be collected for CPfox3 because of its low
solubility. The 1D and 2D NMR spectra show that 16-mers CPfox4-7 have [-sheet structure
(Figure 2.3 and 2.6-2.9). The dispersed HN peaks and B-sheet NOE signals found in 2D
NOESY spectra of these peptides indicate the formation of B-hairpin. However, the
observation of fewer cross-strand NOEs and moderate dispersion of HN peaks, compared to
CPfox2, suggests that the B-hairpins are moderately structured or perhaps experiencing
conformational exchange. This is not inconsistent with their length, less favorable than the
14-residue sequences of CPfox2 for B-hairpin formation.

Altogether, the NMR studies demonstrate that CPfox1 and CPfox2 are fully unfolded
and folded peptides, respectively, while the rest of the peptide mimetics fold into moderately
stable B-hairpins.

Structure calculations were performed for CPfox2 and CPfox4-7 using NOE-derived
restraints (see Section 2.4.4). The results are shown in Figure 2.10 and summarized in Table
2.2. The 10 lowest structures converge well for each peptide, with no NOE restraint violation
greater than 0.2 A and high structural definition. The backbone RMSD values of the 5
calculated peptide structures are all between 1.0 and 1.4 A (Table 2.2).

The calculations confirm that the 14-mer CPfox2 is a highly structured antiparallel 3-

hairpin with type-1I and type-11B "-turns at each end of the hairpin (Figure 2.10A). However,

the hydrogen-bonding residues observed in the structure of this peptide differ from those
observed in the Rbfox2 RRM protein, suggesting that CPfox2 is a very poor structural mimic
of B2B3 in Rbfox2. Namely, residue Ilel, Phe3, Glu5, Ser8, Argl0 and Argl2 are hydrogen-
bonded across the B-strand, while the corresponding residues in Rbfox2 RRM are not. As a
consequence, the side chains in the peptide point in the opposite direction compared to the

corresponding residue in the Rbfox2 RRM (Figure 2.11A). We encountered a similar
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problem with BIV Tat and were unable to simply transplant the BIV ARM sequence onto a
DPro-LPro template, but had instead to changes the sequence to mimic the peptide structure
observed in the complex with RNA (Athanassiou et al., 2004).

The structure calculation of CPfox4 revealed a less structured -hairpin compared to
CPfox2 (Figure 2.10B), with a longer and more flexible loop. However, this 16-mer peptide
presents the same hydrogen-bonding residues and side chain geometry as Rbfox2 RRM
(Figure 2.11B). The structures calculated for the other 16-mer peptides also showed the side
chain geometry observed in the Rbfox2-RNA structure, suggesting that 16-mer peptides can
mimic the B2B33 hairpin of the Rbfox2 RRM, while 14-mer peptides cannot because of

intrinsic structural preferences induced by the PPro-"Pro turn. Among all 16-mers, both

CPfox4 and CPfox7 possess a flat round loop (Figure 2.10B and E), while the loops of

CPfox5 and CPfox6 are more structured (Figure 2.10C and D).

Section 2.2.3: Peptide Binding to Pre-miR-20b

Electrophoretic mobility shift assays (EMSA) were used to test the interaction between
the peptide mimetics and pre-miR-20b RNA. Among the designs, none of the 14- or 18-mer
peptides (CPfox1-3) showed any detectable binding (Figure 2.12) at concentrations of 200-
500 uM. This is not in retrospect surprising, once the structures of the peptides are analyzed,
since these are poor structural mimetic of the 23 hairpin of Rbfox2, with different cross-
strand hydrogen bonding pattern and therefore different displays of amino acid side chains to
the RNA. CPfox5 and CPfox6 bind to RNA, but the interactions appear to be non-specific,
since it can be significantly reduced when binding assays are carried out in the presence of
250-fold excess of competitor tRNA (Figure 2.12 and 2.13). However, peptidomimetics
CPfox4 and CPfox7 show binding to pre-miR-20b in the presence of competitor tRNA
(Figure 2.12), albeit with a relatively weak apparent Kd of ~50 uM for CPfox4 and weaker
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for CPfox7. However, EMSA measurements are not accurate at this Kd because of the fast
exchange between the bound and free forms of the RNA on the gels; as a result, the binding
band of CPfox7/pre-miR-20b was broadly distributed in the lane (Figure 2.14). Precipitations
were also observed in both CPfox4/pre-miR-20b and CPfox7/pre-miR-20b mixture when the

peptide concentration is above 100 uM. It is therefore very likely that the Kd’s are

underestimated.

Section 2.2.4: NMR studies of peptide-RNA interaction

The interaction between pre-miR-20b and CPfox4 and CPfox7 were further
investigated by NMR titration experiments. 1D '"H NMR spectra of pre-miR-20b RNA with
increasing amounts of CPfox4 or CPfox7 were recorded (Figure 2.15 and 2.16). Some peaks
shifted and broadened when the concentration of peptide increased, confirming binding as
observed by EMSAs, while some of the peaks remained unchanged during the titration,
indicating that the interaction occurs at a specific site on the RNA.

2D TOCSY spectra of free RNA and the CPfox4/RNA complex (at 2.5:1 ratio) were
also recorded (Figure 2.17). The peak corresponding to the C30 H5-H6 resonances in pre-
miR-20b, a nucleotide in the RNA apical loop, shifts significantly after the addition of
CPfox4 peptide. The H5-H6 resonance peaks of U25, U26 and U36, which are immediately
below the apical loop (Figure 2.1), shift as well. The result suggests a direct interaction
between the peptide and this RNA apical loop.

On the other hand, only weak changes in chemical shifts were found in the TOCSY
spectrum of CPfox7/RNA (2.5:1 ratio) mixture (Figure 2.18). Direct interactions between
pre-miR-20b apical loop and CPfox7 were not observed by NMR, though this might be due

to the more limited solubility and weak affinity of this peptide.
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Section 2.3: Discussion

RRM protein recognize RNAs through a variety of binding modes (Afroz et al., 2015;
Clery et al., 2008), but most use the large relatively featureless B-sheet surface; thus, it is
difficult to mimic RRM/RNA binding with small molecules for the purpose of therapeutic
RNA targeting. However, peptide analogues that mimic key protein structural elements can
provide specific and potent therapeutic leads; for example, a -helical regions of DNA-binding
proteins can be mimicked with stapled peptides (Frank et al., 2014), whereby the stapling
stabilizes the a-helical structure that is necessary for recognition. Since the 283 hairpin and
its intervening loop often provides critical contacts in RRM-RNA complexes, we reasoned
that it might be possible to use cyclic B-hairpin peptides to mimic the binding activity of the
much larger complete domain. We used the Rbfox2 RRM and its interaction with the pre-
miR-20b RNA as a starting point for design, in part because this protein binds to a structured
RNA, which would make it more likely to observe direct binding compared to single stranded
RNA targets recognized by other RRMs, including Rbfox2 binding to splicing signals.

Based on the structure of Rbfox2 RRM/pre-miR-20b complex, I designed peptide
mimetics of B2p3 hairpin, tested their folding with NMR and measured binding affinities by
EMSA gel shift assays. The first synthetic peptide mimetic of the 233 hairpin in Rbfox2
RRM was a straightforward transplant of residues Ile148-Gly159 of Rbfox2 onto a hairpin-
inducing PPro-'Pro template (Table 2.1). By pre-structuring the mimetic peptide into a
conformation close to that observed the bound complex with the templating amino acids, I
expected to favor binding by reducing entropic losses associated with peptide folding from an
unstructured state (Athanassiou et al., 2004). However, the resulting design, CPfox1, does not
adopt a B-hairpin conformation, most likely because of the high Gly-content of the sequence,

which introduces excessive conformational flexibility.
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In order to improve the stabilities of the design, two different strategies were adopted.
The first was replacing Gly residues with Arg, which were introduced to improve the -sheet
propensity and its solubility and potentially provide improved binding to RNA. The resulting
mimetic CPfox2 forms a stable -hairpin structures in aqueous solution (Figure 2.10A), but
failed to bind to RNA. Structural analysis revealed that the side chains in this peptide point in
a direction opposite to that observed in the Rbfox2 RRM (Figure 2.11A). This occurs because

the (PPro-"Pro) template forms a type-II B-turn, which dictates the conformation of the rest of

the peptide, making residue 1, 3, 5, 8,10 and 12 form cross-strand backbone hydrogen bonds.
The corresponding residues in Rbfox2 RRM are non-hydrogen-bonding residues instead.
When we elongated the B-strand by four amino acids, to provide more cross-strand hydrogen
bonds, the resulting CPfox3 peptide is better structured than CPfox1, but has low solubility in
water and could not be fully analyzed by NMR.

This situation was also encountered when we first transplanted the sequence of BIV Tat
onto the template to mimic the BIV Tat-TAR complex (Athanassiou et al., 2004). In that
case, it was necessary to mimic the structure of the peptide, not just its sequence, to observe
any binding. Based on the structure of CPfox2, we synthesized 16-mer peptide mimetics
rather than 14-mers to restore the hydrogen bonding pattern observed in the complex. It is
well-known that the length of cyclic peptide influences the stability of B-hairpin structures
(Gibbs et al., 1998). Cyclic peptides with 4n+2 residues form more stable -hairpins
compared to those with 4n residues. Thus, it is not surprising that CPfox4-7, 16-mer cyclic
peptides, are all less structured than the 14-mer CPfox2 from which they originate. However,
by increasing the peptide length by 2 residues and placing the turn in phase with the correct
residues, the side chains of the 16-mer peptides adopt conformations consistent with the 233

hairpin within Rbfox2 RRM (Figure 2.11B). Mid-uM binding to the pre-miR-20b RNA was

observed for two of these peptides (CPfox4 and CPfox7), although their Kd couldn’t be
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accurately measured by EMSA due to the fast exchange of the complex and limited solubility
under high peptide concentration (>100uM).

CPfox4 with a flat and flexible loop, corresponding to the B233 loop in the Rbfox2
RRM, binds to pre-miR-20b best among all peptidomimetics. Flexibility can help improve
the RNA binding affinity by allowing direct interactions through conformational adaptation
(Leulliot & Varani, 2001). The flexibility in the peptide loop can thus help improve its
binding to RNA, particularly in the initial phases of design when binding is expected to be
weak and interactions sub-optimal. Consistent with this hypothesis, CPfox5 and CPfox®,
which possess a more structured loop than CPfox4, only bind to RNA non-specifically
(binding activity is abrogated in the presence of excess tRNA). Thus, the structure and
binding results support the hypothesis that flexibility in the binding loop facilitates binding,
yet a pre-structured B-hairpin is required for the interaction to occur, presenting each amino
acid in the correct orientation with respect to the RNA stem-loop.

When the binding between pre-miR-20b and CPfox4 was examined by NMR, gradual
peak shifts were observed in 1D '"H NMR spectra upon addition of the peptides, suggesting
that the bound form of pre-miR-20b is in fast exchange with the free form, consistent with the
mid-puM affinity observed by EMSA. In addition, the TOCSY spectra showed that the peaks
of four nucleotides located in the apical loop shifts significantly after the addition of CPfox4
(Figure 2.17). The peak shift of C30 indicates a direct interaction between the RNA apical
loop and the peptide also observed in the structure of Rbfox2 RRM bound to pre-miR-20b
(Figure 2.19).

Although CPfox4 is basic, the interaction with RNA is not simply the result of non-
specific electrostatics. First of all, the binding affinity of CPfox7 is weaker than CPfox4,
although CPfox7 is more positively charged; second, CPfox4 cannot be competed away by

tRNA. To further confirm the specificity of CPfox4 binding to pre-miR-20b, an EMSA
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experiment with CPfox4 and HIV TAR was conducted and no binding was detected (Figure

2.20), despite the RNA’s similar size, secondary structure and loop size. Binding between

CPfox4 and mutant pre-miR-20b (C30A), and between mutant CPfox4 (cyclo-
EINFNEAGSKRFRFpP) and pre-miR-20b were also examined. By mutating the Cytosine in
RNA or Arginine in peptide involved in the interacting interface (Figure 2.19), the CPfox4
and pre-miR-20b binding affinity is erased (Figure 2.21).

The results presented here demonstrate the successful mimicking of a full RNA-binding
protein domain with a small cyclic peptide, and adds a second approach, beyond direct
evolution, to generate small peptide mimics of relatively large RRM proteins (Belashov et al.,
2018). We created a specific, although weak binder for the pre-miR-20b apical loop by
grafting the sequence of the B233 loop of RBfox2 RRM onto a B-hairpin promoting template,
and ensuring through the design that the correct amino acid side chains are exposed to the
RNA. In the Rbfox2 RRM and in many such proteins, residues within 1, the Blal loop and
the C-terminal loop also interact with RNA, creating a large interface (Figure 2.1). Thus, it is
not surprising that affinity is decreased 3 orders of magnitude, since we have discarded half
of the interacting functional groups in the interface and disrupted a stable protein fold.
Clearly, this peptide represents a starting not a final point for the successful design of more
potent and specific peptides, as we did successfully with the BIV and HIV TAR RNAs, by
using structure-based peptide design (Athanassiou et al., 2004; Athanassiou et al., 2007;
Davidson et al., 2009) or evolution/selection methods (Belashov et al., 2018). This work also
showed the possibility of structure-based design strategy of RNA-binding ligands. By
understanding the crucial interactions between a protein and RNA, we can mimic the binding
interface with properly designed peptides. Due to the more powerful X-ray crystallography
and NMR instrumentation, an increasing number of protein-RNA structures are available in

the Protein Data Bank (PDB) Thus, more potential RNA-binding peptides can be discovered
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with a better understanding of protein-RNA interactions. The discovery of CPfox peptides
might provide leads for the development of miRNA maturation inhibitors, and proof of
principle that even complex interfaces as observed between RRMs and RNA can be

mimicked by much smaller peptide structures.
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Section 2.4: Materials and Methods

Section 2.4.1: Peptide Synthesis

Peptides were synthesized by solid phase peptide synthesis using Fmoc chemistry
(Athanassiou et al., 2004; Fields & Noble, 1990). Resin and protected amino acids were
purchased from AappTec and P3 Biosystems. Arg(Pbf)-preloaded 2-chlorotrityl resin was
used for the synthesis. Linear peptide synthesis was performed on a Liberty BlueTM
automated microwave peptide synthesizer with DMF as the solvent. Piperidine (20% in
DMF) was used for deprotection, and DIC/Oxyma for coupling. The linear precursor was
cleaved from the resin with 5% acetic acid in DCM for 2 hours. Cyclization was performed
with 6 equivalents of PyAOP/HOAt and 2,4,6-trimethylpyridine in DMF solution, and
progress was monitored by HPLC. The peptide was then treated with
TFA/triisoproprylsilane/H20 (95:2.5:2.5) solution for 2 hours for side-chain deprotection.

Cyclic peptides were purified by reverse phase HPLC with a semi-preparative C18
column. The gradients were from 7.5% to 100% isopropanol in H20 with 0.1% TFA and 5%
to 100% Acetonitrile in H>O with 0.1% TFA. Each peptide showed a single peak (>95%
purity) in HPLC. The identity of all peptides was confirmed with Bruker Esquire Ion Trap

mass spectrometry. HPLC and mass spectrometry data are shown in Figure 2.22-2.28.

Section 2.4.2: RNA Preparation and Binding Assays

Pre-miR-20b RNA (G19 to C41) was prepared by in vitro transcription with in-house
purified T7 RNA polymerase with a commercially synthetic oligonucleotide template (IDT)
(Beckert & Masquida, 2011; Milligan et al., 1987). The RNA oligonucleotides were purified
by denaturing polyacrylamide gel electrophoresis (PAGE), electroeluted and concentrated by

ethanol precipitation.
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In order to prepare labeled RNA for binding assays, purified RNA was 5’-

dephosphorylated with Calf Intestinal protein (CIP) then re-phosphorylated with [y-3?P]-ATP
and T4 polynucleotide kinase. RNA was annealed and snap cooled before use. Peptide and
RNA were incubated in buffer containing 12.5 mM Tris-HCI (pH 7.4), 12.5 mM KCl, 250-
fold excess tRNA, and 0.25% Triton X-100 for 30 minutes. The samples were loaded onto
12% native polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4 W for
2 hours. Dried gels were exposed to a phosphor imaging plate and scanned by GE Typhoon

FLA 9000 gel imager.

Section 2.4.3: NMR Binding Studies

NMR titration experiments were performed on Bruker DRX 500 MHz or Avance 111
600 MHz spectrometer, equipped with cryocooled probes. Free RNA samples were prepared
at a concentration of 200 uM in 10 mM phosphate buffer (pH 6.5, H2O:D20=9:1). The 1D
1H NMR spectra at different ratios of peptide to RNA (0:1, 0.25:1, 0.5:1, 1:1, 1.5:1, 2:1,
2.5:1) were collected. The 2D TOCSY spectra were collected for free RNA and peptide/RNA

(2.5:1) sample. All spectra were collected at 5 °C unless specified.

Section 2.4.4: NMR Spectroscopy and Structure Determination

Peptide samples at a concentration of 2-5 mg/mL were prepared in HO:D,0 (9:1) 10
mM phosphate buffer at pH 6.5. 1D and 2D NMR spectra were collected on Bruker DRX 500
MHz or Avance III 600 MHz spectrometer equipped with cryo-cooled probes. 2D NMR data
(TOCSY, NOESY, HSQC) were processed with TOPSPIN (Bruker) and analyzed in
NMRFAM-SPARKY (Lee et al., 2015). Two mixing time (100 ms and 300 ms) were used

for 2D 'H NOESY spectra to assist quantitative evaluation of internuclear distances.
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Peptide structures were calculated with Xplor-NIH using torsional angle dynamics and
simulated annealing from a starting peptide template generated with randomized torsion
angles (Schwieters et al., 2003). Interproton distance restraints were derived from NOE peaks
in 2D '"H NOESY spectra and sorted into strong (2.5 + 0.7 A), medium (3.5 = 1.2 A) and
weak (4.5 = 1.5 A) bins based on relative peak intensities. For each peptide, 200 structures
were calculated and 10 structures with the lowest energy were selected for analysis from the

population of converged structures.
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Figure 2.1. (A) The NMR structure of the complex of Rbfox2 RRM protein and pre-miR-20b
RNA. (B) A closer look into the Rbfox2 RRM and pre-miR-20b interface (Chen et al., 2016).
(PDB: 2N82) The 23 loop mimicked in our designed cyclic peptides is colored in magenta

in both images.
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Figure 2.2. Illustration of CPfox1 cyclic peptide design. Residues 148-159 of the Rbfox2
RRM, including the B2p3 hairpin, are transplanted onto the DPro-LPro template to generate a
cyclic peptides structure that presents the same amino acids in the apical loop. Subsequent

designs are based on this simple transplant.
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Figure 2.3. Overlay of 1D NMR spectra of cyclic peptide mimics. The narrow diversion of
HN peaks and broad peak shape of CPfox1 show that the peptide is unfolded; the widely
dispersed HN peaks of CPfox2 suggest that the peptide forms highly structured B-hairpin; the
moderate dispersion of HN peaks of CPfox3-7 suggest that the peptides form less stable 3-

hairpin structure compared to CPfox2.
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Figure 2.4. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox1. Main chain

Ho-HN and HN-HN NOE assignments are shown.
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Figure 2.5. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox2. Main chain

Ho-HN and HN-HN NOE assignments are shown.
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Figure 2.6. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox4. Main chain

Ho-HN and HN-HN NOE assignments are shown.
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Figure 2.7. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox5. Main chain

Ha-HN and HN-HN NOE assignments are shown.
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Figure 2.8. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox6. Main chain

Ha-HN and HN-HN NOE assignments are shown.
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Figure 2.9. HN-Ha and HN-HN regions of the 2D NOESY spectra for CPfox7. Main chain

Ha-HN and HN-HN NOE assignments are shown.
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Figure 2.10. Superposition of the 10 NMR structures of lowest energy for (A) CPfox2, (B)
CPfox4, (C) CPfox5, (D) CPfox6 and (E) CPfox7. In each image, the 283 loop mimic is on

the left, and the PPro-Pro template on the right.
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Figure 2.11. Superposition of (A) the NMR structure of CPfox2 (lowest energy, green) and
Rbfox2 RRM B2B3 (grey) and (B) the structure of CPfox4 (lowest energy, cyan) and Rbfox2

RRM 23 (grey). Amino acid side chains are represented as spheres.
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Figure 2.12. EMSA of Rbfox2 peptide mimetics binding to pre-miR-20b. Various
concentration of peptide and 30 nM RNA were incubated in Tris buffer (pH7.4) containing
250-fold excess tRNA, and 0.25% Triton X-100 for 30 minutes. The samples were loaded
onto 12% native polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4
W for 2 hours. The decreases of band intensity observed above 100 uM are because of the

limited solubility the peptides.
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Figure 2.13. EMSA of CPfox5 and CPfox6 binding to pre-miR-20b in the absence of
competition tRNA. Various concentration of peptide and 30 nM RNA were incubated in Tris
buffer (pH7.4), and 0.25% Triton X-100 for 30 minutes. The samples were loaded onto 12%
native polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4 W for 2

hours.
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Figure 2.14. EMSA of CPfox7 binding to pre-miR-20b. Various concentration of peptide and
30 nM RNA were incubated in Tris buffer (pH7.4) containing 250-fold excess tRNA, and
0.25% Triton X-100 for 30 minutes. The samples were loaded onto 12% native
polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4 W for 2 hours.
The broadly distributed binding band of CPfox7/pre-miR-20b implies the fast exchange

between the bound and free forms of the RNA on the gel.
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Figure 2.15. 1D 'H NMR titration pre-miR-20b RNA with CPfox4. Peptide and RNA ratios
are 0:1 (black), 0.25:1 (red), 0.5:1 (dark green), 1:1 (purple), 1.5:1 (brown), 2:1 (orange),

2.5:1 (green). The spectrum of free CPfox4 is shown in blue.
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Figure 2.16. 1D "H NMR titration pre-miR-20b RNA with CPfox7. Peptide and RNA ratios
are 0:1 (black), 0.25:1 (red), 0.5:1 (dark green), 1:1 (purple), 1.5:1 (yellow), 2:1 (orange),

2.5:1 (green). The spectrum of free CPfox7 is shown in blue.

102



7.8 76 7.4 7.2

4.8 i i i i 4.8
5.0 5.0

| Ura36 Cyta1 I

T ] 3 i
g 5.2 52
= = Ura25 :

P | i
° 5.41 -5.4
5.6 5.6

7.8 7.6 ‘ 7.4 7.2
®,-H (ppm)

Figure 2.17. 2D TOCSY spectra of free pre-miR-20b (blue) and CPfox4/pre-miR-20b (2.5:1)

mixture (red). Peaks of U25, U26, C30 and U36 shift after the addition of CPfox4.
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Figure 2.18. 2D TOCSY spectra of free pre-miR-20b (blue) and CPfox7/pre-miR-20b (2.5:1)

mixture (red).
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Figure 2.19. The interface between Rbfox2 RRM 23 loop and pre-miR-20b has C30 in the

center, in direct contact with the amino acid side chains of the protein (PDB:2N82).
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Figure 2.20. EMSA of CPfox4 binding to HIV TAR RNA. Various concentration of peptide
and 30 nM RNA were incubated in Tris buffer (pH7.4) containing 250-fold excess tRNA, and
0.25% Triton X-100 for 30 minutes. The samples were loaded onto 12% native

polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4 W for 2 hours.
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Figure 2.21. EMSA of (A) CPfox4 binding to mutant pre-miR-20b (C30A) and (B) mutant
CPfox4 (cyclo-EIIFNEAGSKRFRFpP) binding to pre-miR-20b. Various concentration of
peptide and 10 nM RNA were incubated in HEPES buffer (pH7.2) containing 250-fold
excess tRNA, and 0.25% Triton X-100 for 30 minutes. The samples were loaded onto 12%
native polyacrylamide gel in 0.5X TBE buffer and electrophoresed at 300 V and 4 W for 2

hours.
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Figure 2.22. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox1. The exact

mass of CPfox1 is1499.79. [MH']= 1500.67, [MH,?"]= 751.45 were observed.
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Figure 2.23. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox2. The exact

mass of CPfox2 is 1697.95. [MH»*"]= 850.46, [MH3*"]= 567.57 were observed.
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Figure 2.24. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox3. The exact
mass of CPfox3 is 1974.04. [MH*]= 1975.96, [MH2**]= 988.55, [MH3*']= 660.51 were

observed.
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Figure 2.25. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox4. The exact

mass of CPfox4 is 1974.06. [MH,*"]= 988.55, [MH3*"]= 659.74 were observed.
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Figure 2.26. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox5. The exact

mass of CPfox5 is 1902.04. [MH*]= 1903.75, [MH»?>*]=952.51, [MH3*"]= 636.49 were

observed.
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Figure 2.27. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox6. The exact

mass of CPfox6 is 1911.07. [MH*]= 1912.86, [MH2*']= 956.98, [MH3*']= 638.92 were

observed.
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Figure 2.28. Chromatogram and mass spectrometry (ESI-ion trap) of CPfox7. The exact

mass of CPfox7 is 2000.13. [MH2?*]= 1001.54, [MH3**]= 668.83 were observed.
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Table 2.1. Amino acid sequence of Rbfox2 RRM (residue 146-161) and all 7 CPfox mimetic

peptides @-®1©)
Position
Peptide/Protein
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Rbfox2(146-161) V E | | F N E R G S K G F G F V
CPfox1 I I F NE R G S K G F G p P
CPfox2 I I F NE R G S K R F R p P
CPfox3 v E I I F N E R G S K G F G F V p P
CPfox4 E 1 I F N E R G S KR F R F p P
CPfox5 K 1 I F N E R G S R G F R F p P
CPfox6 K 1 I R N E R G S R G F R F p P
CPfox7 K 1 I FNQRGSIRWRFRF p P

(a) All peptides are cyclized following synthesis, as described in the methods section.
(b) The lower-case p represents °Pro.
(c) Residues corresponding to the 233 loop in the Rbfox2 RRM are underlined.
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Table 2.2. Experimental restraints and structural statistics for the 10 lowest energy structures

of CPfox mimetic peptides.

CPfox2 CPfox4 CPfox5 CPfox6 CPfox7

No. of NOE-derived

restraints 167 131 220 183 158
intraresidue 85 70 119 113 94
sequential 51 43 63 43 36
gegii‘f}n ;g;lge 24 7 27 18 19
long range (i-j < 6) 7 11 11 9 9
No. of NOE violation

number (> 0.2 A) 0 0 0 0 0
maximum (A) 0 0 0 0 0
mean RMSD value (A)

1.89 2.30 2.08 2.26 2.16
all heavy atoms 046 040 060 085  0.18
backbone atoms 1.00 1.39 1.06 1.29 1.29

+0.34 +0.21 +0.38 +0.49 +0.22
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Chapter 3

Structure of the Dengue Virus RNA Promoter

Abstract

Dengue virus, a single-stranded positive sense RNA virus, is the most prevalent
mosquito-borne pathogen in the world. Like all RNA viruses, it uses conserved structural

elements within its genome to control essential replicative steps. A 70 nucleotides stem-loop

RNA structure (called SLA) found at the 5’-end of the genome of all flaviviruses, functions as

the promoter for viral replication. This highly conserved structure interacts with the viral
polymerase NS5 to initiate RNA synthesis. Here I report the NMR structure of a monomeric
SLA from Dengue virus serotype 1, assembled to high-resolution from independently folded
structural elements. The DENV1 SLA has an L-shape structure, where the top and side
helices are coaxially-stacked and the bottom helix is roughly perpendicular to them. Because
the sequence is highly conserved among different flavivirus genomes, it is very likely that the
three-dimensional fold and local structure of SLA are also conserved among flaviviruses and
required for efficient replication. This work provides structural insight into the Dengue
promoter and provides the foundation for the discovery of new antiviral drugs that target this

essential replicative step.
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Section 3.1: Introduction

Flaviviruses such as dengue (DENV), West Nile (WNV), yellow fever (YFV) and Zika
virus (ZIKV), cause severe human diseases. Among them, Dengue fever is the most prevalent
mosquito-borne viral disease in humans (Clyde et al., 2006; Gubler, 2006). It is estimated that
up to 400 million people become infected with it each year (Murray et al., 2013). Any of the
four dengue serotypes (DENV1 to DENV4) can produce clinical symptoms ranging from a
flu-like syndrome to the severe and even fatal Dengue hemorrhagic fever (Clyde et al., 2006;
Gubler, 2006). Despite the significant impact of dengue infection on human health, effective
vaccines are not yet available after > 70 years of efforts (Dyer, 2017), and small molecule
treatment is only beginning to show promise (Lin et al., 2017; Raut et al., 2015; Saleem et al.,
2019).

Dengue, like all flaviviruses, is a single-stranded positive sense RNA virus with a

genome of about 11 kb, with a 5’-type I cap but without a polyadenylated tail (Colavita et al.,

2020; Dang et al., 2020; Kamau et al., 2019; Pascalis et al., 2020; Selisko et al., 2014). The
viral genome encodes a long polyprotein which is subsequently processed by both host and
viral proteases to generate 10 mature viral proteins. Three structural proteins, Capsid (C),
Envelop (E), and prM, assemble new viral particles, while seven non-structural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are responsible for viral RNA replication
(Garcia-Blanco et al., 2016; Klema et al., 2015; Mazeaud et al., 2018; Neufeldt et al., 2018;
Ng et al., 2017). The NS5 protein consists of an N-terminal methyltransferase (MTase)
domain which is involved in capping, and a C-terminal RNA-dependent RNA polymerase
(RdRp) domain which is responsible for RNA synthesis (Ferrer-Orta et al., 2006; Neufeldt et
al., 2018; Yap et al., 2007; Zhao et al., 2015).

The coding sequence is flanked by 5’- and 3’-UTRs which contains highly conserved

cis-acting RNA elements that are important for translation of viral proteins, RNA synthesis,
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encapsidation, and genome dimerization (Gebhard et al., 2011; Ng et al., 2017). In particular,

the highly conserved stem-loop A (SLA) in the 5’-UTR, close to the 5’-end of the genome,

functions as a ‘promoter 'for the NS5 protein to initiate minus-strand synthesis (Choi, 2021;

Filomatori et al., 2011; Gebhard et al., 2011). The interaction between SLA and NS5 is
critical for RNA synthesis and was confirmed to be direct by biochemical studies; removal of
SLA and mutation of certain nucleotides drastically decreases RNA replication (Filomatori et
al., 2006; Lodeiro et al., 2009). Consistent with its essential functional role, the sequence and
secondary structure of the SLA are highly conserved (Figure 3.1).

The current model for DENV RNA synthesis involves cyclization of the genome,

mediated by long-range RNA-RNA interactions through inverted complementary sequences

near the opposite ends of the RNA, which position the 5’- and 3’-UTRs in close proximity

(Alvarez, Lodeiro, et al., 2005; Filomatori et al., 2011; Filomatori et al., 2006; Villordo et al.,

2010). This interaction allows the SLA-bound NS5 to transfer to the 3’-stem loop (3’-SL) at
the end of the 3’-UTR and initiate minus-strand synthesis (Hodge et al., 2016; Mazeaud et al.,

2018). Removal of the SLA or 3’-SL leads to a significant reduction of viral replication

(Alvarez, De Lella Ezcurra, et al., 2005; Filomatori et al., 2006; Yu et al., 2008), suggesting
that a small molecule targeting these RNAs could have anti-viral activity.

In all flaviviruses, the SLA forms a Y-shaped secondary structure, consisting of a
bottom helix with a conserved U-rich bulge, a short side stem-loop and an apical stem-loop
containing an internal loop (Figure 3.1) (Dethoff et al., 2018; Gritsun & Gould, 2007). A
crystal structure of DENV2 SLA was determined using a chimeric RNA, wherein the
DENV2 SLA was inserted into the anticodon loop of a human tRNA (Lee et al., 2021). It

revealed a large L-shape dimer, where the side stem-loop of each monomer is base paired
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with another molecule in the crystal. It is unclear whether dimerization is an artifact of
crystallization, or a relevant functional state, perhaps transient, of the virus.

Here I report the NMR structure of the monomeric DENV1 SLA. Because of the severe
peak overlap caused by the large size of the RNA, we use a divide-and-conquer approach to
assemble a high-resolution structure from three independently folded structural elements
corresponding to two of the three stem-loops, and the three-way junction (Figure 3.2), which
were then assembled to generate the full SLA RNA through NMR analysis of the complete
element (Barnwal et al., 2016). The SLA has an L-shape structure, consistent with the crystal
structure, where the top and side stem-loops are coaxially-stacked and the bottom helix is
roughly perpendicular to it. I only observe formation of a dimeric conformation at near mM
NMR concentrations, above 0.5 mM; suggesting that if a dimer does indeed form in the cell,
it is not because of its thermodynamic stability. My structure will facilitate understanding of
the mechanism of dengue virus replication and provides the foundation for the discovery of

new antiviral drugs, which is already under way in the group.
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Section 3.2: Results

Section 3.2.1: Construct design

The spectra of the complete SLA RNA are characterized by extensive spectral overlap
and broad lines because of its relatively large size, 70 nts, causing difficulties in obtaining
unambiguous peak assignment and, especially, collecting a large number of constraints for
structure determination (Figure 3.3). Thus, we adopted the strategy of reconstructing the
complete structure by analyzing smaller independently folded structural elements (divide-
and-conquer) (Barnwal et al., 2016). This can be done because RNA structure is modular, and
its folding hierarchical; in other words, secondary structural elements generally fold
independently outside of the context of the complete RNA (Tinoco & Bustamante, 1999).
This is very different from proteins, where secondary and tertiary structure folding generally
cannot be separated. Nevertheless, the validity of this approach has to be experimentally
verified in each case, which I do as described below.

I divided the DENV1 SLA into three structural segments that overlap to generate the
complete promoter: the bottom helix (DenvBS), the top stem-loop (DenvTSL) and the three-
way junction (DenvSLAsh) (Figure 3.2 and 3.4).

A few additional G-C base pairs were added at the end of the sequences to improve in
vitro transcription and stabilize the local secondary structure, if needed. The addition of
tetraloops stabilizes RNA structure and, especially, improves linewidth with multiple RNAs
we have studied in the past (Barnwal et al., 2016; Sharma & Varani, 2020; Walker et al.,
2020). Thus, a UUCG tetraloop was added to the top of DenvBS, while UUCG and GAAA
tetraloop were added to the top and side stemloop of DenvSLAsh, respectively. For the
complete SLA, we also incorporated UUCG and GAAA tetraloop into the top and side stem-
loop of DENV1 SLA, respectively, to generate a stabilized SLA which we named
DenvSLATL (Figure 3.2-3.4), and to avoid dimer formation through the side stem-loop, as

121



described in Section 3.2.4. The top terminal loop is important site for SLA function
(Filomatori et al., 2011; Filomatori et al., 2006; Lodeiro et al., 2009); thus the top loop of

DenvTSL was retained as wild type.

Section 3.2.2: The structure of the individual domains recapitulates what is

observed in the full SLA

The divide-and-conquer approach is only warranted if the structure of individual
domains faithfully recapitulates what is observed in the complete RNA. For each of the

smaller structural segments, imino proton peaks of base-paired residues predicted from the

secondary structure were observed in H2O NOESYs, except for fast exchanging imino

protons for unpaired nucleotides and the base-pairs at the end of helical stretches (Figure 3.5).
Assignments of these imino protons allowed me to establish and verify the predicted
secondary structures for each domain.

High quality NMR spectra could be collected for a tetraloop-stabilized SLA model that
avoid dimerization through the side stem-loop (see below, DenvSLATL) and peak
assignment was facilitated by the assignments of each segment. Reassuringly, I find that each
NH in the smaller segments has similar chemical environment to its corresponding NH in the
complete RNA, thus presenting similar chemical shifts and verifying that the structure
observed in the complete SLA is retained in the individual fragments. Namely, overlaying the
NOESY NMR spectra of the segments on the DenvSLATL spectra revealed high similarities
in chemical shifts and NOE patterns (Figure 3.6), which confirms the secondary structure of
the fragments coincide with what is seen, for the corresponding domain, in the complete

RNA.
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NOESY spectra in DO were then collected to assign non-exchangeable protons.

Extensive overlap in the sugar proton region was relieved by deuteration of H3’, H4’, HS’,
HS5 ”and H5 protons (Figure 3.7-3.9), even if this approach prevented assignments of most of

those protons. '°N- and '*C-labeled samples were prepared for DenvTSL to record 'H-'SN
HSQC and 'H-'3C HSQC to distinguish ambiguous peaks in NOESY spectra, as well.
Through deuteration, I was able to observe characteristic sequential NOEs in helices and
assign non-exchangeable protons for each of the separate Denv structural segments (Figure
3.7-3.9).

The existence of a single dominant and monomeric conformation was confirmed in
each case by the number of Ura and Cyt H5-H6 peaks in TOCSY spectra, which was in all
cases consistent with the sequence (Figure 3.10). Formation of base-paired double helices
was confirmed by cross-strand NOEs involving imino resonances, as well as sequential
NOEs involving both exchangeable and non-exchangeable protons (Figure 3.7-3.9). Thus,
DenvBS and DenvTSL were confirmed to form stem loop structures as expected; the

monomeric/dimeric state of the three-way junction is discussed below.

Section 3.2.3: NMR Structures of the individual structural elements of

DENV1 SLA RNA

Once assignments were completed, NOE distance constraints were systematically
tabulated for structure determination, and the constrain list was refined by multiple rounds of
structure calculations. For each of the three structural segments, structure calculations were
performed independently using distance and torsion angle restraints derived from NMR
experiments, as summarized in the Tables 3.1-3.3. Once the segments were completed,
restraints from corresponding nucleotides in each segment were also added to the restraint

table for structure calculation of the complete monomeric SLA (see Section 3.2.5).
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RNA structures were calculated with Xplor-NIH using torsion angle dynamics and
simulated annealing starting from randomized coordinates against the restraint table
(Schwieters et al., 2003). A total of 1,000 independent calculations were executed and the
lowest energy structure was further refined by an extended simulated annealing calculation
against the experimental restraints. 400 structures were eventually generated, and the 10
lowest scoring structures were selected for presentation for each RNA molecule. The
resulting structures converge well, with no NOE restraint violation greater than 0.5 A.
Representative structures for DenvSLA segments were presented with PyMol (Figure 3.11)
and the overall heavy atom RMSDs are listed in Tables 3.1-3.3 as well.

As predicted, DenvBS and DenvTSL form double helical stems interrupted by internal
loops. In both cases, no direct evidence of non-canonical base-pair formation in the internal
loops was found, but sequential aromatic NOE correlations (H6/H8-H6/HS) in those regions
were observed (Figure 3.7 and 3.8), together with other sugar-base NOEs, implying the
retention of helical stacking throughout the internal loop. Many of the unpaired nucleotides
are therefore stacked inside the helices, and potentially base paired, but we lack the
information to impose such constraints, perhaps because any non-canonical base pairs are
only transiently formed.

The results provide insight into the local structure in these regions. In the U-rich
internal loop of DenvBS, Ural2 and Ura30 are coplanar and Ura29 stacks between Gua28
and Ura30 (Figure 3.12A). Nucleotides in the internal loop of DenvTSL (Cyt7 to Ade9 and
Gua20 to Ade22) also stack within the helical stem, retaining coaxial stacking (Figure
3.12B). Although the terminal loop of DenvTSL varies somewhat within the 10 calculated
structures, the topology is clearly established. The GualS5 base points toward the major
groove, while Ade14 and Ural 6 points outward, in the direction of the solvent, and could

conceivably provide direct interactions with the RARP or other accessory proteins (Figure
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3.12C). The significance of each region in Dengue SLA had been validated by biological

studies and is discussed further in Section 3.3.

Section 3.2.4: Structure of the 3-way junction

The key structural element in SLA is the 3-way junction which organizes the complete
element; because a dimer is observed in the DENV2 crystal structure, it remains unclear what
the three-dimensional organization of the full SLA would be. In order to investigate the three-
way junction in DENV1 SLA with the necessary resolution, we prepared an RNA containing
the sequence of the three-way junction and side stem-loop, but with shortened top and bottom
helical stems to reduce spectra overlap. Furthermore, two RNAs were synthesized, one
containing the wild-type side stem loop (SLAshCUUG) and the other containing a GAAA-
stabilized side stem loop (DenvSLAsh) (Figure 3.2 and 3.4). This was done because I
observed extra base pairs in the NMR spectra of SLAshCUUG. The signal intensity for those
extra base pairs is concentration dependent, which indicates a monomer-dimer equilibrium at
the 0.5-1.5 mM concentration of our NMR experiments (Figure 3.13A). By substituting
CUUG with GAAA tetraloop, dimerization was eliminated (Figure 3.13B).

In the NOESY spectra of SLAshCUUG, I did not observe NH corresponding to base
paired nucleotides for the side stem-loop or cross-strand peaks involving the AH2s.

Nevertheless, sequential HI'-H6/H8 and H2’-H6/HS8 were observed for the helical sections of

the side stem-loop, which indicate stacking and perhaps unstable base pairing. I presume that
with a less stabilizing loop sequence, the side stem-loop in monomeric SLAshCUUG forms
an unstable short helix, allowing the dimer to form through RNA-RNA interactions in the
side stem-loop at the mM concentrations of NMR experiments (Figure 3.13C). Considering
the low copy number of viral RNAs in cell, it is very unlikely that the dimer is the
thermodynamically favored SLA structure and therefore I collected NMR spectra of the
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monomeric DenvSLAsh for structural analysis. However, I cannot exclude the possibility that
dimer formation occurs at intermediate steps of viral replication; this is further discussed
below.

Base-pair imino NOEs and characteristic sequential NOE patterns for helical stem
nucleotides were observed in NOESY spectra for the three double helical stems (Figure 3.5C
and 3.9), validating the secondary structure prediction. For nucleotides Gua7, Gua8 and
Ade9, only sequential NOEs were observed, but no other inter-stranded or inter-nucleotide
NOEs were identified. NOE interactions corresponding to Gua23H8-Ade24HS, Ura33H6-
Ade34HS8 and Ade34-Cyt10H6 were observed in NOESY spectra as well (Figure 3.14A),
consistent with continuous stacking between the top and side stem-loops, and suggestive of
coaxial stacking of the two helices.

The calculated structure of DenvSLAsh demonstrates formation of an L-shape three-
way junction, where the top and side stem loops in stack coaxially, and the bottom helix is
roughly perpendicular to the coaxial stack (Figure 3.11). Ade34 in the three-way junction
stacks within the coaxial helix, between Cyt10 in the top stem and Ura33 in the side stem.
Gua7, Gua8 and Ade9 are instead single stranded, giving the three-way junction some
flexibility, and thus allowing the angle of the bottom helix to wiggle relative to the top
coaxial stack (Figure 3.14B).

The topology of the three-way junction structure was independently validated by SAXS
analysis (Figure 3.14C and 3.15). Both SLAshCUUG and DenvSLAsh exhibit L-shape
SAXS envelops which agree very well with the L-shape NMR structure and provide
independent validation. They also demonstrate that the structure is fully monomeric below

0.1 mM concentration.
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Section 3.2.5: Structure of the Denvl promoter

By examining each of the independently folded secondary structure elements
separately, I was able to establish the local structures for the two stem-loops and 3-way
junction and side stem-loop that form Denv1 SLA. Spectral and structural information
collected from these spectra were used to assist peak assignments and structure determination
for the complete SLA structure.

A single conformation of DenvSLATL was confirmed by the number of Ura and Cyt
H5-H6 peaks in TOCSY spectra (Figure 3.16). Overlay of the NOESY and TOCSY spectra
of DenvSLATL with those of its structural segments revealed very similar chemical shifts
and NOE patterns (Figure 3.6 and 3.16) which allowed me to safely transfer the much larger
number and more confidently assigned restraints obtained from the individual segments.
Structure calculations were then performed for DenvSLATL using distance and torsion angle
restraints derived from experimental NMR data of DenvSLATL and each of the structural
segments, as was done for each of the elements in the structure. The 10 lowest structures
converge with no NOE restraint violation greater than 0.5 A, and then independent SAXS
analysis were performed to validate the structure. Importantly, the topology of the structure
of DenvSLATL was independently validated by SAXS analysis, and the SAXS envelope
agree very well with the L-shape NMR structure (Figure 3.17). The structural statistics are
summarized in Table 3.4.

The calculated structure of DenvSLATL reveals an L-shape RNA, where the top and
side stem loop are coaxial and the bottom stem roughly perpendicular to it (Figure 3.17A) , as
per the smaller three-way junction. The arrangement of nucleotides in the three-way junction
is as observed in DenvSLAsh: Ade56 stacks between the base-pairs of Cyt22-Gua45 and
Ade46-Ura66, which are at the end of the top and side stem-loop, respectively, while

nucleotides in the longer internal junction loop (Gual9 to Ade21) are single stranded, with
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fewer NOE interactions, and thus the orientation of the bottom stem is less well defined. The
U-rich bulge in the bottom stem is important for SLA function. In my NMR structures, Ural2
and Ura64 are co-planar and stack within the helix. However, two conformations of Ura63
were observed in the calculated structures: one with the base within the helix and another
with the base pointing outward (Figure 3.17B). Eight out of the lowest 10 structures have
Ura63 stacked within the helix and two structures have Ura63 pointing outward, suggesting

conformational flexibility.
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Section 3.3: Discussion
The Denv SLA structure functions as an RNA ‘promoter 'for the viral RNA-dependent

RNA polymerase enzyme NS5 and is essential viral replication. NS5 is recruited to the viral
RNA through this element, which has high conservation in both sequence and secondary
structure across flaviviruses (Choi, 2021; Filomatori et al., 2006; Gebhard et al., 2011). The
presence of a U-rich bulge in the bottom helix is essential for SLA function, and the high
conservation of the 3-way junction supports a functional role for the overall 3D shape of the
RNA, which is determined by the topology of the junction. I observe a rigid conformation for
the three-way junction, with co-axial stacking of the top and side stem-loops, to generate a
well-defined L-shape structure, with the bottom helix emanating at a nearly 90 angle, but
with some flexibility because of the single stranded nucleotides linking the bottom and top
helices (Figure 3.17A).

Flexibility could be the result of insufficient experimental information (e.g. due to
spectral overlap) or intrinsic dynamic. One way to look at dynamic without recording

relaxation data, which would be very challenging for an RNA this size, is to examine the

conformation of the sugar pucker, as deduced from the TOCSY spectra. For 3’-endo sugar
pucker, the H1’-H2 ’coupling is very small and generally no peak is observable, especially for
an RNA this size. The 2’-endo conformation has strong H1’-H2’, medium H1’-H3 ’peaks and
very weak/unobservable H1’-H4 ’'peaks. For a mixture of 3 'and 2’-endo conformations,
which is a sign of dynamics, peaks from H1 'to H2’, H3 ’and H4 ’are observed. According to
the TOCSY spectra (Figure 3.19), Ura29 in the U-rich bulge occupies the 2’-endo
conformation; Ade9 and Gua8 in the three-way junction are 2’-endo as well. This is

interesting, since the 2’-endo conformation extends the phosphate-phosphate distance.

Unfortunately, I cannot establish the conformation of Ade34, in the loop between the side and
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bottom stems, because of spectral overlap around 4.4 ppm; this is an important nucleotide to

determine the orientation of the lower helix with respect to the rest of the structure. The

Cytosine in the top loop is 2’-endo. Only the sugar of the Adenine that follows occupies a
mixture of 2 "and 3’-endo conformations, which implies a dynamic structure for this

nucleotide. It is possible that conformational flexibility plays a role in SLA function, since
RNA-binding proteins often exploit induced fit (Leulliot & Varani, 2001), but this remains to
be investigated.

In the structure, Ura63 in the U-rich bulge occupies 2 conformations; the base can point
inward or outward, but the two conformations do not affect the rest of the RNA structure
(Figure 3.17B); in the recently reported crystal structure of a dimeric Denv2 SLA, the same
Uracil points outward (Lee et al., 2021). The fact that DENV3 has a single U bulge in the
bottom stem and mutational studies of the U-UU bulge imply that Ura63 is critical for SLA
promoter function, but the two remaining nucleotides are not. Deletion or mutations of the U-
rich bulge largely impair viral RNA replication in vivo, but the effect on the binding affinity
to RdRp and its in vitro activity is insignificant (Filomatori et al., 2011; Lodeiro et al., 2009).
This suggests that the U-rich bulge interacts with another protein which is important for viral
replication in infected cells.

The apical loop is important for SLA function and highly conserved; the CAG(X)U
sequence is found in all four Dengue serotypes (Figure 3.1), and mutations impair both viral
replication in vivo and RdRp activity in vitro (Filomatori et al., 2011; Filomatori et al., 2006;
Lodeiro et al., 2009). Interestingly, mutations in the terminal loop do not significantly affect
RdRp binding, suggesting the terminal loop might play an important role in post-binding
steps to promote polymerase activity (Filomatori et al., 2011). In the structure, I observe that
Gua32 points towards the major groove and faces the other two loop nucleotides Ade31 and
Ura33, which point outward (Figure 3.12C). The orientation of the loop nucleotides could be
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important for RdRp activity. The top stem, however, is less conserved among dengue
serotypes. In vivo biological assays have shown that the presence of an internal loop in the
top stem has no significant effect on SLA function either (Lodeiro et al., 2009), yet
shortening the helix significantly decreases viral replication and RdRp binding (Filomatori et
al., 2011; Lodeiro et al., 2009). This implies that, although the helical stem is unlikely to
provide direct interactions with the NS5 protein, it might be important to space and orient the
terminal loop relative to the three-way junction and the U-rich bulge.

The three-way junction is likely to provide a structural framework to orient the SLA
and different domains of NS5, giving it an L-shaped conformation confirmed by the SAXS
analysis. The top and side stem-loop are coaxially stacked, as expected, since no single-
stranded nucleotide is found at the junction between them (Lescoute & Westhof, 2006). The
stacking of Ade56 in the linker between side and bottom stem constrains the direction of the
bottom stem to be roughly perpendicular to the coaxially stacked helix.

The recently reported crystal structure of Denv2 SLA also presents a L-shape structure,
but this is generated by dimerization in the crystal created by the unpaired side loop which

forms ‘kissing loop 'interactions (Lee et al., 2021). In the crystal structure, the side loop was

open and engaged in loop-loop interactions. We observe two conformations for a construct
containing the wild-type loop sequence, consistent with monomer-dimer equilibrium.
Replacement of the wild-type loop with GAAA stabilizes the monomer and allowed me to
establish the structure of a monomeric SLA RNA. It remains to be seen whether SLA
dimerization is of functional relevance. Because I observe increased dimer peak intensity at
the NMR concentrations, 0.5-1.5 mM, and no dimer below 0.5 mM, I presume that under
cellular conditions, the SLA RNA will be entirely monomeric. However, this conclusion does

not preclude the possibility that the dimeric structure is transiently present as a result of
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protein binding or dimerization of the genome, and in fact it could be an elegant way for the
virus to regulate its promoter activity.

I expect the 3D structure of the three-way junction to be conserved in flaviviruses
(Figure 3.1 and 3.20), because no nucleotides are predicted to be present in the junction
between top and side stem in all flavivirus sequences, and the linker between side and bottom
stem is always short, while the longest linker occurs invariably between bottom and top
helices. It follows that the shape of the SLA and the orientation of the top and bottom stems
are likely important for SLA to be recognized by the viral polymerase.

In summary, I have established the 3D structure of the thermodynamically favored,
monomeric form of the SLA promoter from Dengue virus serotype 1; which is very likely to
be representative of all dengue serotypes, and indeed it is very likely all flaviviruses will
share the same global structural arrangement. In addition to providing a framework for
interpreting biochemical data and NS5 activity, this structure also lays the groundwork to
identify small molecule inhibitors that target the highly conserved 3-way junction, which are

being actively pursued in the group.
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Section 3.4: Materials and Methods

Section 3.4.1: RNA Preparation

All RNA molecules were synthesized by in vitro transcription with in house purified T7
RNA polymerase using synthetic DNA oligonucleotide templates (purchased from Integrated

DNA Technologies) and standard methods (Milligan et al., 1987). Partially deuterated RNA

molecules (deuteration of H5, H3’, H4’, HS ’and H5 "protons) were synthesized using

selective deuterated NTPs (from Cambridge Isotopes). ’N- and '3C-labeled samples were
synthesized using isotope-labeled NTPs (from Cambridge Isotopes). The sequence and
secondary structures of all the RNAs, as verified by NMR, are shown in Figure 3.4.

The RNA oligonucleotides were purified by denaturing polyacrylamide gel
electrophoresis (PAGE), electroeluted and concentrated by ethanol precipitation (Gubser &
Varani, 1996). After extensive dialysis into 10 mM potassium phosphate buffer (pH 6.5), the
RNAs were annealed by heating briefly to 90 °C followed by snap cooling in an ice bath.
Final RNA concentrations used for NMR studies were 0.6~1.2 mM. For experiments
studying non-exchangeable protons, samples were lyophilized to dryness and dissolved into

D,0. Samples used to study exchangeable protons were dissolved in HO:D,0 (9:1).

Section 3.4.2: NMR Spectroscopy

All NMR spectra were collected at 25°C on Avance 111 600 MHz, AVANCE III

700MHz or AVANCE III 800MHz spectrometer equipped with cryogenic probes (600 and
800). The 1D 'H spectra were recorded using the excitation sculpting pulse sequence. 2D
total correlation spectroscopy (TOCSY) spectra were recorded with mixing times of 80 ms.
The exchangeable and non-exchangeable 2D NOESY spectra were recorded with various

mixing times (100, 200 and 300 ms) to assist spectral assignments and quantitative evaluation
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of internuclear distances by comparison with peak intensities for pair of protons with fixed
distances. Spectra for selectively deuterated samples were collected in the same manner. 2D
'H-15N and 'H-13C HSQC spectra were recorded on isotope labeled samples, if needed to

confirm assignments. All NMR data were processed with TOPSPIN (Bruker) and analyzed in
NMRFAM-SPARKY (Lee et al., 2015). Assignments of RNA spectra were guided by
predicted RNA chemical shift values and based on well-established double-helical sequential

NOE patterns (Varani et al., 1996; Varani & Tinoco, 1991).

Section 3.4.3: Experimental Restraints and Structure Determination

Interproton distance restraints were derived from NOE cross-peaks in 2D 1H NOESY

spectra and sorted into strong (2.5 #0.7 A), medium (3.5 *1.2 A) and weak (4.5 *1.5 A)
bins based on peak intensities, relative to fixed distances (e.g. H5-H6 = 2.5 A, H3’-H6/HS8 =

3.5 A). Base-pair planarity and hydrogen-bonding restraints were used for unambiguously
established base pairs as identified by 2D NOESY involving NH protons. Hydrogen bond,
planarity and dihedral restraints were included for base-paired nucleotides that were
surrounded by base pairs confirming to A-form helical structures, as established from the
pattern of NOE cross-peaks (Varani et al., 1996; Varani & Tinoco, 1991).

It has been often found within the group that flexible loops capping stem-loops lead to
loss of spectral quality, most likely due to non-specific aggregation or multimerization at
NMR concentrations (Barnwal et al., 2016; Varani et al., 1991); this was the case for this
RNA as well, with the added complication of dimerization through kissing loop interactions
which created multiple conformations (Figure 3.3). Thus, UUCG and GAAA tetraloops were
used to replace the dynamic apical loop or added to the end of the bottom helix to improve

spectra quality (Banas et al., 2010; Jucker & Pardi, 1995; Varani et al., 1991).
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Experimental constraints for structure calculation of the complete DenvSLATL were
compiled by dividing the RNA into three segments: DenvBS, DenvTSL and DenvSLAsh
(Figure 3.2), corresponding to the bottom helix, apical stem-loop and three-way junction and
side stem-loop. Overlay of 2D 'H-'H NOESY spectra from the segments, with a spectrum of
the complete Dengue 1 SLA model (called DenvSLATL), showed strong similarities in the
chemical shifts, which allowed the transfer of segments assignments to DenvSLATL for
assignments for structure calculations (Figure 3.5 and 3.6). Restraints derived from DenvBS
spanned nucleotides G1-U18 and A57-A70; those obtained from DenvTSL spanned
nucleotides C22-G45; DenvSLAsh contributed information around the three-way junction,
namely A15-A25 and U42-U60; obviously, there is overlap which allowed us to further
verify that the divide-and-conquer approach was warranted. The NMR experimental
constraints are summarized in Tables 3.1-3.4.

RNA structures were calculated with Xplor-NIH using torsion angle dynamics and
simulated annealing from a single extended RNA starting template (Schwieters et al., 2003).
Compiled experimental restraints were used in a simulated annealing procedure, initially
undergoing high-temperature (2,500K to 298K) torsional angle dynamics, where incremental
decreases in temperature were generated by progressively introducing Van der Waals terms
and increasing force constants for angles, dihedral angles, NOEs, and the Van der Waals
repulsive term. After the final cooling step, the RNA underwent two sequential refinement
steps, first in torsional angle space then in Cartesian space. A total of 1,000 independent
calculations were executed for each RNA, and the lowest total energy structure calculated by
the Xplor energy function was further refined by an extended simulated annealing calculation
against the constraints listed above to generate 400 structures. The 10 structures with the
lowest total energy, based on the Xplor energy function, were chosen as the representative

structures to calculate RMSD. The structure quality analysis was conducted using MolProbity
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(Williams et al., 2018). Representative structures of DenvBS, DenvTSL, DenvSLAsh and
DenvSLATL were deposited in Protein Data Bank with accession codes: 7K4L, 7TUME,

7UMD and 7UMC, respectively.

Section 3.4.4: Small-angle X-ray Scattering (SAXS)

RNA samples for SAXS were prepared similarly to samples made for NMR
spectroscopy, but at different concentrations (1-5 mg/mL), dissolved in 20 mM Tris, 100 mM
NaCl and 0.1 mM EDTA (pH 6.5). SAXS experiments were recorded on an in-house state-
of-art SAXS instrument (BioSAXS-2000) at Argonne National Laboratory. The data were
processed using RAW and particle distance distribution function P(r) plots were calculated
using GNOM (Svergun, 1992) and used for low resolution ab initio shape reconstruction with
DAMMIN (Svergun, 1999). Processed SAXS data curves of DenvSLAsh, SLAshCUUG and
DenvSLATL are shown in Figures 3.21-3.23. A total of 20 models were generated with
DAMMIN using the ATSAS online server (https://www.embl-hamburg.de/biosaxs/)
(Manalastas-Cantos et al., 2021). The representative model was selected with a suite of
software tools (DAMSEL, SAMSUP, DAMAVER and DAMFILT) for comparison and
fitting to the NMR structure (Volkov & Svergun, 2003).

DAMSEL compares models, finds the most probable model and identifies outliers;
DAMSUP aligns all models with the most probable model; DAMAVER averages these
aligned models and computes a probability map; and DAMFILT filters the average model at
a given default cut-off volume, which is the expected volume of the generated PDB file.
DAMFILT removes loosely defined and lower occupancy atoms and generates a most

probable compact model.
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Figure 3.1. The sequence and secondary structure of the SLA promoter element that recruits
the NS5 protein to initiate minus-strand RNA synthesis is very highly conserved among the
four Dengue virus serotypes (DENV1-4). (A) Alignment of the sequences of the first 70
nucleotides of DENV1, DENV2, DENV3, and DENV4. The regions corresponding to the
predicted secondary structure elements (bottom helix, top and side stem-loops) are indicated
at the top. Conserved nucleotides are shaded. (B) Predicted RNA secondary structure of the

SLA for the four DENV serotypes, as confirmed by SHAPE (Dethoff et al., 2018).
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Figure 3.2. The sequences and secondary structures of each RNA segment studied in this

work. Three smaller constructs, corresponding to independently folded secondary structure

domains, were prepared to facilitate structure determination: DenvBS represents the bottom

helix; DenvTSL the top stem-loop and DenvSLAsh the three-way junction. Secondary

structures for each segment were predicted using the UNAFold web server

(http://www.unafold.org) (Markham & Zuker, 2008; Zuker, 2003) and verified by the NMR

assignments.
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Figure 3.3. (A) Comparison of the imino region of the 1D 1H spectra of wild-type DENV1
SLA (called DenvSLAWT) and a UUCG-tetraloop-stabilized SLA promoter (called
DenvSLATL). The addition of stabilizing tetraloops has been observed to improve linewidth
with multiple RNAs we studied in the past, and was also observed in this case. The spectra of
DenvSLAWT and DenvSLATL are similar, but the quality is much higher for the tetraloop-
containing RNA with less overlaps and well-separated peaks. This is also in part caused by
the partial dimerization of the wide-type RNA through the side stem-loop at the mM
concentrations of NMR experiments, which would further increase the linewidth and the
number of peaks in the spectrum. (B) Comparison of the H5-H6 region of the 2D TOCSY
spectra of wild-type (DenvSLAWT) and tetraloop-stabilized SLA (DenvSLATL). While

many of the peaks are in similar locations, the spectra for DenvSLAWT have much broader
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linewidth resulting in severe peak overlaps, which would make peak assignments extremely
difficult. The addition of tetraloops improves linewidth and allows identification of discrete
peaks, as we have observed with multiple RNAs in the past (Barnwal et al., 2016; Sharma &
Varani, 2020; Walker et al., 2020). This strategy is analogous to what is often done in
crystallography, where crystallization modules (e.g. protein binding sites) are introduced to

facilitate crystal packing and increase resolution.
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Figure 3.4. Sequences and secondary structures of all RNAs studied in this work; all

secondary structures were verified by NMR assignments of NH resonances.
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Figure 3.5. Overlay of the imino regions of NOESY spectra for DenvSLATL (black) to
DenvBS (red), DenvSLAsh (blue), and DenvTSL (green). Assignments for each RNA are

shown in the corresponding color. High similarity of chemical shifts and NOE patterns were
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observed in each segment; thus, assignments for DenvSLATL were safely transferred from

each corresponding segment.
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Figure 3.6. Overlay of the imino region of NOESY spectra for DenvSLATL (black) and the
three smaller constructs which were prepared to facilitate structure determination. Black color
corresponds to DenvSLATL, red to DenvBS, the bottom helix; green corresponds to
DenvTSL, the top stem-loop, and blue corresponds to DenvSLAsh, the three-way junction.
"H NOESY spectra were recorded in 10 mM potassium phosphate buffer (pH 6.5, 90% H20/
10% D20) at 25°C. Despite small differences, high similarity of chemical shifts and NOE
patterns were observed, allowing the transfer of peak assignments from each segment to the

SLA model oligonucleotide (Figure 3.5).
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Figure 3.7. NOESY spectra of non-exchangeable proton region (H6/H8-H6/H8 and sugar
proton-H6/H8) for DenvBS; the secondary structure is shown on the right. Deuteration of HS,

H3’, H4’, H5’, HS5 *’protons relieved the extensive overlap in the sugar proton region.
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Figure 3.8. NOESY spectra of non-exchangeable proton region (H6/H8-H6/H8 and sugar
proton-H6/H8) for DenvTSL; the secondary structure is shown on the right. Deuteration of

H5, H3’, H4’, H5’, HS ’protons relieved the extensive overlap in the sugar proton region.
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Figure 3.9. NOESY spectra of non-exchangeable proton region (H6/H8-H6/H8 and sugar
proton-H6/H8) for DenvSLAsh; the secondary structure is shown on the right. Deuteration of

H5, H3’, H4’, H5’, HS ’protons relieved the extensive overlap in the sugar proton region.
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Figure 3.10. TOCSY spectra for the three independently folded structural segments: (A)
DenvBS, (B) DenvTSL, and (C) DenvSLAsh. The existence of a single monomeric
conformation for each RNA was confirmed from the number of Ura and Cyt H5-H6 peaks in

TOCSY spectra, which was as predicted for each sequence.
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Figure 3.11. Superposition of the 10 NMR structures of lowest energy for each
independently folded RNA segment studied in this work. DenvBS represents the bottom helix
and forms a well-defined double helix with an unstructured 5°-tail (G1-U5, in cyan) and a U-
rich bulge; DenvTSL represents the top stem-loop and forms a short helix interrupted by an
internal loop, capped by a partially flexible loop; DenvSLAsh represents the three-way
junction and forms a L-shape structure, where the top and side stem helices stack coaxially,
and the bottom helix is roughly perpendicular to the coaxial stack; this last image was

generated by superposing only the two stacked helices to emphasize the coaxial stack and

partial flexibility at the 3-way junction.
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Figure 3.12. (A) Close-up view of the U-UU bulge in DenvBS, drawn from the lowest
energy structure (left) and superposition of 10 representative NMR structures (right). Ural2
and Ura30 are coplanar, potentially forming an unstable base pair (no NH peak is visible in
2D spectra), while Ura29 stacks between Gua28 and Ura30, retaining continuous stacking.
(B) A close-up view of the internal loop in DenvTS, taken from the lowest energy structure
(left) and the superposition of 10 representative NMR structures (right). Nucleotides Cyt7-

Ade9 and Gua20-Ade22 across the internal loop stack within the helix. Although no evidence
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of non-canonical base-pairs formation in this region was observed in NMR spectra,
uninterrupted sequential NOEs were observed (Figure 3.8). (C) A close-up view of the
terminal loop in DenvTSL. from the lowest energy structure (left) and the superposition of 10
representative NMR structures (right). In this last image, nucleotides are colored differently
for clarity (C13 in green, A14 in cyan, G15 in magenta, and U16 in yellow). In all 10
structures, Gual5 points toward the major groove while Adel4 and Ural6 point outward

towards the solvent, while Cyt13 is poorly defined.
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Figure 3.13. (A) 1D 'H NMR spectra of SLAshCUUG recorded at 5°C at concentrations of

0.5 mM (green), 1 mM (red), and 1.5 mM (black). Concentration-dependent peaks are

observed between 10-12 ppm and between 12 and 13 ppm, which imply formation of new

base pairs as a result of dimerization, which of course becomes more favorable at higher

RNA concentration. (B) Overlay of 2D "H NOESY spectra for SLAshCUUG (red) and

DenvSLAsh (blue). For SLAshCUUG, extra base pair peaks are observed between 10-11

ppm, consistent with formation of a GU base pair. By substituting CUUG with a GAAA
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tetraloop, the extra resonances are eliminated. Peaks corresponding to base pairs in the side
stem were not observed in the spectra of SLAshCUUG, implying that the secondary structure
of the side stem is likely to be unstable. (C) Secondary structures of the SLAshCUUG
monomer and the presumed SLAshCUUG dimer. The secondary structure shown here
corresponds to the dimer observed in the crystal structure (Lee et al., 2021) and contains a

GU base pair.
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Figure 3.14. (A) NOESY spectrum of DenvSLAsh showing H6/H8-H6/HS8 interactions; the
secondary structure of DenvSLAsh is shown on the right. This spectrum was recorded at
25°C in 10 mM potassium phosphate buffer (pH 6.5, 90% H20/ 10% D20). The following
NOE interactions: G23H8-A24H8, U33H6-A34HS8 and A34-C10H6 within the three-way
junction establish coaxial stacking of the top and side stem-loops. (B) A close-up view of the

three-way junction in DenvSLAsh from the lowest energy structure (left) and superposition
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of 10 representative NMR structure (right). Ade34 stacks within the coaxial helix, between
Cyt10 at the end of top stem and Ura33 at the end of the side stem-loop. (C) The lowest
energy structure of DenvSLAsh in shown in cartoon representation superposed on the SAXS
model; the SAXS results were not used for NMR refinement, and therefore provide

independent validation of the structure.
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Figure 3.15. The SAXS model of SLAshCUUG demonstrates a fully monomeric structure at
concentrations below those used for NMR. Data was collected using the same process
described in Method at RNA concentrations of 0.1-2 mg/mL. The structure of DenvSLAsh is

shown on the right for comparison.
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Figure 3.16. (A) Overlay of the TOCSY spectra for DenvSLATL (black), DenvBS (red),
DenvTSL (green) and DenvSLAsh (blue). The similarity of chemical shifts allowed me to
assign H5-H6 cross-peaks for DenvSLATL, as shown. (B) H5-H6 peak assignments for the
TOCSY spectrum of the complete DenvSLATL. A single dominant monomeric conformation
was confirmed from the number of Ura and Cyt H5-H6 peaks in TOCSY spectra, which was

consistent with its sequence.
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Figure 3.17. (A) Superposition of the 10 NMR structures of DenvSLATL (left), the structure
with the lowest calculated energy (middle), and the secondary structure (right) are also
shown. (B) A close-up view of the U-rich bulge of DenvSLATL. Two conformations of U-
UU bulge were observed in the calculated NMR structures, as shown in the image. (C) The
lowest energy structure of DenvSLATL in cartoon representation superposed on the SAXS

envelope; the SAXS results were not used for refinement, and therefore provide independent

validation of the NMR structure.
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Figure 3.18. NOESY spectra of the H1’-H6/H8 and H2’-H6/HS region for DenvSLATL.
Selective deuteration of HS, H3’, H4’, H5’, H5 *’protons was applied to relieve the extensive

overlap in the sugar proton region, leading to interpretable and fully assignable spectra.
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Figure 3.19. Sugar proton region of TOCSY spectra of DenvBS, DenvSLAsh and DenvTSL.
For 3’-endo sugar pucker, no peak is observable because the scalar couplings are small; 2°-
endo conformation has strong H1’-H2’, medium H1’-H3 ’peaks and very weak/unobservable
H1’-H4 ’peaks. For a mixture of 3 ’and 2’-endo conformations, peaks from H1 ’to H2’, H3 ’
and H4 ’are observed. According to the TOCSY spectra, Ura29 within the U-bulge, Ade9 and
Guas8 in the three-way junction and the Cytosine in the upper loop have 2’-endo
conformations. The conformation of Ade34 cannot be established because of spectral overlap
around 4.4 ppm. Only the Ade in the apical loop occupies a mixture of 2 ’and 3’-endo

conformations, which implies a dynamic structure for this nucleotide.
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Figure 3.20. Predicted SLA secondary structures, produced by Vienna fold, for different
flaviviruses (Lodeiro et al., 2009; Markham & Zuker, 2008; Zuker, 2003). Results are shown
for Zika virus (NC_012532, nucleotide 1-106), West Nile virus (NC 001563, nucleotide 1-
96), Japanese encephalitis virus (NC_001437, nucleotide 1-95), and Yellow fever virus

(NC_002031, nucleotide 1-118).
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Figure 3.21. Processed SAXS data of DenvSLAsh: (A) scattering curve, (B) Guinier
approximation curve; (C) normalized Kratky plot; and (D) particle distance distribution
function plot. The radius of gyration Rg and the scattering intensity at zero angle 1(0)

obtained by Guinier approximation are 19.0 A and 0.16 cm™!, respectively. The particle

distance distribution function P(r) plots was calculated using GNOM (Svergun, 1992).
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Figure 3.22. Processed SAXS data of SLAshCUUG: (A) scattering curve; (B) Guinier
approximation curve; (C) normalized Kratky plot; and (D) particle distance distribution
function plot. The radius of gyration Rg and the scattering intensity at zero angle 1(0)

obtained by Guinier approximation are 22.1 A and 0.09 cm™!, respectively. The particle

distance distribution function P(r) plots was calculated using GNOM (Svergun, 1992).
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Figure 3.23. Processed SAXS data of DenvSLATL: (A) scattering curve; (B) Guinier
approximation curve; (C) normalized Kratky plot; and (D) particle distance distribution
function plot. The radius of gyration Rg and the scattering intensity at zero angle 1(0)
obtained by Guinier approximation are 18.0 A and 0.06 cm™!, respectively. The particle

distance distribution function P(r) plots was calculated using GNOM (Svergun, 1992).
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Table 3.1. NMR experimental restraints and structural statistics for the 10 lowest energy
structures of DenvBS (bottom helix)

DenvBS

NMR Peak Assignment (excluding the unstructured 5°-tail, nucleotides 1-5)

All H1', H2', H5, H6, H8, AdeH2, 87.5% of H3’, 59.4% of H4’ and 18.8% of H5’/HS5"’ were
assigned. Extensive overlap in the sugar proton region was relieved by deuteration of H3’, H4’,
H5’, H5 and HS5 protons to assign HI’ and H2’ unambiguously, but this prevented
assignments of many of those sugar protons. 63.2% of imino protons and 85.7% of Cyt amino
protons were assigned.

NMR Experimental Restraints

Total number of restraints 539
Total NOE Restraints 299
Intra-residue 162
Inter-residue 137
Sequential [i-j| = 1 116
Non-sequential |i-j| > 1 21
Hydrogen bond restraints 10
Dihedral Angle Restraints® 216
Planarity Restraints 24
Structure Analysis
NOE violations >0.5 A 0
Torsion angle violations >5° 0

Deviation from Idealized Geometry

RMS Deviation of Bond lengths (A) 0.00
RMS Deviation of Bond angles (°) 0.63
Heavy Atom RMSD to the Mean Structure (A)
All RNA heavy atoms (6-36, excluding the unstructured 5’-tail) 1.02
All RNA backbone (6-36, excluding the unstructured 5’°-tail) 1.00
RNA upper stem heavy atoms (13-28) 0.72
RNA upper stem backbone (13-28) 0.60
RNA lower stem heavy atoms (6-12, 29-36) 0.50
RNA lower stem backbone (6-12, 29-36) 0.53

(a) Generic dihedral restraints were applied to A-form helical regions confirmed by NOESY spectra.
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Table 3.2. NMR experimental restraints and structural statistics for the 10 lowest energy
structures of DenvTSL (apical stem-loop)

DenvTSL

NMR Peak Assignment

All H1', H2', HS, H6, H8, and 25% of AdeH2®, 92.9% of H3’, 67.9% of H4 ’and 37.5% of
H5'/HS”’ were assigned. Extensive overlap in the sugar proton region was relieved by
deuteration of H3’, H4’, H5’, HS *’and HS5 protons to assign H1 and H2 unambiguously, but
this prevented assignment of many of those deuterated sugar protons. 58.3% of imino protons
and 75% of Cyt amino protons were assigned.

NMR Experimental Restraints

Total number of restraints 475
Total NOE Restraints 251
Intra-residue 135
Inter-residue 116
Sequential [i-j| = 1 92
Non-sequential |i-j| > 1 24

Hydrogen bond restraints 9
Dihedral Angle Restraints® 206
Planarity Restraints 18

Structure Analysis
NOE violations >0.5 A 0
Torsion angle violations >5° 0

Deviation from Idealized Geometry

RMS Deviation of Bond lengths (A) 0.00

RMS Deviation of Bond angles (°) 0.64
Heavy Atom RMSD to the Mean Structure (A)

All RNA heavy atoms (1-28) 0.85

All RNA backbone (1-28) 0.75

RNA upper stem heavy atoms (7-22) 1.03

RNA upper stem backbone (7-22) 0.84

(a) H2 of Adenines located in single-stranded loops were not assigned.
(b) Generic dihedral restraints were applied to A-form helical regions confirmed by NOESY spectra.
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Table 3.3. NMR experimental restraints and structural statistics for the 10 lowest energy
structures of DenvSLAsh (three-way junction)

DenvSLAsh

NMR Peak Assignment

90% of H1', 95% of H2', 94.1% of HS, 97.5% of H6/H8, 47.5% of H3’, 27.5% of H4’, 16.3%
of H5°/H5 **and 40% of AdeH2® were assigned. Extensive overlap in the sugar proton region
was relieved by deuteration of H3', H4', HS', H5”’ and HS5 protons to assign H1’ and H2’

unambiguously, but this prevented assignments of many of those deuterated sugar protons.
65% of imino protons and 80% of Cyt amino protons were assigned.

NMR Experimental Restraints

Total number of restraints 840
Total NOE Restraints 562
Intra-residue 262
Inter-residue 300
Sequential [i-j| = 1 187
Non-sequential |i-j| > 1 113

Hydrogen bond restraints 41
Dihedral Angle Restraints® 250

Planarity Restraints 28

Structure Analysis
NOE violations >0.5 A 0
Torsion angle violations >5° 0

Deviation from Idealized Geometry

RMS Deviation of Bond lengths (A) 0.00
RMS Deviation of Bond angles (°) 0.68
Heavy Atom RMSD to the Mean Structure (A)
All RNA heavy atoms (1-40) 2.75
All RNA backbone (1-40) 2.67
RNA top and side stem heavy atoms (10-33) 2.07
RNA top and side stem backbone (10-33) 1.88
RNA bottom stem heavy atoms (1-9, 34-40) 1.76
RNA bottom stem backbone (1-9, 34-40) 1.11

(a) H2 of Adenines located in single-stranded loop were not assigned.
(b) Generic dihedral restraints were applied to A-form helical regions confirmed by NOESY spectra.

175



Table 3.4. NMR experimental restraints and structural statistics for the 10 lowest energy
structures of DenvSLATL (full-length monomeric SLA)

DenvSLATL
NMR Experimental Restraints®
Total number of restraints 1277
Total NOE Restraints 843
Intra-residue 402
Inter-residue 441
Sequential [i-j| = 1 303
Non-sequential |i-j| > 1 138
Hydrogen bond restraints 68
Dihedral Angle Restraints 384
Planarity Restraints 50
Structure Analysis
NOE violations >0.5 A 0
Torsion angle violations >5° 0
Deviation from Idealized Geometry
RMS Deviation of Bond lengths (A) 0.00
RMS Deviation of Bond angles (°) 0.66
Heavy Atom RMSD to the Mean Structure (A)
All RNA heavy atoms (6-70) 3.98®
All RNA backbone (6-70) 4.08®
Top stemloop heavy atoms (22-45, corresponding to DenvTSL) 1.33
Top stemloop backbone (22-45, corresponding to DenvTSL) 1.26
Bottom stem heavy atoms (6-18, 57-70, corresponding to DenvBS) 1.02
Bottom stem backbone (6-18, 57-70, corresponding to DenvBS) 1.00
Three-way junction heavy atoms (15-25, 42-60, corresponding to 268
DenvSLAsh)
Three-way junction backbone (15-25, 42-60, corresponding to 268
DenvSLAsh)

(a) Experimental restraints were derived from structural segments DenvBS, DenvTSL and DenvSLAsh (as
described in Materials and Methods).
(b) The RMSD is calculated without the unstructured single-stranded 5°-tail (residues 1-5).
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Appendix A.

Scripts and Commands for Peptide Structure Calculation

Al. Scripts

Al.1. peptide.seq
Write the sequence with 3-letter code of amino acids. For example:

GLY SER LYS ARG PHE ARG PRO PRO ILE ILE PHE ASN GLU ARG

Al.2. generate cyclic_psf.inp

rtf @TOPPAR:protein.top end

evaluate (Skbbang = 500.0)
evaluate (Skbbimp = 500.0)

parameter @TOPPAR:protein.par end

segment
name = "PeptideName"
SETUP=TRUE
chain
LINK PEPP HEAD-* TAIL+PRO END {LINKtoPRO}
LINKPEPT HEAD-* TAIL+* END
sequence
@peptide.seq
end
end
end
vector do ( resid = encode ( decode ( resid ) + 0) ) (segid "PeptideName")
vector do (segid = "PeptideName") (segid "PeptideName")

{*Make cyclic peptide.*}
patch PEPT reference=-=( resid 14 ) reference=+=(resid 1)

end
{*Change residue 7 into L-form.*}
patch ltod
reference=nil=( resid 7)
end

write structure output = "PeptideName_generate_psf2.psf" end
write coor output = "PeptideName_generate_psf2.pdb" end

stop

Al1.3. generate_template_cmplx_ani.inp

remarks file nmr/generate_template.inp
remarks Generates a "template" coordinate set. This produces
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remarks an arbitrary extended conformation with ideal geometry.
remarks Author: Axel T. Brunger

{::==>}
structure @PeptideName_generate_psf2.psf
end {*Read structure file.*}
parameter
{::==>}
@TOPPAR:protein.par {*Read parameters.*}
end

I{ Set force constants for S-S bond lengths and angles to zero }
Iparameter

I bonds ( name SG) ( name SG ) 0. 1.

I angle (name CB) (name SG ) (name SG) 0. 1

lend

vector ident (x) (all )

vector do (x=x/10.) ( all)

vector do (y=random(0.5) ) ( all )
vector do (z=random(0.5) ) ( all )

vector do (fbeta=50) (all) {*Friction coefficient, in 1/ps.*}
vector do (mass=100) (all) {*Heavy masses, in amus.*}
parameter

nbonds

cutnb=5.5 rcon=20. nbxmod=-2 repel=0.9 wmin=0.1 tolerance=1.
rexp=2 irexp=2 inhibit=0.25
end
end

flags exclude * include bond angle vdw end
minimize powell nstep=5000 nprint=10 end
flags include impr end

minimize powell nstep=5000 nprint=10 end

dynamics verlet
nstep=5000 timestep=0.001 iasvel=maxwell firsttemp= 300.
tcoupling = true tbath =300. nprint=100 iprfrq=0

end

parameter
nbonds
rcon=2. nbxmod=-3 repel=0.75
end
end

minimize powell nstep=5000 nprint=25 end

dynamics verlet
nstep=300 timestep=0.005 iasvel=maxwell firsttemp=300.
tcoupling = true tbath =300. nprint=100 iprfrq=0
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end

flags exclude vdw elec end

vector do (mass=1.) ( name h*)

hbuild selection=( name h* ) phistep=360 end
flags include vdw elec end

minimize powell nstep=5000 nprint=50 end

{*Write coordinates.*}
remarks produced by nmr/generate_template.inp
write coordinates output=PeptideName_only.pdb end

stop

Al.4. peptide_anneal.inp

!

I slow cooling protocol in torsion angle space. Uses only vDw

I NOE constraints with optional coupling, carbon, diheadral and radius of gyration.
!

1 CDS 5/2/00

!

eval (SnumStructs = 204) Itotal number of structures to calculate
eval (SrandomSeed = 753) Irandom seed

eval (Suse_graphics = false) | VMD-xplor graphics are not used.

eval (SmaxResid = 56) lused for properly configuring TA dynamics

I

| get parallel info, which computer and how many processes.

I

cpyth "from os import environ as env"

cpyth "xplor.command('eval (Sproc_num=%s)' % env['XPLOR_PROCESS'] )"
cpyth "xplor.command('eval (Shum_procs=%s)' % env['’XPLOR_NUM_PROCESSES'])"
eval (Shum_procs=min(Snum_procs,SnumStructs))

if (Sproc_num >= Snum_procs ) then stop end if

eval (SfirstStruct = int(Sproc_num * SnumStructs / Snum_procs))

eval (SlastStruct = int((Sproc_num+1) * SnumStructs / Snum_procs))

|

I get parallel info

|

Icpyth "from os import environ as env"

Icpyth "xplor.command(‘eval (Sproc_num=%s)' % env['’XPLOR_PROCESS'] )"
Icpyth "xplor.command(‘eval (Snum_procs=%s)' % env['XPLOR_NUM_PROCESSES'])"

I read in the PSF and initial PDB files
|

parameter @TOPPAR:protein.par end
structure @PeptideName_generate_psf2.psf
end

Irgyr
Icollapse
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I'scale 1.0

Iradius of gyration

lordered region of protein, constant=(#res"0.38)*2.2
lassign (resid 1:8) 50.0 4.8

lend

noe

nres=3000 {*Estimate greater than the actual number of NOEs.*}
class all

{::::
@PeptideName_noe.tbl {*Read NOE distance ranges.*}

I class hb
@hbond.tbl

end

Irestraints dihed

I reset

I nass =5000

I {====>

I @PeptideName_angles.tbl {*Read dihedral angle restraints.*}
lend

Icouplings

nres 400

potential harmonic

class phi

degen 1

force 1.0

coefficients 6.98 -1.38 1.72 -60.0

W====>

I @jna_coup.tbl {* regular (non-Glycine) hnha couplings *}
lend

Icarbon
I phistep 180

I psistep 180

I nres =200

I class all

I force 0.5

I potential harmonic

I @/home/mds8575/PROGRAMS/XPLOR/xplor-nih-2.36/databases/c13shifts/rcoil_c13.tbl
I @/home/mds8575/PROGRAMS/XPLOR/xplor-nih-
2.36/databases/c13shifts/expected_edited_c13.tbl

I @carbon.tbl

lend

!
I starting coords
!

coor @PeptideName_only.pdb
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I Fix dipolar coupling tensor axis

I this applies for the powell minimization- but not for the torsion angle
I dynamics

Iconstraints fix (resname "ANI") end

flags exclude * include bond angle impr end
mini powell nstep 1000 nprint 100 end
{* Minimize with only the covalent constraints. *}

coor copy end

I annealing settings
!

eval (Sinit_t =3500.01)
eval (Sfinal_t = 100)

eval (Scool_steps = 25000)
eval (Stempstep = 25)

eval (Sncycle_vdw = 100)

eval (Sncycle = (Sinit_t-$final_t)/Stempstep)
eval (Snstep = int(Scool_steps/Sncycle))

eval (Sini_rad =0.4)
eval (S$fin_rad = 0.80)
eval (Sradfact = ($fin_rad/Sini_rad)*(1/Sncycle))

eval (Sini_con = 0.004)
eval (S$fin_con = 4.0)
eval (Sk_vdwfact = ($fin_con/Sini_con)”(1/Sncycle))

eval (Sini_ang = 0.4)
eval ($fin_ang = 1.0)
eval (Sang_fac = ($fin_ang/Sini_ang)*(1/Sncycle))

eval (Sini_imp=0.4) !was0.1
eval (Sfin_imp = 1.0)
eval (Simp_fac = (Sfin_imp/Sini_imp)~(1/Sncycle))

eval (Shitemp_noe = 20.0) ! was 150

eval (Sini_noe = 2.0) !was?2

eval (S$fin_noe = 30.0)

eval (Snoe_fac = ($fin_noe/Sini_noe)*(1/Sncycle))

eval (Sini_timestep = 0.010) !reduced from 0.015
eval (Sfin_timestep = 0.003)
eval (Stimestep_fac = ($fin_timestep/Sini_timestep)”*(1/Sncycle))

Iscaling factors for the vdw loop

eval (Sradfact_vdw = (S$fin_rad/Sini_rad)”(1/Sncycle_vdw))
eval (Sk_vdwfact_vdw = (Sfin_con/Sini_con)*(1/Sncycle_vdw))
eval (Sang_fac_vdw = ($fin_ang/Sini_ang)*(1/Sncycle_vdwy))
eval (Simp_fac_vdw = (Sfin_imp/Sini_imp)~(1/Sncycle_vdw))
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vector do (mass = 100.0) (all)
vector do (fbeta = 10.0) (all)

set echo on message on end

|
I set up the torsion angle dynamics topology stuff
I to eliminate degrees of freedom in the aromatics

dynamics internal

set echo on message on end
cloop=false
auto torsion
maxe 10000
end

constraints
interaction (not resname ANI) (not resname ANI)
weights * 1 angl Sini_ang impr Sini_imp {* Scale covalent constraints. *}
end

end
parameter {*Parameters for the repulsive energy term.*}
nbonds
repel=0.5 {*Initial value for effective atom radius *}

{*--modified later.*}
rexp=2 irexp=2 rcon=1.
nbxmod=-2 {*Initial value for nbxmod--modified later.*}
wmin=0.01
cutnb=4.5 ctonnb=2.99 ctofnb=3.
tolerance=0.5
end
end

Irestraints dihedral
I scale=5. {*Initial weight--modified later.*}
lend

eval (Scount = SfirstStruct)
while (Scount < SlastStruct) loop structure
|
| Be sure different structures start with different seeds
|
eval (S$seed = SrandomSeed+Scount)
set seed Sseed end

if ( Suse_graphics = true ) then
ps
defi Scount
bonds (not name h)
end
end
end if

!
I reset the force constants and call the energy terms
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eval (Sbath = Sinit_t)

eval (Sradius = Sini_rad)

eval (Sk_vdw = Sini_con)

eval (Sk_ang = Sini_ang)

eval (Sk_imp = Sini_imp)

eval (Sknoe = Sini_noe)

eval (Stimestep = Sini_timestep)

flags
exclude * include bonds angl impr noe
end

I re-init the coords
|

coor swap end
coor copy end {* Save the first structure to copy to use as a reference *}

I set some high-temp force constants
|

noe
ceiling=1000
averaging * sum
potential * square
sqgconstant * 1.0
sgexponent * 2
sqoffset * 0.0
soexponent * 1
asymptote * 1.0
rswitch * 0.5
rswitch * 3
scale  * Shitemp_noe

averaging hb sum
potential hb biharmonic
sqconstant hb 1.0
sgexponent hb 2

scale  hb Shitemp_noe

end

parameters

nbonds
atom
nbxmod 4 {* Can use 4 here, due to internal coordinate dynamics. *}
wmin 0.01
cutnb 4.5
tolerance 0.5
rexp 2
irex 2
repel Sradius

183



rcon Sk_vdw
end
end

vector do (vx = maxwell(3500)) (all)

vector do (vy = maxwell(3500)) (all)

vector do (vz = maxwell(3500)) (all)

{* Set initial velocities to fit a temperature of 3500K. *}
{* High temperature to promote convergence. *1

I high temp dynamics
!

evaluate (Stol = Sbath/1000)
dynamics internal
nstep O
endt 20
timestep Stimestep
tbath Sbath
response 20
nprint 100
etol Stol
end

if ( Suse_graphics = true ) then
ps
append Scount
bonds (not name h)
end
end
end if

flags exclude * include bond angle impr vdw noe end
eval (Sbath = Sinit_t)

evaluate (Si_vdw = 0)
while (Si_vdw < Sncycle_vdw) loop vdw {* iterate changes in van der *}
{* Waals interaction. Scale and*}
{* radius. *1
evaluate (Si_vdw=Si_vdw+1)
{* Min function is used to keep variables within ini_variable and *}
{* fin_variable. *1
eval (Sk_vdw = min($fin_con,Sk_vdw*Sk_vdwfact_vdwy))
eval (Sradius = min(Sfin_rad,Sradius*Sradfact_vdw))
eval (Sk_ang = min(Sfin_ang,Sk_ang*Sang_fac_vdw))
eval (Sk_imp = min ($fin_imp,Sk_imp*Simp_fac_vdw))

parameter
nbonds
rcon Sk_vdw
repel Sradius
end
end
constraints
interaction (all) (all)
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weights * 1 angl Sk_ang impr Sk_imp
end
end

I'vdw dynamics {* dynamics with Van der Waals repulsion turned on. *}
!

dynamics internal
timestep Stimestep
endt 1
tbath Sbath
nprint Snstep
ntrfr 10
end

if ( Suse_graphics = true ) then
ps
append Scount
bonds (not name h)
end
end
end if
end loop vdw

|
I cooling
|
restraints dihedral
scale=200. end {* increase dihedral term *}

evaluate (Si_cool = 0)

while (Si_cool < $Sncycle) loop cool
evaluate (Si_cool=Si_cool+1)

eval (Sbath = Sbath - Stempstep)

eval (Sknoe = Sknoe*Snoe_fac) {* Scale during cooling. *}
eval (Stimestep = Stimestep*Stimestep_fac)

eval (Sk_vdw = min($fin_con,Sk_vdw*$Sk_vdwfact))

eval (Sradius = min(Sfin_rad,Sradius*Sradfact))

eval (Sk_ang = min(Sfin_ang,Sk_ang*Sang_fac))

eval (Sk_imp = min(Sfin_imp,Sk_imp*Simp_fac))

noe scale * Sknoe end
parameter
nbonds
rcon Sk_vdw
repel Sradius
end
end
constraints
interaction (not resname ANI) (not resname ANI)
weights * 1 angl Sk_ang impr Sk_imp {* Scale impropers and angles *}
end
end
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I cooling dynamics
I

evaluate (Stol = Sbath/1000)
dynamics internal
endt 2
tbath Sbath
nprint Snstep
ntrfr 10
end

if ( Suse_graphics = true ) then
ps
append Scount
bonds (not name h)
end
end
end if
end loop cool

!
I final minimization - with fixed tensor axis
!

I constraints fix (resname "ANI") end
mini powell nstep 1500 nprint 50 end

if ( Suse_graphics = true ) then
ps
append Scount
bonds (not name h)
end
end
end if

| recenter
|

coor orient end

!
I analysis
I evaluates RMS deviations and violations

print threshold 0.5 noe
eval (Srms_noe = Sresult)
eval (Sviolations_noe = Sviolations)

print thres 0.05 bonds
eval (Srms_bonds = Sresult)

print thres 5. angles
eval (Srms_angles = Sresult)

print thres 5. impropers
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eval (Srms_impropers = Sresult)

I print thres 5. cdih
I eval (Srms_cdih = Sresult)
I eval (Sviolations_cdih=S$violations)

I carbon print threshold = 1.5 end
| evaluate (Srms_ashift = Srmsca)
| evaluate (Srms_bshift = Srmscb)
| evaluate (Sviol_shift = Sviolations)

I couplings print threshold 1.0 class phi end
| evaluate (Srms_coup = Sresult)
| evaluate (Sviols_coup = Sviolations)

remarks  overall bonds angles improper vdw noe
remarks energies: Sener Sbond Sangl Simpr Svdw Snoe

remarks

remarks bonds angles impropers noe

remarks Srms_bonds Srms_angles Srms_impropers Srms_noe
remarks

remarks noe

remarks violations :  Sviolations_noe

remarks

eval (Ssuffix = ".pdb")
evaluate (Sfile = "PeptideName_anneal_" + encode(Scount) + Ssuffix)
write coor output= Sfile end

{* Test for convergence. *}
if (Sviolations_noe < 4) then
if (Sviolations_cdih < 2) then
eval (Ssuffix = ".pdb_converged") {* Change the suffix if converged. *}
evaluate (Sfile = "complex_anneal_" + encode(Scount) + Ssuffix)
write coor output= S$file end
end if
end if

eval (Scount = Scount + 1)
end loop structure
stop

AL.S. xplor_energy.sh

#1/bin/csh
set PPATH='/Users/PATH_TO_STRUCTURE_DIRECTORY'

## Sort structures in the order of their energy. ##
grep "REMARK energies:" SPPATH/*pdb >> SPPATH/energy.tmp

sort -k3n energy.tmp >> energy.out

rm energy.tmp
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## Sort structures in the order of violations. ##
grep "REMARK violations.:" SPPATH/*pdb >> SPPATH/energy.tmp

sort -k4 energy.tmp >> energy.out

rm energy.tmp

Al.6. prtvio.inp

evaluate (519 =0.4)

set echo=true mess=on display=prtvio.out print=prtvio.out end
structure @PeptideName_generate_psf2.psf end

noe reset nres=20000

class all @PeptideName_noe.tbl

potential all soft sqconst all 1.0 sgexponent all 2 aver all sum
end

for S2in

(

"PeptideName_anneal_1.pdb"
"PeptideName_anneal_2.pdb"
"PeptideName_anneal_3.pdb"
"PeptideName_anneal_4.pdb"
"PeptideName_anneal_5.pdb"
"PeptideName_anneal_6.pdb"
"PeptideName_anneal_7.pdb"
"PeptideName_anneal_8.pdb"
"PeptideName_anneal_9.pdb"
"PeptideName_anneal_10.pdb"

)

loop test

coor @@S2

display FILE= $2

print threshold $19 noe
end loop test

stop

A2. Restraint Table Format

NOE:s are binned into 3 categories: strong (2.5 + 0.7 A), medium (3.5 1.2 A) and weak (4.5
+1.5 A). Distance restraints for atoms are depicted in a format as following:

assign (residue 1 and name HA) (residue 1 and name HN) 2.5 0.7 0.7
assign (residue 2 and name HB) (residue 2 and name HN) 3.5 1.2 1.2
assign (residue 3 and name HG) (residue 3 and name HN) 4.5 1.5 1.5

Two atoms are selected and their distance restraint is written after that. The first number is
the restrained distance between the two atoms. The second number is the minus range of
distance, and the third number is the plus range.

Naming for every atom in each amino acid can be found on the website of Biological
Magnetic Resonance Data Bank (BMRB) (https://bmrb.io/ref info/).
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A3. Commands and Steps

1.

Generate a dummy cyclic peptide based on sequence.
/PATH/xplor <generate_cyclic_psf.inp> cyclic.out

Generate an arbitrary extended conformation of peptide with ideal geometry as the
starting structure for simulated annealing in the next step.

/PATH/xplor <generate_template_complx_ani.inp> temp.out

Do structure calculations using simulated annealing process. Distribute parallel works to
multiple CPUs, if exist, using -smp #, where # is the number of CPUs.

/PATH/xplor -smp # -0 anneal.out peptide_anneal.inp
Find out 10 structures with the lowest energy.

sh xplor_energy.sh
Check if NOE violations occur in the 10 lowest energy structures. If violations occur, re-
inspect the spectra and NOE table to find out mistakes or incorrect assignments and fix
them.

/PATH/xplor <prtvio.inp> prtvio.out
Repeat step 3-5 until no NOE violation occurs. The 10 structures with the lowest total

energy are chosen as the representative structures. Examine the structure quality by
MolProbity server.
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Appendix B.

Scripts and Commands for RNA Structure Calculation

B1. Scripts
B1.1. generate_aptamer psf.py

# Generate PSF for aptamer RNA from the sequence.

# Aptamer sequence.
# RNA name= RNA_NAME
seq ="'"GUA ADE URI CYT GUA ADE URI CYT GUA ADE URI CYT"

# Make desired nucleic acid topology and parameter files the default.

import protocol

protocol.topology['nucleic'] = 'nucleic-3.1.top"

protocol.parameters['nucleic'] = 'nucleic-3.1.par' # needed because seqToPSF
# below initialzes params.
# as side effect

# Generate PSF file.

import psfGen

psfGen.seqToPSF(seq, seqType='rna’, psfFilename='RNA_NAME.psf')

B1.2. fold.py
#
# Protocol for folding an input extended RNA structure in torsion angle space
# (with optional final Cartesian minimization).
#
# This script comprises the following stages:
# (1) High temperature (sampling) stage, with small force constants for the
# different energy terms and limited van der Waals-like repulsions.
# (2) Simulated annealing stage, where force constants are increased.
# (3) Minimization in torsion angle space.
# (4) Minimization in Cartesian space (optional).
#
# The experimental restraints consist of distances (from NOEs and hydrogen
# bonds) and torsion angles (e.g., from J-couplings). Additionally, planarity
# restraints are implemented to prevent undue buckling across Watson-Crick
# pairs.
#
# The force field covalent energy terms for bond lengh and angles, and improper
# dihedral angles are supplemented with a statistical potential for torsion
# angles, which reduces backbone conformational outliers. This is the so-called
# RNA-ff1 force field, implemented here as originally described in:
# Bermejo et al., Improving NMR Structures of RNA, Structure (2016) 24: 806-815.
#
# This script is intended to serve as a reference for RNA structure calculation,
# allowing the easy removal/addition of experimental energy terms.
#
# Authors: Guillermo A. Bermejo and Charles D. Schwieters.
#
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#

# Total number of structures.
#

nstructures = 1000

#

# Base name for output PDB files.

#---

# This string must contain the "STRUCTURE" literal to be replaced by the
# structure number in the PDB filename. The (optional) "SCRIPT" literal is
# replaced by the name of this file (or stdin if redirected using <).

#

outfilename = 'SCRIPT_STRUCTURE.pdb'

#

# Set random seed.

#

import protocol

protocol.initRandomSeed(3421) # by specific seed number

#

# Read PSF file(s).

#
protocol.initStruct(['RNA_NAME.psf'])

#

# Load paramaters.

#---

# Read covalent and nonbonded parameters from parameter file(s).

# Note that only covalent parameters for bond lengths and angles, and impropers
# dihedrals are used in this script. The torsion angle parameters, if any, are

# ommited because they are provided by a statistical potential below.

#

protocol.initParams(['nucleic-3.1.par'])

#

# Generate extended conformation with satisfied covalent geometry.
#

protocol.genExtendedStructure(sel=0, verbose=0, maxFixuplters=500)

#protocol.loadPDB("cmplx.tmplt.pdb")
#inputStructures="cmplx.tmplt.pdb"

#

# Create a PotList() to contain the energy terms that will be active
# during structure calculations.

#

from potList import PotList

potList = PotList()

#

# Lists highTempParams and rampedParams will hold simulationTools.StaticRamp and
# simulationTools.MultRamp objects to handle parameter changes between the high
# termperature and annealing stage, and within the annealing stage (e.g., ramped

# force constants).

#

from simulationTools import StaticRamp, MultRamp, InitialParams, AnneallVM
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highTempParams =[]
rampedParams =[]

# Below, the entire setup of each energy term (including their treatment during
# the high temperature and annealing stages) is performed in self-contained

# sections, so that removal of a term or addition of a new one can be done

# simply by commenting out or adding the corresponding section, respcetively.

#
# Set up distance restraint potential (e.g., from NOEs).

import noePotTools
noe = PotList('noe')
for (name, scale, table) in [(‘all', 1, 'RNA_noe.tbl'),

# add entries for more restraint tables here
1:
pot = noePotTools.create_ NOEPot(name, table)
# pot.setPotType("soft") # if you suspect there are bad NOEs
pot.setScale(scale)
noe.append(pot)
potList.append(noe)
rampedParams.append(MultRamp(2, 30, "noe.setScale( VALUE )"))

#

# Set up torsion angle restraint potential (e.g., from J-couplings).

#

import xplorPot

dihedralTables = ['RNA_dihedralSL.tbl' ]
protocol.initDihedrals(dihedralTables)
potList.append(xplorPot.XplorPot('CDIH'))
highTempParams.append(StaticRamp("potList['CDIH'].setScale(10)"))
rampedParams.append(StaticRamp("potList['CDIH'].setScale(200)"))

#

# Set up potential for base-pair planarity restraints.

#

protocol.initPlanarity('RNA_planeSL.inp')
potList.append(xplorPot.XplorPot('PLAN'))

# (The setup of this term remains unchanged throughout; no need to involve
# highTempParams and/or rampedParams.)

#

# Set up statistical torsion angle potential (torsionDB).

#

import torsionDBPotTools

torsiondb = torsionDBPotTools.create_TorsionDBPot(name="torsiondb',system="'rna')
potList.append(torsiondb)

rampedParams.append(MultRamp(0.5, 4, "torsiondb.setScale(VALUE)"))

#

# setup parameters for atom-atom repulsive term. (van der Waals-like term)
#

from repelPotTools import create_RepelPot,initRepel

repel = create_RepelPot('repel’)

potList.append(repel)
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rampedParams.append( StaticRamp("initRepel(repel,usel4=False)") )
rampedParams.append( MultRamp(.004,4, "repel.setScale( VALUE)") )
# nonbonded interaction only between CA atoms
highTempParams.append( StaticRamp("""initRepel(repel,

useld=True,

scale=0.004,

repel=1.2,

moveTol=45,

interactingAtoms="name C1""

)"™"))

# Selected 1-4 interactions.

import torsionDBPotTools

repell4 = torsionDBPotTools.create_Terminal14Pot('repel14’)
potList.append(repel14)
highTempParams.append(StaticRamp("repell4.setScale(0)"))
rampedParams.append(MultRamp(0.004, 4, "repell4.setScale(VALUE)"))

#

# Set up bond length potential.

# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot('BOND'))

# (The setup of this term remains unchanged throughout; no need to involve
# highTempParams and/or rampedParams.)

#

# Set up bond angle potential.

# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot('ANGL'))
rampedParams.append(MultRamp(0.4, 1.0, "potList['ANGL'].setScale(VALUE)"))

#

# Set up improper dihedral angle potential.

# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot('IMPR"))
rampedParams.append(MultRamp(0.1, 1.0, "potList['IMPR'].setScale(VALUE)"))

#
# Done with energy terms.

#

# Give atoms uniform weights, except for anisotropy axes (if any).
#

protocol.massSetup()

#
# Set up IVM object(s).
#

# IVM object for torsion-angle dynamics/minimization.
import ivm
dyn = ivm.IVM()

# Make ligand (resid 34) rigid.
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#dyn.group('"resid 34 and (name n1 or name c1 or name c2 or name 02
# or name n3 or name c3 or name c4 or name n9 or name c8
# or name n7 or name c5 or name c6 or name 06 or name h7)"')

# Argument flexRiboseRing below is a string that selects residues whose ribose
# rings will have all endocyclic angles flexible. In general, all ribose rings

# should be selected. In this example, the non-RNA ligand (residue 34) has to
# be excluded.

#protocol.torsionTopology(dyn, flexRiboseRing="resid 1:33 and resid 35:50')

protocol.torsionTopology(dyn, flexRiboseRing="all')

## Optional IVM object for final Cartesian minimization.
minc = ivm.IVM()
protocol.cartesianTopology(minc)

#

# Temperature set up.

#

temp_ini =3500.0 # initial temperature
temp_fin=25.0 # final temperature

def calcOneStructure(loopinfo):
"""Calculate a structure.

# Generate initial structure by randomizing torsion angles.
import monteCarlo
monteCarlo.randomizeTorsions(dyn)

# Randomize position of ligand.

# (In the case where there is no ligand, comment out the next two lines.)
#import atomAction

#atomAction.randomizeDomainPos('resid 1:14', deltaPos=45)

# Set torsion angles from restraints.

# (They start satisfied, allowing the shortening of high temp dynamics.)
#import torsionTools
#torsionTools.setTorsionsFromTable(dihedralTables)

# Fix up covalent geometry.
# (The torsion restraints may include ring torsions and distort geometry.)
while True:
try:
protocol.fixupCovalentGeom(maxlters=100, useVDW=1)
break
except protocol.CovalentViolation:
pass

#
# High Temperature Dynamics Stage.
#

# Initialize parameters for high temperature dynamics.

InitialParams(rampedParams)

InitialParams(highTempParams) # purposedly overides some
# setups in rampedParams
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# Set up IVM object and run.
protocol.initDynamics(dyn,
potList=potList,
bathTemp=temp_ini,
initVelocities=1,
finalTime=15, # run for finalTime or
numSteps=15001, # numSteps * 0.001, whichever is less
printinterval=100)

dyn.setETolerance(temp_ini/100) # used to find stepsize (default: temp/1000)
dyn.run()

#
# Simulated Annealing Stage.
#

# Initialize parameters for annealing.
InitialParams(rampedParams)

# Set up IVM object for annealing.
protocol.initDynamics(dyn,
potList=potList,
finalTime=0.2, # run for finalTime or
numSteps=201, # numSteps * 0.001, whichever is less
printinterval=100)

# Set up cooling loop and run.
AnneallVM(initTemp=temp_ini,
finalTemp=temp_fin,
tempStep=12.5,
ivm=dyn,
rampedParams=rampedParams).run()

#

# Torsion angle minimization.

#

protocol.initMinimize(dyn,
potList=potList,
printinterval=50)

dyn.run()

HHt #
## # Cartesian minimization (optional).
HHt #
protocol.initMinimize(minc,
potList=potList,
dEPred=10)
minc.run()

from simulationTools import StructureLoop
StructureLoop(numStructures=nstructures,
pdbTemplate=outfilename,
doWriteStructures=True,
structLoopAction=calcOneStructure,
# Arguments for generating structure statistics:
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genViolationStats=True,
averageSortPots=[potList['noe']], # terms for structure sorting

# potlList['CDIH']],
averageTopFraction=0.1, # top fraction of structs. to report on
averagePotList=potList, # terms analyzed
averageFitSel="not (name H* or resname ANI)', # selection to fit
).run() # to average struct.

# and report precision

B1.3. refine.py

# Protocol refining an input folded RNA structure in torsion angle space (with

# optional final Cartesian minimization).

#

# This script comprises the following stages:

# (1) High temperature (sampling) stage, with small force constants for the

# different energy terms and limited van der Waals-like repulsions.

# (2) Simulated annealing stage, where force constants are increased.

# (3) Minimization in torsion angle space.

# (4) Minimization in Cartesian space (optional).

#

# The experimental restraints consist of distances (from NOEs and hydrogen

# bonds), torsion angles (e.g., from J-couplings), and RDCs. Additionally,

# planarity restraints are implemented to prevent undue buckling across Watson-
# Crick pairs.

#

# The force field covalent energy terms for bond lengh and angles, and improper
# dihedral angles are supplemented with statistical potentials for torsion

# angles (which reduces backbone conformational outliers) and a base-base

# positional preferences. This is the so-called RNA-ff1 force field,

# implemented here as originally described in:

# Bermejo et al., Improving NMR Structures of RNA, Structure (2016) 24: 806-815.
#

# This script is intended to serve as a reference for RNA structure calculation,

# allowing the easy removal/addition of experimental energy terms.

#

# Authors: Guillermo A. Bermejo and Charles D. Schwieters.

#

#

# Total number of structures.
#

nstructures = 400

#

# Base name for output PDB files.

#---

# This string must contain the "STRUCTURE" literal to be replaced by the
# structure number in the PDB filename. The (optional) "SCRIPT" literal is
# replaced by the name of this file (or stdin if redirected using <).

#

outfilename = 'SCRIPT_STRUCTURE.pdb'

#
# Set random seed.
#
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import protocol
protocol.initRandomSeed(3421) # by specific seed number

#

# Read PSF file(s).

#
protocol.initStruct(['RNA_NAME.psf'])

#

# Load paramaters.

#---

# Read covalent and nonbonded parameters from parameter file(s).

# Note that only covalent parameters for bond lengths and angles, and impropers
# dihedrals are used in this script. The torsion angle parameters, if any, are

# ommited because they are provided by a statistical potential below.

#

protocol.initParams(['nucleic-3.1.par'])

#

# Read input structure.

#

import glob

infilename = glob.glob('fold_RNA_LOWEST.pdb')[0] # name of top-ranked struct. from fold.py
protocol.initCoords(infilename)

#protocol.loadPDB("fold_cjun_39.sa")

#

# Create a potlList.PotList() to contain the energy terms that will be active
# during structure calculations.

#

from potList import PotList

potList = PotList()

#

# Lists highTempParams and rampedParams will hold simulationTools.StaticRamp and
# simulationTools.MultRamp objects to handle parameter changes between the high
# termperature and annealing stage, and within the annealing stage (e.g., ramped

# force constants).

#

from simulationTools import StaticRamp, MultRamp, InitialParams, AnneallVM

highTempParams =[]
rampedParams =[]

# Below, the entire setup of each energy term (including their treatment during
# the high temperature and annealing stages) is performed in self-contained

# sections, so that removal of a term or addition of a new one can be done

# simply by commenting out or adding the corresponding section, respcetively.

#
# Set up RDC potential.
#

# List with RDC data.
H#---
# Each entry, a tuple, must contain strings for (in this order): arbitrary name
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# for the alignment medium, arbitrary name for the experiment (e.g., "CH" for
# C-H RDCs), and the path of the corresponding restraint table.

# medium exp. table
#rdcData = [('pfl', 'NH', 'RDC.tbl')
# ]

# Orientation tensor(s).

#import varTensorTools

#tensors = {}

#for item in rdcData:

# medium = item[0]

# tensors[medium] = varTensorTools.create_VarTensor(medium)

# RDCs per se.

#import rdcPotTools

#rdcPotTools.correctGyromagneticSigns() # change sign of NH RDCs after scaling
#rdcs = PotList('rdc')

#for (medium, exp, table) in rdcData:

# name ='%s_%s' % (exp, medium)

# rdc =rdcPotTools.create_RDCPot(name, table, tensors[medium])

# #rdcPotTools.scale_toCH(rdc)

# rdcs.append(rdc)

#potLlist.append(rdcs)

#rampedParams.append(MultRamp(0.05,1.0, "rdcs.setScale(VALUE)"))

# Calculate initial tensor orientation and setup tensor calculation during
# simulated annealing.

#for tensor in tensors.keys():

# highTempParams.append(StaticRamp(

# "varTensorTools.calcTensor(tensors['%s'])" % medium))
#

# Set up distance restraint potential (e.g., from NOEs).

#

import noePotTools
noe = PotList('noe')
for (name, scale, table) in [(‘all', 1, 'RNA_noe.tbl")
# add entries for more restraint tables here
1:
pot = noePotTools.create_ NOEPot(name, table)
# pot.setPotType("soft") # if you suspect there are bad NOEs
pot.setScale(scale)
noe.append(pot)
potList.append(noe)
rampedParams.append(MultRamp(2, 30, "noe.setScale(VALUE)"))

#

# Set up torsion angle restraint potential (e.g., from J-couplings).

#

import xplorPot

dihedralTables = ['RNA_dihedralSL.tbl']
protocol.initDihedrals(dihedralTables)
potList.append(xplorPot.XplorPot('CDIH'))
highTempParams.append(StaticRamp("potList['CDIH'].setScale(10)"))
rampedParams.append(StaticRamp("potList['CDIH'].setScale(200)"))

#
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# Set up potential for base-pair planarity restraints.

#

protocol.initPlanarity('RNA_planeSL.inp')
potList.append(xplorPot.XplorPot('PLAN'))

# (The setup of this term remains unchanged throughout; no need to involve
# highTempParams and/or rampedParams.)

#

# Set up statistical torsion angle potential (torsionDB).

#

import torsionDBPotTools

torsiondb = torsionDBPotTools.create_TorsionDBPot(name="torsiondb’,system="'rna’)
potList.append(torsiondb)

rampedParams.append(MultRamp(0.5, 4, "torsiondb.setScale(VALUE)"))

#
# setup parameters for atom-atom repulsive term. (van der Waals-like term)
#
from repelPotTools import create_RepelPot,initRepel
repel = create_RepelPot('repel’)
potList.append(repel)
rampedParams.append( StaticRamp("initRepel(repel,usel4=False)") )
rampedParams.append( MultRamp(.004,4, "repel.setScale( VALUE)") )
# nonbonded interaction only between CA atoms
highTempParams.append( StaticRamp("""initRepel(repel,

useld=True,

scale=0.004,

repel=1.2,

moveTol=45,

interactingAtoms="name C1""

)"™"))

# Selected 1-4 interactions.

import torsionDBPotTools

repell4 = torsionDBPotTools.create_Terminal14Pot('repel14’)
potList.append(repel14)
highTempParams.append(StaticRamp("repell4.setScale(0)"))
rampedParams.append(MultRamp(0.004, 4, "repell4.setScale(VALUE)"))

#

# Set up bond length potential.

# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot('BOND'))

# (The setup of this term remains unchanged throughout; no need to involve
# highTempParams and/or rampedParams.)

#

# Set up bond angle potential.

# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot(‘'ANGL'))
rampedParams.append(MultRamp(0.4, 1.0, "potList['ANGL'].setScale(VALUE)"))

#
# Set up improper dihedral angle potential.
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# (Needed even if no Cartesian minimization is used, for "broken" rings.)

#

potList.append(xplorPot.XplorPot('IMPR'))
rampedParams.append(MultRamp(0.1, 1.0, "potList['IMPR'].setScale(VALUE)"))

#

# Set up statistical base-base positional potential.

#---

# The selection argument in initOrie below should select all residues to be

# affected by the potential.

# In this particular example, the small-molecule ligand (residue 34) is ommited,
# along with residue 27, known from preliminary calculations to stick out of the
# structure. In general, however, all RNA residues should be selected (e.g.,

# for an isolated RNA molecule use selection="all').

# Reference: Clore, GM & Kuszewski, J, (2003) J. Am. Chem. Soc. 125:1518-1525.
#

#protocol.initOrie(system='rna’, selection="resid 1:23 or resid 35:56')
protocol.initOrie(system="'rna’, selection="all')
potList.append(xplorPot.XplorPot('ORIE'))
rampedParams.append(MultRamp(0.002,0.3,"xplor.command('orie scale VALUE end')"))

#
# Done with energy terms.

#

# Give atoms uniform weights, except for anisotropy axes (if any).
#

protocol.massSetup()

#
# Set up IVM object(s).
#

# IVM object for torsion-angle dynamics/minimization.
import ivm
dyn = ivm.IVM()

# Make ligand (resid 34) rigid.

#dyn.group('"resid 34 and (name n1 or name c1 or name c2 or name 02
# orname n3 or name c3 or name c4 or name n9 or name c8

# or name n7 or name c5 or name c6 or name 06 or name h7)"")

# Orientation tensor setup.

#---

# If RDCs are not included in the calculations by commenting out their setup

# section above, this set up has to be commented out also.

#for tensor in tensors.values():

# tensor.setFreedom("fixDa, fixRh") # fix tensor Rh, Da, vary orientation

# tensor.setFreedom("varyDa, varyRh") # vary tensor Rh, Da, vary orientation

# Argument flexRiboseRing below is a string that selects residues whose ribose
# rings will have all endocyclic angles flexible. In general, all ribose rings

# should be selected. In this example, the non-RNA ligand (residue 34) has to
# be excluded.

#protocol.torsionTopology(dyn, flexRiboseRing="resid 1:33 and resid 35:56')
protocol.torsionTopology(dyn, flexRiboseRing="all')
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## Optional IVM object for final Cartesian minimization.

minc = ivm.IVM()

#Hit

##for tensor in tensors.values():

## tensor.setFreedom("varyDa, varyRh") # allow all tensor parameters float here
#it

protocol.cartesianTopology(minc)

#

# Temperature set up.

#

temp_ini =3000.0 # initial temperature
temp_fin=25.0 # final temperature

def calcOneStructure(loopinfo):
"""Calculate a structure.

#
# High Temperature Dynamics Stage.
#

# Initialize parameters for high temperature dynamics.

InitialParams(rampedParams)

InitialParams(highTempParams) # purposedly overides some
# setups in rampedParams

# Set up IVM object and run.
protocol.initDynamics(dyn,
potList=potList,
bathTemp=temp_ini,
initVelocities=1,
finalTime=15, # run for finalTime or
numSteps=15001, # numSteps * 0.001, whichever is less
printinterval=100)

dyn.setETolerance(temp_ini/100) # used to find stepsize (default: temp/1000)
dyn.run()

#
# Simulated Annealing Stage.
#

# Initialize parameters for annealing.
InitialParams(rampedParams)

# Set up IVM object for annealing.
protocol.initDynamics(dyn,
potList=potList,
finalTime=0.63, # run for finalTime or
numSteps=631, # numSteps * 0.001, whichever is less
printinterval=100)

# Set up cooling loop and run.
AnneallVM(initTemp=temp_ini,
finalTemp=temp_fin,
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tempStep=12.5,
ivm=dyn,
rampedParams=rampedParams).run()

#

# Torsion angle minimization.

#

protocol.initMinimize(dyn,
potList=potList,
printinterval=50)

dyn.run()

#

# Cartesian minimization (optional).

#

protocol.initMinimize(minc,
potList=potList,
dEPred=10)

minc.run()

from simulationTools import StructureLoop
StructureLoop(numStructures=nstructures,
pdbFilesin=infilename,
pdbTemplate=outfilename,
doWriteStructures=True,
structLoopAction=calcOneStructure,
# Arguments for generating structure statistics:
genViolationStats=True,
averageSortPots=[potList['noe'], # terms for structure sorting
potList['CDIH'],
#potList['rdc']],
averageTopFraction=0.1, # top fraction of structs. to report on
averagePotList=potList, # terms analyzed
averageFitSel="not (name H* or resname ANI)',
).run()

B2. Restraint Table Format

B2.1. Distance Restraint

NOE:s are binned into 3 categories: strong (2.5 + 0.7 A), medium (3.5 1.2 A) and weak (4.5
+1.5 A). Distance restraints for atoms are depicted in a format as following, which is the

same as the format mentioned in Appendix A2:

assign (residue 1 and name H5) (residue 1 and name H6) 2.5 0.7 0.7
assign (residue 2 and name H1’) (residue 2 and name H6) 3.5 1.2 1.2
assign (residue 3 and name H1’) (residue 3 and name H8) 4.5 1.5 1.5

Two atoms are selected and their distance restraint is written after that. The first number is
the restrained distance between the two atoms. The second number is the minus range of
distance, and the third number is the plus range.

Naming for every atom in each nucleic acid can be found on the website of Biological
Magnetic Resonance Data Bank (BMRB) (https://bmrb.io/ref info/).
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B2.2. Dihedral Restraint

It is known that the sugar puckers of nucleic acids in a A-form helix have 3’-endo
conformations. The conformation of sugar pucker can also be confirmed through TOCSY
spectra (described in Chapter 1 Section 3.3).

Dihedral restraints are depicted in a format as following:

assign (resid 1 and name O4’) (resid 1 and name C1')
(resid 1 and name C2') (resid 1 and name C3') 1.0-20.0 10.0 2

Four atoms are selected to specify the dihedral angle.

The first number specifies the energy constant in kcal'mole™!-rad2. The second number
specifies the angle in degrees to which the dihedral angle is restrained. The third number
specifies the range around the restrained angle. The last number specifies the exponent of the
torsion angle energy function in Xplor-NIH (https://nmr.cit.nih.gov/xplor-
nih/doc/current/xplor/cdih.html).

An example of dihedral restraints for a 3’-endo sugar pucker in an A-form helix :

I GUA2
assign (resid 2 and name 04’) (resid 2 and name C1')

(resid 2 and name C2') (resid 2 and name C3') 1.0-20.0 10.0 2
assign (resid 2 and name C1’) (resid 2 and name C2')

(resid 2 and name C3’) (resid 2 and name C4') 1.0 35.05.0 2
assign (resid 2 and name C5') (resid 2 and name C4')

(resid 2 and name C3’) (resid 2 and name 03') 1.0 80.0 25.0 2
assign (resid 2 and name 04') (resid 2 and name C1')

(resid 2 and name N9 ) (resid 2 and name C4 ) 1.0 -150.0 90.0 2
Ibackbone alpha
assign (resid 1 and name 0O3') (resid 2 and name P )

(resid 2 and name 05') (resid 2 and name C5') 1.0 -60.0 40.0 2
Ibackbone beta
assign (resid 2 and name P ) (resid 2 and name O5')

(resid 2 and name C5') (resid 2 and name C4') 1.0 180.0 50.0 2
Ibackbone gama
assign (resid 2 and name O5') (resid 2 and name C5')

(resid 2 and name C4') (resid 2 and name C3') 1.0 60.0 40.0 2
Ibackbone epsilon
assign (resid 2 and name C4') (resid 2 and name C3')

(resid 2 and name 03') (resid 3 and name P ) 1.0-160.0 50.0 2
Ibackbone zeta
assign (resid 2 and name C3') (resid 2 and name 03')

(resid 3 and name P ) (resid 3 and name 05') 1.0-70.0 50.0 2

An example of dihedral restraints for a 2’-endo sugar pucker conformation:

I GUA1
assign (resid 1 and name 04') (resid 1 and name C1')

(resid 1 and name C2') (resid 1 and name C3') 1.0 35 10.0 2
assign (resid 1 and name C1') (resid 1 and name C2')

(resid 1 and name C3’) (resid 1 and name C4') 1.0 -35.05.02
assign (resid 1 and name C5') (resid 1 and name C4')

(resid 1 and name C3') (resid 1 and name 03') 1.0 145.0 20.0 2
assign (resid 1 and name 04') (resid 1 and name C1')
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(resid 1 and name N9 ) (resid 1 and name C4 ) 1.0 -150.0 90.0 2

B2.3. Planarity Restraint

Planarity restraints are set for base pairs to ensure their hydrogen bonds and bases are
coplanar.

An example of planarity restraints for canonical Watson-Crick base pairings:

1 G6-C36 WC base pair

group

select= ((resid 6 and (name N1 or name C6 or name C2)) or (resid 36 and (name N3)))
weight=80

end

group

select= ((resid 6 and (name N1)) or (resid 36 and (name N3 or name C2 or name C4)))
weight=80

end

1 A34-U8 WC base pair

group
select= ((resid 34 and (name N1 or name C2 or name C6)) or (resid 8 and (name N3)))
weight=80

end

group
select= ((resid 34 and (name N1)) or (resid 8 and (name N3 or name C2 or name C4)))
weight=80

end

B3. Commands and Steps
1. Generate the initial RNA aptamer .psf file.

/PATH/xplor -py generate_aptamer_psf.py -0 aptamer.out

2. Do structure calculations using simulated annealing process. Distribute parallel works to
multiple CPUs, if exist, using -smp #, where # is the number of CPUs.

/PATH/xplor -py fold.py -smp # -o fold.out
3. Check the output fold RNA_##.pdb.stats file to find out restraint violations and 10% of
all structures with the lowest energy. If violations occur, re-inspect the spectra and

restraint tables to find out mistakes or incorrect assignments and fix them.

4. Repeat step 2 and 3 until no violation occurs. Pick the lowest energy structure for a
further refinement by an extended simulated annealing calculation.

/PATH/xplor -py refine.py -smp # -o refine.out
5. Check the output refine RNA_##.pdb.stats file to make sure no violation occurs and find

out the 10 structures with the lowest total energy which are chosen as the representative
structures. Examine the structure quality by MolProbity server.
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Appendix C.

Resonance Assignments

C1. Resonance Assignments for DenvBS

loop_
_Entity_comp_index.ID
_Entity_comp_index.Comp_ID

1 GUA
2 GUA
3 ADE
4 GUA
5 URI

6 GUA
7 GUA
8 URI

9 URI
10 ADE
11 GUA
12 URI
13 CYT
14 URI
15 ADE
16 CYT
17 GUA
18 URI
19 URI
20 URI
21 CYT
22 GUA
23 ADE
24 CYT
25 GUA
26 URI
27 ADE
28 GUA
29 URI
30 URI
31CYT
32 URI
33 ADE
34 ADE
35CYT
36 CYT

stop_
loop_
_Atom_chem_shift.ID

_Atom_chem_shift.Comp_index_ID
_Atom_chem_shift.Seq_ID
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_Atom_chem_shift.Comp_ID
_Atom_chem_shift. Atom_ID
_Atom_chem_shift. Atom_type

_Atom_chem_shift. Atom_isotope_number
_Atom_chem_shift.Val

OCooNOOTULLPE, WN PR

G DB PAPPEPRAPLEPPRPFPDPWWWWWWWWWWNNNNNNNNNNRPRPPRPERPPRPPEPRPERERERPR
P OWVWOONIOTUDNWNRPROOONIOTUDNERWNPROOVONODUPDNWNRPRPROOONOULLPEA WNERLO

O O WOV WKW NNNOOOOO UL

P R R RPRRRPRRRRRRRRRRRRRRRRRPBRRPBRRBRRRRRR R
o0 NNNOOCTOOOCOD UL UTUPDA,PEDDPPWWWWNDNNNNNRRERREOODO

O O WOV WKW NNNOOOOO UL

PR RPRRPRRRPRRRRRRRRRRRRRRRRRPBRRBRRBRRRRRR R
oo NNNOOCTOOCODULMUTUPDA,PEDDPPWWWWNNNNNNRRERREOODO

URI
URI
URI
URI
GUA
GUA
GUA
GUA
GUA
GUA
URI
URI
URI
URI
URI
URI
URI
URI
ADE
ADE
ADE
GUA
GUA
GUA
URI
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
URI
URI
URI
URI
ADE
ADE
ADE
ad)
ad)
ad)
ad)
GUA
GUA
GUA
URI
URI
URI

H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H3'
H4'
H5
H6
H1'
H2'
H5
H6
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H3'

rI rrr r rr rr r r I r rr r r r r I r rr rr rr rI rI r rI I I I IIIIIIIIIIIIIIIIITIIT
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5.742
4.375
5.626
7.762
5.749
4.912
8.022
5.829
4.571
7.523
5.548
4.495
5.100
7.744
5.579
4.467
5.599
7.926
5.968
4.680
8.125
5.410
4.485
6.980
5.344
4.263
4.378
4.483
5.191
7.503
5.461
4.264
5.635
7.991
5.509
4.537
5.546
8.003
6.031
4.466
8.189
5.388
4.358
5.183
7.482
5.699
4.477
7.475
5.561
4.512
4.316



52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

18
18
19
19
19
19
19
19
19
20
20
20
20
20
20
21
21
21
21
21
21
22
22
22
22
22
23
23
24
24
24
24
25
25
25
26
26
26
26
27
27
27
28
28
28
29
29
29
29
30
30
30
30
30
31
31
31

18
18
19
19
19
19
19
19
19
20
20
20
20
20
20
21
21
21
21
21
21
22
22
22
22
22
23
23
24
24
24
24
25
25
25
26
26
26
26
27
27
27
28
28
28
29
29
29
29
30
30
30
30
30
31
31
31

URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
GUA
ADE
ADE
ad)
ad)
ad)
ad)
GUA
GUA
GUA
URI
URI
URI
URI
ADE
ADE
ADE
GUA
GUA
GUA
URI
URI
URI
URI
URI
URI
URI
URI
URI
ad)
ad)
ad)

H5
H6
H1'
H2'
H3'
H4'
H5
H5'
H6
H1'
H2'
H3'
H4'
H5
H6
H1'
H2'
H3'
H4'
H5
H6
H1'
H2'
H3'
H4'
H8
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H3'
H5
H6
H1'
H2'
H5

I rrr r rr r r r r r r r r r r r I r r I r r r r I rr rr rr rrI rI rIr I rI I I rIIIIIIIIIIIIIIIIITIT
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5.033
7.556
5.376
3.781
4.511
4.405
5.785
4.484
7.770
6.086
4.681
4.016
4.475
5.865
8.015
5.904
4.082
4.379
3.724
6.124
7.667
5.939
4.862
5.611
4.399
7.848
4.510
8.561
5.411
4.497
5.187
7.350
5.731
4.516
7.520
5.478
4.608
5.107
7.689
5.907
4.534
8.019
5.692
4.279
7.288
5.903
4.381
5.843
7.863
5.605
4.519
4.449
5.302
7.851
5.668
4.424
5.857



109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150

stop__

31
32
32
32
32
33
33
33
34
34
34
35
35
35
35
36
36
36

10
11
13
13
14
15
16
16
17
18
23
24
24
25
26
27
28
31
31
32
33
34

31
32
32
32
32
33
33
33
34
34
34
35
35
35
35
36
36
36

10
11
13
13
14
15
16
16
17
18
23
24
24
25
26
27
28
31
31
32
33
34

ad)
URI
URI
URI
URI
ADE
ADE
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ad)
ad)
ad)
URI
URI
ADE
GUA
ad)
ad)
URI
ADE
ad)
ad)
GUA
URI
ADE
ad)
ad)
GUA
URI
ADE
GUA
ad)
ad)
URI
ADE
ADE

H6
H1'
H2'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H5
H6
H3
H3
H2
H1
H41
H42
H3
H2
H41
H42
H1
H3
H2
H41
H42
H1
H3
H2
H1
H41
H42
H3
H2
H2

I r r rr rr r r r rr rr rr r r r I r I I I I IIIIIIIIIIIIIIITIIT
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7.973
5.523
4.633
5.514
7.806
5.929
4.532
8.209
5.863
4.430
7.897
5.337
4.060
5.139
7.436
5.763
5.445
7.619
13.51
14.22
6.683
13.39
8.208
6.980
14.14
6.252
8.294
6.713
12.70
13.33
6.958
8.088
6.706
12.82
12.96
7.503
13.18
8.180
7.193
12.80
7.738
6.680



C2. Resonance Assignments for DenvTSL

loop_
_Entity_comp_index.ID
_Entity_comp_index.Comp_ID

1 GUA
2 GUA
3CYT
4 CYT
5GUA
6 ADE
7CYT
8 ADE
9 ADE
10 GUA
11 ADE
12 ADE
13 CYT
14 ADE
15 GUA
16 URI
17 URI
18 URI
19 CYT
20 GUA
21 ADE
22 ADE
23 URI
24 CYT
25 GUA
26 GUA
27 CYT
28 CYT

stop_

loop_
_Atom_chem_shift.ID
_Atom_chem_shift.Comp_index_ID
_Atom_chem_shift.Seq_ID
_Atom_chem_shift.Comp_ID
_Atom_chem_shift.Atom_ID
_Atom_chem_shift. Atom_type
_Atom_chem_shift. Atom_isotope_number
_Atom_chem_shift.Val

1 1 1 GUA H1' H 1 6.132
2 1 1 GUA H2' H 1 5.309
3 1 1 GUA H8 H 1 6.364
4 2 2 GUA H1' H 1 5.688
5 2 2 GUA H2' H 1 4.450
6 2 2 GUA H3' H 1 4.416
7 2 2 GUA H8 H 1 7.256
8 3 3 ad) H1' H 1 5.476
9 3 3 ad) H2' H 1 4.240
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

O W WOWWoWWOWNNNNOCTOODOODOODULWUUUu bbb www
O W WWoWWOWNNNNOTOODOODOODULVULULUSSBPEDDWWW

=
o
=
o

R R R RPRRRPRRPRRPRRPRRRRPRRRRRBRRRBRRBRRBPRRRRR
U U U DAEDEREDDDDEREWWWWWWWNNNRRRREROOO
R R R RPRRRPRRPRRRPRRRRRRRRBRRRPBRRBRRBPRRRRR
U UL DAEDEREDDDDREWWWWWWWNNNRRRREROOO

=
(e}
=
(e}

ad)
ad)
ad)
ad)
CYT
ad)
ad)
GUA
GUA
GUA
GUA
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ADE
ADE
ADE
ADE
ADE
ADE
ADE
GUA
GUA
GUA
GUA
ADE
ADE
ADE
ADE
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ad)
ad)
ad)
ADE
ADE
ADE
ADE
ADE
ADE
GUA
GUA
GUA
GUA
GUA
URI

H3'
H5
H6
H1'
H2'
H5
H6
H1'
H2'
H3'
H8
H1'
H2'
H3'
H8
H1'
H2'
H5
H6
H1'
H2'
H3'
H8
H1'
H2'
H8
H1'
H2'
H3'
H8
H1'
H2'
H3'
H4'
H8
H1'
H2'
H8
H1'
H2'
H3'
H4'
H5
H5'
H6
H1'
H2
H2'
H3'
H4'
H8
H1'
H2'
H3'
H4'
H8
H1'

N rTTTTTrrrrrrrrrrIrIrrIrIrIIrIrIrIrIrIIrIrIrIrIrIrIrIIrIIIIIIIIIIIIIIIIIIIIICT
R R RPRRPRRRRRRRPRRRRRPRRRPRRRRRRRRRPRPRRERRRPRRRPRRRPRRRRRRRPRRRRRRERRRPRRRRRERRRRERERRR

—

4.389
5.132
7.578
5.486
4.592
5.466
7.632
5.613
4.641
4.449
7.441
5.793
4.628
4.422
7.499
5.312
4.883
5.264
7.392
5.769
4.885
4.768
7.752
5.761
4.885
8.072
5.763
4.885
4.698
7.770
5.761
4.488
4.698
4.189
8.007
5.759
4.795
7.716
5.973
4.489
4.400
4.190
5.619
3.944
7.767
5.666
7.751
4.490
4.763
4.626
8.256
3.768
4.796
4.225
4.261
7.332
5.164



67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
ADE
ADE
ADE
ADE
ADE
ADE
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
GUA
GUA
ad)
ad)
ad)
ad)
ad)
ad)
ad)
ad)
GUA
CYT
CYT
CYT
CYT

H2'
H3'
H4'
H5
H6
H1'
H2'
H5
H6
H1'
H2'
H3'
H5
H6
H1'
H2'
H3'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H3'
H5
H6
H1'
H2'
H3'
H5
H6
H1'
H2'
H8
H1'
H2'
H8
H1'
H2'
H5
H6
H1'
H2'
H5
H6
H1
H41
H42
H41
H42

N rTTTTTrrrrrrrrrrIrIrrIrIrIIrIrIrIrIrIIrIrIrIrIrIrIrIIrIIIIIIIIIIIIIIIIIIIIICT
R R RPRRPRRRRRRRPRRRRRPRRRPRRRRRRRRRPRPRRERRRPRRRPRRRPRRRRRRRPRRRRRRERRRPRRRRRERRRRERERRR

—

4.175
4.311
4.108
5.638
7.911
5.467
4.411
5.466
7.684
5.313
4.535
4.424
5.365
7.468
5.425
4.293
4.435
5.752
7.917
5.768
4.836
7.751
5.598
4.590
7.894
5.688
4.414
7.256
5.873
4.541
4.514
5.791
7.840
5.510
4.362
4.396
5.212
7.630
5.896
4.428
7.650
5.500
4.360
7.537
5.733
3.965
5.497
7.631
5.733
3.966
5.497
7.630
13.18
8.528
6.843
8.235
6.653



124
125
126
127
128
129
130
131
132
133
134
135
136
137

stop_

10
11
18
19
19
23
24
24
25
26
27
27

10
11
18
19
19
23
24
24
25
26
27
27

GUA
ADE
GUA
ADE
URI
CYT
CYT
URI
CYT
CYT
GUA
GUA
CYT
CYT

H1
H2
H1
H2
H3
H41
H42
H3
H41
H42
H1
H1
H41
H42

I I T I I T I I I I I I I

212

R R R RPRRRRRRRRERRBR

11.72
7.506
12.08
7.047
13.56
7.791
6.372
14.13
8.034
6.719
12.10
13.34
8.509
6.800



C3. Resonance Assignments for DenvSLAsh

loop_
_Entity_comp_index.ID
_Entity_comp_index.Comp_ID

1 GUA
2 GUA
3 ADE
4 CYT
5GUA
6 URI

7 GUA
8 GUA
9 ADE
10 CYT
11 CYT
12 GUA
13 ADE
14 CYT
15 URI
16 URI
17 CYT
18 GUA
19 GUA
20 URI
21 CYT
22 GUA
23 GUA
24 ADE
25 ADE
26 GUA
27 GUA
28 ADE
29 ADE
30 ADE
31CYT
32 URI
33 URI
34 ADE
35 ADE
36 CYT
37 GUA
38 URI
39 CYT
40 CYT

stop_

loop_
_Atom_chem_shift.ID
_Atom_chem_shift.Comp_index_ID
_Atom_chem_shift.Seq_ID
_Atom_chem_shift.Comp_ID
_Atom_chem_shift. Atom_ID
_Atom_chem_shift. Atom_type
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_Atom_chem_shift. Atom_isotope_number
_Atom_chem_shift.Val

1 1 1 GUA H1' H 1 5.696
2 1 1 GUA H2' H 1 4.825
3 1 1 GUA H3' H 1 4.604
4 1 1 GUA H4' H 1 4.464
5 1 1 GUA H5' H 1 4.155
6 1 1 GUA H5" H 1 4.269
7 1 1 GUA H8 H 1 8.026
8 2 2 GUA H1 H 1 12.285
9 2 2 GUA H1' H 1 5.774
10 2 2 GUA H2' H 1 4.558
11 2 2 GUA H3' H 1 4.503
12 2 2 GUA H5' H 1 4.236
13 2 2 GUA H8 H 1 7.479
14 3 3 ADE H1' H 1 5.890
15 3 3 ADE H2 H 1 7.523
16 3 3 ADE H2' H 1 4.478
17 3 3 ADE H5' H 1 4.550
18 3 3 ADE H8 H 1 7.769
19 4 4 ad) H1' H 1 5.247
20 4 4 ad) H2' H 1 4.321
21 4 4 ad) H3' H 1 4.292
22 4 4 ad) H41 H 1 8.043
23 4 4 ad) H42 H 1 6.598
24 4 4 ad) H5 H 1 5.090
25 4 4 ad) H6 H 1 7.203
26 5 5 GUA H1 H 1 12.630
27 5 5 GUA H1' H 1 5.624
28 5 5 GUA H2' H 1 4.324
29 5 5 GUA H8 H 1 7.393
30 6 6 URI H1' H 1 5.518
31 6 6 URI H2' H 1 4.309
32 6 6 URI H5 H 1 4.941
33 6 6 URI H6 H 1 7.393
34 7 7 GUA H1' H 1 5.503
35 7 7 GUA H2' H 1 4.367
36 7 7 GUA H3' H 1 4.554
37 7 7 GUA H8 H 1 7.603
38 8 8 GUA H1' H 1 5.364
39 8 8 GUA H2' H 1 4.397
40 8 8 GUA H3' H 1 4.523
41 8 8 GUA H4' H 1 4.321
42 8 8 GUA H8 H 1 7.560
43 9 9 ADE H1' H 1 5.872
44 9 9 ADE H2' H 1 4.598
45 9 9 ADE H3' H 1 4.730
46 9 9 ADE H4' H 1 4.469
47 9 9 ADE H8 H 1 8.074
48 10 10 ad) H1' H 1 5.297
49 10 10 ad) H2' H 1 4.287
50 10 10 ad) H3' H 1 4.333
51 10 10 ad) H4' H 1 4.418
52 10 10 ad) H41 H 1 8.019
53 10 10 ad) H42 H 1 6.612
54 10 10 ad) H5 H 1 5.658
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55 10 10 ad) H6 H 1 7.723
56 11 11 ad) H1' H 1 5.359
57 11 11 ad) H2' H 1 4.448
58 11 11 ad) H3' H 1 4.377
59 11 11 CYT H41 H 1 7.983
60 11 11 ad) H42 H 1 6.467
61 11 11 ad) H5 H 1 5.359
62 11 11 ad) H6 H 1 7.639
63 12 12 GUA H1 H 1 11.722
64 12 12 GUA H1' H 1 5.550
65 12 12 GUA H2' H 1 4.457
66 12 12 GUA H5' H 1 4.043
67 12 12 GUA H8 H 1 7.428
68 13 13 ADE H1' H 1 5.850
69 13 13 ADE H2 H 1 7.503
70 13 13 ADE H2' H 1 4.469
71 13 13 ADE H3' H 1 4.407
72 13 13 ADE H5' H 1 4.549
73 13 13 ADE H8 H 1 7.799
74 14 14 ad) H1' H 1 5.214
75 14 14 ad) H2' H 1 4.240
76 14 14 ad) H3' H 1 4.289
77 14 14 ad) H4' H 1 4.052
78 14 14 ad) H41 H 1 8.242
79 14 14 ad) H42 H 1 6.731
80 14 14 ad) H5 H 1 4.989
81 14 14 ad) H6 H 1 7.102
82 15 15 URI H1' H 1 5.533
83 15 15 URI H2' H 1 3.652
84 15 15 URI H5 H 1 5.497
85 15 15 URI H6 H 1 7.623
86 16 16 URI H1' H 1 5.977
87 16 16 URI H2' H 1 4.542
88 16 16 URI H3' H 1 3.932
89 16 16 URI H4' H 1 4.360
90 16 16 URI H5 H 1 5.723
91 16 16 URI H6 H 1 7.904
92 17 17 ad) H1' H 1 5.830
93 17 17 ad) H2' H 1 3.977
94 17 17 ad) H3' H 1 4.371
95 17 17 ad) H4' H 1 3.678
96 17 17 ad) H5 H 1 5.973
97 17 17 ad) H6 H 1 7.577
98 18 18 GUA H1 H 1 9.636
99 18 18 GUA H1' H 1 5.852
100 18 18 GUA H2' H 1 4.700
101 18 18 GUA H21 H 1 7.759
102 18 18 GUA H22 H 1 6.396
103 18 18 GUA H3' H 1 5.516
104 18 18 GUA H4' H 1 4.329
105 18 18 GUA H8 H 1 7.752
106 19 19 GUA H1 H 1 13.213
107 19 19 GUA H2' H 1 4.310
108 19 19 GUA H3' H 1 4.173
109 19 19 GUA H5' H 1 4.413
110 19 19 GUA H5" H 1 4.305
111 19 19 GUA H8 H 1 8.216
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112 20 20 URI H1' H 1 5.429
113 20 20 URI H2' H 1 4.425
114 20 20 URI H3 H 1 14.099
115 20 20 URI H5 H 1 4.950
116 20 20 URI H6 H 1 7.687
117 21 21 ad) H1' H 1 5.467
118 21 21 ad) H2' H 1 4.455
119 21 21 ad) H41 H 1 8.067
120 21 21 ad) H42 H 1 6.548
121 21 21 ad) H5 H 1 5.507
122 21 21 ad) H5' H 1 4.148
123 21 21 ad) H6 H 1 7.678
124 22 22 GUA H1 H 1 11.939
125 22 22 GUA H1' H 1 5.523
126 22 22 GUA H2' H 1 4.508
127 22 22 GUA H3' H 1 4.372
128 22 22 GUA H4' H 1 4.017
129 22 22 GUA H8 H 1 7.384
130 23 23 GUA H1 H 1 12.278
131 23 23 GUA H1' H 1 5.555
132 23 23 GUA H2' H 1 4.474
133 23 23 GUA H3' H 1 4.338
134 23 23 GUA H5' H 1 3.965
135 23 23 GUA H8 H 1 6.973
136 24 24 ADE H1' H 1 5.692
137 24 24 ADE H2 H 1 7.166
138 24 24 ADE H2' H 1 4.450
139 24 24 ADE H8 H 1 7.610
140 25 25 ADE H1' H 1 5.544
141 25 25 ADE H2 H 1 6.791
142 25 25 ADE H2' H 1 4.179
143 25 25 ADE H8 H 1 7.662
144 26 26 GUA H1 H 1 12.239
145 27 27 GUA H1' H 1 5.617
146 27 27 GUA H2' H 1 4.596
147 27 27 GUA H8 H 1 8.108
148 28 28 ADE H1' H 1 5.468
149 28 28 ADE H2' H 1 4.364
150 28 28 ADE H5' H 1 4.505
151 28 28 ADE H8 H 1 7.880
152 29 29 ADE H1' H 1 5.779
153 29 29 ADE H2' H 1 4.380
154 29 29 ADE H8 H 1 7.965
155 30 30 ADE H1' H 1 5.493
156 30 30 ADE H2' H 1 4.134
157 30 30 ADE H4' H 1 4.337
158 30 30 ADE H8 H 1 7.793
159 31 31 ad) H1' H 1 5.618
160 31 31 ad) H2' H 1 4.132
161 31 31 ad) H3' H 1 4.056
162 31 31 ad) H4' H 1 3.902
163 31 31 ad) H41 H 1 8.012
164 31 31 ad) H42 H 1 6.737
165 31 31 ad) H5 H 1 5.391
166 31 31 ad) H6 H 1 7.559
167 32 32 URI H1' H 1 5.581
168 32 32 URI H2' H 1 4.137
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169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206

stop_

32
32
32
33
33
33
33
33
34
34
34
34
35
35
36
36
36
36
36
36
36
37
37
37
37
37
37
38
38
38
38
38
39
39
39
39
39
39

32
32
32
33
33
33
33
33
34
34
34
34
35
35
36
36
36
36
36
36
36
37
37
37
37
37
37
38
38
38
38
38
39
39
39
39
39
39

URI
URI
URI
URI
URI
URI
URI
URI
ADE
ADE
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
GUA
GUA
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
ad)
ad)

H3
H5
H6
H1'
H2'
H3
H5
H6
H1'
H2'
H3'
H8
H2'
H8
H1'
H2'
H3'
H41
H42
H5
H6
H1
H1'
H2'
H5'
H5"
H8
H1'
H2'
H3
H5
H6
H1'
H2'
H41
H42
H5
H6
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13.432
5.444
7.635
5.768
4.236
13.644
5.587
7.656
5.827
4.725
4.533
7.846
4.459
7.972
5.323
4.384
4.290
8.050
6.517
5.090
7.271
12.738
5.619
4.392
4.326
4.013
7.458
5.451
4.386
14.092
4.958
7.709
5.535
4.438
8.241
6.727
5.506
7.782



C4. Resonance Assignments for DenvSLATL

loop_
_Entity_comp_index.ID
_Entity_comp_index.Comp_ID

1 GUA
2 GUA
3 ADE
4 GUA
5 URI

6 GUA
7 GUA
8 URI

9 URI
10 ADE
11 GUA
12 URI
13 CYT
14 URI
15 ADE
16 CYT
17 GUA
18 URI
19 CYT
20 URI
21 URI
22 CYT
23 CYT
24 GUA
25 ADE
26 CYT
27 ADE
28 ADE
29 GUA
30 ADE
31CYT
32 URI
33 URI
34 CYT
35 GUA
36 GUA
37 URI
38 CYT
39 GUA
40 URI
41 CYT
42 URI
43 CYT
44 GUA
45 GUA
46 ADE
47 GUA
48 GUA
49 ADE
50 GUA
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51 URI
52 URI
53 CYT
54 URI
55 URI
56 ADE
57 ADE
58 CYT
59 GUA
60 URI
61 ADE
62 GUA
63 URI
64 URI
65 CYT
66 URI
67 ADE
68 ADE
69 CYT
70 CYT

stop_

loop_
_Atom_chem_shift.ID
_Atom_chem_shift.Comp_index_ID
_Atom_chem_shift.Seq_ID
_Atom_chem_shift.Comp_ID
_Atom_chem_shift. Atom_ID
_Atom_chem_shift. Atom_type
_Atom_chem_shift. Atom_isotope_number
_Atom_chem_shift.Val

1 7 7 GUA H1 H 1 13.370
2 7 7 GUA H1 H 1 5.715
3 7 7 GUA H2’ H 1 4.413
4 7 7 GUA H8 H 1 7.690
5 8 8 URI H1 H 1 5.449
6 8 8 URI H2’ H 1 4.410
7 8 8 URI H3 H 1 13.485
8 8 8 URI H6 H 1 7.661
9 9 9 URI H1 H 1 5.512
10 9 9 URI H2’ H 1 4.388
11 9 9 URI H3 H 1 14.025
12 9 9 URI H6 H 1 7.855
13 10 10 ADE H1 H 1 5.899
14 10 10 ADE H2 H 1 6.746
15 10 10 ADE H2’ H 1 4.600
16 10 10 ADE H8 H 1 8.066
17 11 11 GUA H1 H 1 13.396
18 11 11 GUA H1 H 1 5.340
19 11 11 GUA H2’ H 1 4.403
20 11 11 GUA H8 H 1 6.910
21 12 12 URI H1 H 1 5.263
22 12 12 URI H2’ H 1 4.175
23 12 12 URI H6 H 1 7.436
24 13 13 ad) H1 H 1 5.380
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

13
13
13
13
14
14
14
14
15
15
15
15
16
16
16
16
16
17
17
17
17
18
18
22
22
22
22
22
23
23
23
23
23
24
24
24
24
25
25
25
26
26
26
27
27
27
28
28
28
29
30
31
31
32
32
32
33

13
13
13
13
14
14
14
14
15
15
15
15
16
16
16
16
16
17
17
17
17
18
18
22
22
22
22
22
23
23
23
23
23
24
24
24
24
25
25
25
26
26
26
27
27
27
28
28
28
29
30
31
31
32
32
32
33

ad)
ad)
ad)
ad)
URI
URI
URI
URI
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
URI
URI
ad)
ad)
ad)
ad)
ad)
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
ADE
ADE
ADE
ad)
ad)
ad)
ADE
ADE
ADE
ADE
ADE
ADE
GUA
ADE
ad)
ad)
URI
URI
URI
URI

H2’
H41
H42
H6
H1
H2’
H3
H6
H1
H2
H2’
H8
H1
H2’
H41
H42
H6
H1
H1
H2’
H8
H3
H6
H1
H2’
H41
H42
H6
H1
H2’
H41
H42
H6
H1
H1
H2’
H8
H1
H2’
H8
H1
H2’
H6
H1
H2’
H8
H1
H2’
H8
H8
H2
H41
H42
H1
H2’
H6
H1
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4.174
8.252
6.800
7.927
5.427
4.467
14.142
7.931
5.951
6.320
4.418
8.104
5.404
4.373
8.225
6.977
7.376
12.819
5.562
4.307
7.377
13.305
7.442
5.394
4.415
7.946
6.400
7.580
5.563
4.578
8.101
6.609
7.621
11.703
5.617
4.601
7.445
5.609
4.067
7.919
5.255
3.990
7.519
5.668
4.442
8.214
5.739
4.764
7.713
7.324
7.001
8.724
6.383
5.552
3.679
7.653
6.021



82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138

33
33
34
34
34
35
35
35
36
36
36
36
37
37
37
37
38
38
38
39
39
39
42
42
42
43
43
43
43
43
44
44
44
44
45
45
45
45
46
48
53
53
53
53
53
54
54
54
55
55
55
56
56
56
57
57
57

33
33
34
34
34
35
35
35
36
36
36
36
37
37
37
37
38
38
38
39
39
39
42
42
42
43
43
43
43
43
44
44
44
44
45
45
45
45
46
48
53
53
53
53
53
54
54
54
55
55
55
56
56
56
57
57
57

URI
URI
ad)
ad)
CYT
GUA
GUA
GUA
GUA
GUA
GUA
GUA
URI
URI
URI
URI
ad)
ad)
ad)
GUA
GUA
GUA
URI
URI
URI
ad)
ad)
ad)
ad)
ad)
GUA
GUA
GUA
GUA
GUA
GUA
GUA
GUA
ADE
GUA
ad)
ad)
ad)
ad)
ad)
URI
URI
URI
URI
URI
URI
ADE
ADE
ADE
ADE
ADE
ADE

H2’
H6
H1
H2’
H6
H1
H2’
H8
H1
H1
H2’
H8
H1
H2’
H3
H6
H1
H2’
H6
H1
H2’
H8
H1
H2’
H6
H1
H2’
H41
H42
H6
H1
H1
H2’
H8
H1
H1
H2’
H8
H8
H1
H1
H2’
H41
H42
H6
H1
H2’
H6
H1
H2’
H6
H1
H2’
H8
H1
H2
H2’
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4.578
7.941
5.874
4.010
7.614
5.885
4.732
7.780
13.364
5.470
4.521
8.239
5.339
4.577
13.488
7.428
5.416
4.277
7.896
5.737
4.829
8.039
5.710
4.282
7.674
5.714
4.464
8.020
6.668
7.652
12.020
5.537
4.573
7.693
12.261
5.665
4.628
7.708
8.131
12.433
5.873
4.586
8.219
6.808
8.163
5.166
4.253
7.629
5.506
4.357
7.626
5.959
4.340
7.759
5.761
7.000
4.603



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185

stop_

57
58
58
58
59
59
59
60
60
60
60
61
61
61
61
62
62
62
62
63
63
63
64
64
64
65
65
65
65
66
66
66
66
67
67
67
67
68
68
68
68
69
69
69
69
69
70

57
58
58
58
59
59
59
60
60
60
60
61
61
61
61
62
62
62
62
63
63
63
64
64
64
65
65
65
65
66
66
66
66
67
67
67
67
68
68
68
68
69
69
69
69
69
70

ADE
ad)
ad)
ad)
GUA
GUA
GUA
URI
URI
URI
URI
ADE
ADE
ADE
ADE
GUA
GUA
GUA
GUA
URI
URI
URI
URI
URI
URI
ad)
ad)
ad)
ad)
URI
URI
URI
URI
ADE
ADE
ADE
ADE
ADE
ADE
ADE
ADE
ad)
ad)
ad)
ad)
ad)
ad)

H8
H41
H42
H6
H1
H1
H2’
H1
H2’
H3
H6
H1
H2
H2’
H8
H1
H1
H2’
H8
H1
H2’
H6
H1
H2’
H6
H1
H2’
H41
H6
H1
H2’
H3
H6
H1
H2
H2’
H8
H1
H2
H2’
H8
H1
H2’
H41
H42
H6
H6
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7.455
8.069
6.676
7.301
13.179
5.284
4.299
5.397
4.519
12.963
7.642
5.837
7.570
4.454
7.949
13.210
5.629
4.206
7.238
5.835
4.306
7.800
5.529
4.442
7.788
5.590
4.340
8.219
7.911
5.441
4.554
12.849
7.738
5.854
7.664
4.445
7.061
5.793
6.744
4.360
7.836
5.259
3.982
8.400
6.860
7.370
7.519



