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ABSTRACT

RNA molecules are emerging as a more essential role in central dogma of molecular
biology. They not only deliver genetic information from DNA to proteins but also
participating in gene regulations at different levels. These regulations are mediate by
dynamic interactions with other RNA and proteins in certain subcellular context.
Fluorescent microscopy is most direct way to obtain the spatial and temporal details of
RNA mediated gene regulation. In this thesis, | present my research of studying RNA
molecules at three different aspects, RNA-RNA interaction, RNA processing and RNA
modifications. In the first part, using single-molecule fluorescence resonance energy
transfer (smFRET), we characterized different steps of the dynamic interaction between
T-box riboswitch and its ligand tRNA and dissected the structural features that drive the
interaction. In the second part, we used diffraction limited and super-resolution
microscopy to study the sequence dependence of RNA localization and splicing outcome.
In the third part, we developed biochemical assay to quantify the N®-methyladenosine
(mBA) modification at a given site and further apply it for imaging m®A modification in situ.
Our studies of the RNA dynamics and processing may provide valuable insights into gene

regulation as well as new targets for therapeutic purpose.
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CHAPTER 1

Introduction

1.1 RNA molecules play diverse roles in biology

Genetic information flows from deoxyribonucleic acid (DNA) to ribonucleic acid (RNA)
through transcription and to protein through translation, in all living organisms. In order to
adapt to a variable environment or stimuli, gene expression can be regulated with different
mechanisms at different aspects. RNA molecule, which sits in the middle of the central
dogma, not only serves as the intermediate molecule to generate protein product, but
also has emerged to be a critical role on regulating the gene expression at transcriptional

and translational level.

1.1.1 RNA transcription and processing

In bacterial cells, RNA molecules are transcribed from the same type of RNA
polymerase and the transcription is coupling with translation!. The RNA polymerase is
composed by four subunits, two small a subunits, B and B’ subunits and o subunit which
is the key component for transcription initiation. As for transcription termination, bacteria
cells adapt two distinct strategies, Rho dependent and independent. Both strategies
require palindrome sequences called terminator’, which forms a stable hairpin structure.

In Rho independent pathway, the RNA polymerase reaches the terminator and the hairpin


https://sciwheel.com/work/citation?ids=719466&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=719466&pre=&suf=&sa=0&dbf=0

structure is thermodynamically more favorable than the DNA-RNA pairing within the
transcription bubble?. Sequences following the terminators are an array of U. Because of
the weak A-U base pair, it also promotes disassociation of the RNA polymerase from the
DNA template. In Rho dependent pathway, a helicase called Rho attaches to the 5’ end
of the transcribed RNA and slides on the RNA towards the polymerase. The polymerase
stalls at the terminator sequence and Rho is able to catch up and unwind DNA-RNA base
pair, leading to the disassociation (Genome). Bacteria mMRNA do not undergo much
processing. Their degradation is controlled by endoribonucleases, e.g. RNase E3, and 3'-
exoribonuclease, e.g. RNase R*. In B. subtilis, mMRNA decay can happen from the 5’ end

by 5’-exoribonuclease, e.g. RNase J1°.

In eukaryotic cells, unlike bacteria cells, only pre-mRNAs are generated through
transcription in nucleus. The pre-mRNAs have to undergo processing steps to become
mature and be translated in the cytosol. These processing events include capping,
splicing and polyadenylation (Figure 1.1). Capping of RNA is coupled with RNA
transcription initiation by RNA polymerase |l and is required for RNA export and
translation and stability €. The transcription termination is followed by polyadenylation. In
mammalian cells, the polyadenylation is guided by the sequence at the 3’ end of the
mRNA and performed by polyA polymerase’. Two protein factors, cleavage and
polyadenylation specificity factor (CPSF) and cleavage stimulation factor (CstF) that are

crucial for polyadenylation can interact with the CTD of the RNA polymerase Il. This

2


https://sciwheel.com/work/citation?ids=1604270&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3828675&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6799009&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3994675&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4028201&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11936909&pre=&suf=&sa=0&dbf=0

indicates that the polyadenylation is part of the termination process®. The polyA tail can

stabilize the mRNA and promote re-initiation of translation °.

Exon1 Intron1 Exon2
pre-mRNA o . E— - ¥

5’cap Exon1 Exon2 Poly-A tail
Mature mRNA 5 T T Y

5'UTR 3'UTR

Figure 1.1 RNA processing in eukaryotic cells. Pre-mRNA undergoes 5’ capping, 3’ polyadenylation

and RNA splicing to become mature.

RNA splicing is an essential RNA processing step in eukaryotic cells, during which
introns in pre-mRNA are removed and exons are ligated to generate the mature mRNAs.
RNA capping and polyadenylation affect RNA stability and translation efficiency. RNA
splicing, however in a different perspective, expanded the variation of genetic products in
a great scale. During the splicing, particular exons can be included in or excluded from
the pre-mRNA to generate different mMRNA isoforms encoding different protein, known as
alternative splicing. It is estimated that 94% of human genes are alternatively spliced and
50% of the disease mutations are related with splicing'®-'2. The majority of human genes
contain introns which can be recognized and process by splicing machinery. Most of these
genes are capable of undergoing alternative splicing to generate multiple isoforms of
MmRNA and protein products. This is stringently controlled by splicing consensus
sequences and regulated by cis-acting regulatory sequences and trans-acting proteins
within a temporal and cell-specific manner. The consensus sequences contain 5’ and 3’

splice sites, branch site, polypyrimidine tract and the additional nucleotides of the 5’ splice


https://sciwheel.com/work/citation?ids=437546&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=874773&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3408369,704054,350228&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0

site’>* (Figure 1.2). In addition to the consensus sequences, exons and introns have
auxiliary elements that can either enhance or repress the corresponding exon inclusion
or skipping. In many cases, splicing regulatory elements (SRE) are also involved with
regulating the RNA splicing outcomes '°-'8. SREs are short mMRNA motifs that can be
recognized by their specific splicing factor proteins, including serine/arginine-rich (SR)
proteins and heterogeneous nuclear ribonucleoprotein splicing factors (hnRNPs) 1920,
The splicing factor proteins regulate the splicing outcomes by interacting with SRE and
spliceosomes?' (Figure 1.2). However, the exact mechanism underlying the SRE
sequence dependent regulation is not fully understood.

Interestingly, the splicing factor proteins shows distinct localization inside the nucleus.
SR proteins containing long serine and arginine repeats are more enriched inside nuclear
speckles while hnRNP proteins are more likely to be found in the nucleoplasm?>-24,
Nuclear speckles are membrane-less granules inside the nucleus composed by multiple
RNA and protein complexes. The RNA and proteins can on one hand form scaffold to
stabilize the structure of the nuclear speckle, on the other hand can regulate mRNA
processes such as RNA transcription, splicing and exportation?26, RNA splicing is well
believed to occur co-transcriptionally, associated with nuclear speckle and directly

coupled with RNA exportation?7-29,


https://sciwheel.com/work/citation?ids=964709,2010545&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=409591,11936927,7920370,665396&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1592916,5381332&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=590312&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2087906,436461,1171513&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11397444,7399307&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1097021,5998822,6765524&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0

5’ splice site Branch site 3’ splice site

5 — AG [V A Prien AG[C —_— 3

Exon 1 Intron Exon 2

hnRNP.é . ’ \ ’SRproteins
— =T —

Figure 1.2 Cis-elements and trans-factors affect RNA alternative splicing. (Top) Canonical RNA
splicing sequences. (Bottom) Trans-regulatory proteins interact with splicing regulatory elements (SRE)

5 ¥

to either enhance or inhibit exon inclusion. ESS = exonic splicing silencer, ISS = intronic splicing silencer,

ISE = intronic splicing enhancer, ESE = exonic splicing enhancer.

In addition to those regulation processes, individual nucleosides can be chemically
modified by small chemical groups similar as DNA nucleotides. These chemical
modifications have been found to exist on mRNA, rRNA InRNA (long non-coding RNA)
and mostly tRNAs and modulate biogenesis, metabolism and functions of these RNAs3%-
32 Using chemical or antibody based high-throughput sequencing methods, over a
hundred RNA modifications have been found and they are involved in RNA structure,
stability and translation efficiency333* (Figure 1.3). Among these RNA modifications, the
most prevalent one in mMRNA and InRNA is m®A modification and it is the most well
characterized RNA modification so far. It was first discovered early in 1974 but only till
2000s, study of the m8A modification has surged3>3¢. Methyltransferases (m®A writers),
demethylases (m®A erasers) and binding proteins (m®A readers) were found, proving the
dynamic regulation of mPA modification®’4°, Taking advantage of the sequencing

technique, m®A sites have been successfully mapped on the transcriptome and its unique
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stop codon and 3’ UTR enrichment in human and mice cells has been revealed*'42.
People have demonstrated its effect on RNA translation, splicing, stability and export and
found association of it with cancer and other diseases 43-°°,

Transcriptomic sequencing data have illustrated that an mRNA can have multiple
methylation sites, with 3-5 on average, and often clustered. The fraction of m6a
modification varies within 10~80% at a given site, with an average of 25%%'51:52, The
incomplete modification at each site within on RNA potentially leas to large heterogeneity
of methylation states of individual RNAs of the same species. However, current
sequencing technique is not capable of resolving this heterogeneity and so far it is still
not clear what determines the installation and remove of m8A modification at a particular
site. Even though people have created computational models to predict modification sites
on the transcriptome, the heterogeneity information is still missing®3%*. This drawback

limits engineering and therapeutic applications targeting the m8A modification.
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Figure 1.3 Structures and distributions of major mRNA modifications. (A) Chemical structures of
known RNA modifications with the chemical modification highlighted in red. (B) Distributions of RNA
modifications in (A) along a mRNA transcript.

1.1.2 Regulatory RNAs

Various regulatory RNA molecules in bacteria cells modulate a wide range of
physiological responses with different mechanisms. One class of the regulatory RNA
molecules are riboswitches that regulate the gene expression in cis. Riboswitches are
leader sequences sitting at the 5 end of mMRNAs in response to environmental signals,
which can be temperature, uncharged tRNA molecules or metabolites in the cells>>%6. The
riboswitches are generally composed by an aptamer domain and an expression platform.
The aptamer domain binds with the ligand and the expression platform regulates the
downstream gene expression through conformational changes® . In general, the
conformational changes lead to an alternative secondary hairpin structure that can disrupt
transcriptional terminators or antiterminators or expose or hide ribosome-binding sites

(Figure 1.4).
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Figure 1.4 Mechanisms of riboswitch mediated gene regulation. (Left panel) Adding the ligand
alters the expression platform and forms the terminator conformation to terminate the transcription.
(Middle-left panel) Adding the ligand disrupts the terminator conformation allowing transcription to
continue. (Middle-right panel) Ligand binding induces conformational changes of the expression
platform and exposes the ribosome binding site (RBS) for translation initiation. (Right panel). The RBS

is buried in the hairpin upon ligand binding, preventing translation.

Another class of regulatory RNA in bacteria cells are small RNAs (sRNA). Unlike
riboswitches, biogenesis of sRNAs is in response to the changes of environmental
conditions and gene regulation is through base pairing with target RNAs to modulate their
stability and translation®. The majority of sSRNA utilizes RNA as their target where as a
small population of sSRNA can bind with protein and modulate its activity>®. sRNAs
targeting RNAs are usually divided into two major classes: cis- and trans-coded sRNAs.
The cis-targeting sRNAs are transcribed from one DNA strand that is complementary to
the one where the target mRNA is transcribed so that they share an extended region of
complementarity®. Whereas, the trans-targeting sRNAs are transcribed from an entirely
different genomic location thus only share limited complementarity with their target

mRNAs®'. In many cases, the trans-targeting SRNAs require the assistance of chaperone
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proteins Hfq or ProQ to stabilize the sSRNA-mRNA base pairing®'-62. Although most of the
sRNAs downregulates gene expression, in some cases they can upregulate the
expression of their target genes®3. The regulatory mechanism varies from RNA to RNA
but it basically includes modifying RNA transcription, translation and stability®*. The most
common ones are base pairing with ribosome binding site of the target mMRNAs inhibiting
translation, releasing the internal secondary hairpin structure at the Shine-Dalgarno
sequence and activating translation, recruitment of RNase E for target RNA degradation,
protecting target RNA from ribonucleases, base pairing with target RNA and promoting

transcriptional terminator formation®3:65-69,

In eukaryotic cells, there are much more regulatory RNAs with a large variety of
regulation mechanisms. Small nuclear RNAs (snRNAs), transcribed by either RNA
polymerase Il or Ill are pivotal cofactors during RNA splicing”®. U1, U2, U4, U5 and U6
forms canonical spliceosome complex with other RNA and protein molecules. A
functionally similar, minor spliceosome is composed by snRNAs, U11, U12, U5 and
U4atac and U6atac. Multiple RNA modifications have been identified on the snRNAs and
they are involved with snRNA-snRNA and snRNA-mRNA interaction in the process of
splicing”".

In the last two decades, short RNA regulators (20~30 nucleotides) have emerged as
a critical role in gene regulation. MicroRNAs (miRNAs) and short interfering RNAs

(siRNAs) are the two major categories and it has been shown they can function on
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chromatin structure, transcription, RNA processing, RNA stability and translation through
a mechanism called RNA interference (RNAi)’2. The first miRNA, lin-4, was discovered in
1993 to regulate genes controlling development timing of C. elegans’®. More miRNAs
were documented in the 2000s through computational or experimental methods in
different species’®. About 50% of the miRNA genes reside in the introns of other genes
and are co-expressed with the host genes’>. Another number of miRNA genes are from
distal regions of protein coding sequences and have their own promotor’2. The precursors
of miRNAs are single strand RNAs transcribed by RNA polymerase |l that form a ~33 bp
stem-loop. It is first processed by Drosha/Dcl1 proteins in the nucleus to create a pre-
miRNA product. In animals, the pre-miRNA is exported to the cytosol and cleaved into a
21-22 bp double strand RNA (dsRNA) product by Dicer protein’®. In plants, the pre-miRNA
is trimmed in the nucleus by Dcl1 and then exported to cytosol’’. The dsRNA is then
loaded on to Ago protein and unwound’®7°. One strand of it (miRNA*) is discarded and
the left strand (miRNA strand) together with the associated protein forms an effector
assembly know as RNA-induced silencing complexes (RISCs). The decision of retaining
which strand is not fully understood yet, but major factors are the asymmetry of
thermodynamic stability from the two ends of the complex and the identities of the 5
nucleotide of each strand. 5’ Uracil is more preferred within the binding pocket of Ago and
lower thermodynamic stability at the 5’ end is also favored®°.

The miRNAs serve as an adaptor of RISCs to recognize and regulate the target

RNAs through base pairing. The regulatory mechanism is dependent on the
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complementarity of the miRNA with target mMRNA?8'. Limited complementarity of base
pairing leads to translational repression and fully complementary base paring can result
in both translation repression and RNA cleavage by Ago?'82. As miRNA binding sites lies
at the 3’ UTR of animal mRNAs, the mechanism of translational repression is speculated
as blocking circularization of mRNA for re-initiation or cap binding. One miRNA can
potentially have multiple mRNA targets and one mRNA can be regulated by multiple
miRNAs, the reason of which is not yet fully explained384,

siRNAs were initially found in 1998 to inhibit exogenous dsRNA in plants and the
sources of siRNAs were found to be virus, transposon or transgene®58. siRNAs were
thought to be a defense interference system against exogenous RNAs. However,
endogenous siRNAs from genomic transcripts were identified shortly®”. Similar as miRNA
RISC assembly, the precursors were processed sequentially by Dicer and Ago®. TRBP
protein was recruited to form the RISC complex. The guide strand is retained and the
passenger strand is digested by Ago®-°. The mechanism of selecting guide strand is
similar as miRNA strand selection®!. However, since the sources of siRNAs are dsRNAs,
they require a different type of Dicer protein from the miRNA%. The gene silencing
mechanism of siRNAs is based on perfect complementary base pairing of the guide
strand with the target RNAs followed by precise cleavage at nucleotide 10-11
phosphodiester bond by Ago protein °'. Cellular exonucleases further digest the RNA
fragments after the initial cut®®. The RISC can also associate with nascent transcripts and

recruit histone methyltransferase (HMT) or DNA methyltransferase (DMT) to promote
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heterochromatin formation ®. One extinct feature of the siRNA regulation is the primary
siRNA can induce the secondary siRNA synthesis by RNA-dependent RNA polymerase
(RARP)%. The amount of siRNA is dramatically amplified to make sure an effective and

systematic response to the exogenous RNA.

1.2 Cellular RNA localization

1.2.1 RNA localization in bacteria cells

Bacteria cells have no subcellular compartments yet certain molecules have distinct
localization pattern inside the cell. Bacteria genomic DNA forms a compact organization,
the nucleoid, facilitated by nucleoid-associated proteins (NAPs). The nucleoid, even
though occupies the majority of the space in the cell, is separated from the poles. In
addition, it also exhibits a three-dimensional helical ellipsoid structure®. The
transcriptional machinery, RNA polymerase, was found to be colocalize with the
nucleoid®. With both fluorescent and electronic microscopy, people have demonstrated
that the actively translated ribosomes are close to the cell membrane® . These
observations showed the transcription and translation machineries are well separated and
indicated the mRNAs have been relocated from nucleoid to the ribosome, which is
contradict with the old idea that transcription and translation are coupled °. The
localization of the mRNA molecules inside the bacteria cells, therefore, is speculated with
two different models. The first model suggests mMRNAs stay near the transcription site in

the nucleoid whereas the second model suggests the mRNAs are close to where their
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protein products function'®. These two hypotheses have been proven by fluorescent
imaging and are not fully contradicting. Results have shown that genomic loci that coding
membrane proteins can be repositioned close to the cell membrane upon their
expression'’. Regulatory sRNAs, in contrast to mRNAs, are less compartmentalized
examined by FISH. This localization scenario is consistent with the fact that each sRNA

species can regulate multiple RNA targets'02.
1.2.2 RNA localization in eukaryotic cells

The eukaryotic cells are much larger than bacteria cells and they form organelles
with or without membrane to compartment a large variety of molecules for systematic and
effective biofunctions. The molecules can dynamically shuffle in and out these organelles.
Many methods have been developed to study RNA localization in eukaryotic cells
including fluorescent imaging and fractionation followed by sequencing'?31%4 Recently,
APEX-seq was developed and it is capable to screen the RNA localization at
transcriptome-wide level 1.

The pre-RNAs are first transcribed and processed to be mature RNA in the nucleus
and then retained in nucleus or transported into cytosol. The transcription and maturation
of RNAs are highly regulated and involves different ribonucleoproteins that localize in
many sub-nuclear membrane-less bodies'%. These nuclear bodies are formed based on
liquid-liquid phase separation (LLPS) and many noncoding RNAs (ncRNAs) provide

multivalency for interacting with proteins and other RNAs simultaneously to strengthen
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the droplet formation'%7.1%_ Nucleoli are one of the well characterized nuclear bodies.
They are associated with actively transcribing ribosome DNA (rDNA) and packed with
many proteins and RNAs. Ribosome RNAs (rRNAs) are transcribed from rDNA and
processed by small nucleolar RNAs (snoRNAs) in the nucleoli. In addition, the nucleoli
also contribute to biogenesis of multiple ribonucleoprotein particles %8 (Figure 1.5).
Nuclear speckles (NS) are another category of nuclear territory. They composed by
proteins function on transcription amplification, splicing, RNA modification, 3’ end
processing and export 99 (Figure 1.5). Long noncoding RNAs (IncRNAs), small nuclear
RNAs (snRNAs) and mRNAs are found to be existed in the NS. IncRNA MALAT1, also
known as NEAT?2, is associate with multiple serine arginine splicing factors (SRSFs),
chromatin, and directly interacts with U1 snRNA and is found to be regulating alternative
splicing through modulating the phosphorylation of SRSF proteins and regulating gene
activation by recruiting corresponding machinery'%-2. mRNAs with or without introns
can localize in the NS and get exported by the transcription export (TREX)
components?®113, Depletion of the TREX leads to the accumulation of mMRNAs inside NS

so that NS serves as a hub for coordinating RNA processing and export'0°.113,
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Figure 1.5 Cartoon of membrane-less territories inside nucleus. Ribosome RNAs are generated
inside the nucleoli and nuclear speckle is associated with actively transcribing genes.

Both mRNAs and noncoding RNAs are found in cytosol. The localization of cytosolic
mMRNAs is largely associated with its coding protein localization. To be more specific,
mRNAs that are close to endoplasmic reticulum (ER) membrane code protein that localize
to the ER, Golgi and vesicles'%. Interestingly, different transcript isoforms of the same
gene exhibit different localizations'%®. A special cytosolic organelle, mitochondria, has its
own DNA (mtDNA) and ribosome to express protein. However, only 13 mitochondria
proteins are encoded from mtDNA whereas the majority of proteins are from the genomic
DNA "4 The mitochondria-proximal transcripts are identified to code mitochondria
proteins. This raises the question whether the accumulation of these transcripts is driven
by the local protein translation by mitochondria ribosome or they are transported to the
mitochondria post-transcriptionally By treating cells with different translational inhibitors,

Fazal et al. have found out that the mitochondria-proximal transcripts are clustered into
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two groups, ribosome dependent and ribosome independent, the latter of which may bind
directly to RNA binding protein on mitochondria membrane. Regulation of RNA
localization and local translation may benefit for the cells in different perspective. First,
transporting one mRNA that can be repeatedly used as a template for translation to a
distant position require less energy and response time than trafficking multiple protein
products, especially in axons''®'® Second, it prevents protein product from entering
wrong cellular compartments and introducing toxic effects'”-'8, Third, in many cases,
protein subunits are clustered together to form a large complex and the local translation
ensures the effective complex assembly''®120, Therefore, RNA localization is essential for

coordinating cellular organization and function.

1.3 Imaging tools to study RNA dynamics in vitro and in vivo

It is increasingly evident that RNA molecules have emerging as diverse roles on
regulating gene expression and mediate cellular events. Much more information is
required to reveal the biophysical properties of RNA molecules and the complexity of their
interactions and functions. Fluorescent imaging has become a great tool to fulfill these
requirements since it can provide spatial and temporal information both in vitro and in
vivo. Here, | will introduce imaging tools that are commonly applied to label RNA

molecules and the microscopy for imaging RNA molecules with different purpose.
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1.3.1 RNA labeling in vitro

Even though RNA molecules, same as DNA molecules, are composed by nucleotide
chemically, it is well appreciated that RNA is less stable and more difficult being
synthesized and labeled. Since in vitro RNA were purified from cell or synthesized from
scratch, there is no challenge of resolving spatial resolution or influence from other
molecules. Imaging RNA is largely limited by the labeling methods. The most common
chemical approach to introduce fluorophore or other modifications into RNA is solid phase
synthesis 21, The step-by-step incorporation of modified nucleotides allow us to insert the
modification at different positions of the nucleotide and different sites of the RNA.
However, the RNA product length is limited within 100 nucleobases'??. In order to label a
long RNA, mimicking the physiological properties in vivo, post-transcriptional labelling
method is widespreadly applied. In vitro transcription is the fastest and cheapest method
to obtain a long RNA fragment with desired sequence. The RNA product can be labeled
at 5’ end, 3’ end and internally.

Labeling at 5’ requires functionalization and this can be achieved by chemical
modification with carbodiimides e.g. 1-Ethyl-3(3-dimethylaminopropyl)carbodiimide
(EDC)'%3. The 5 monophosphate end of the RNA can be functionalized by a reaction with
EDC, imidazole and ethylenediamine and the reaction results in an amine modified
phosphate at the 5’ end which can be used for labeling fluorophore by coupling with N-
hydroxysulfosuccinimide (NHS ester). Another & labeling method utilizes

methyltransferases’#125. Cap (guanine-N7-)-methyltransferases methylate the N7
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position of the 5’-cap with the substrate S-Adenosyl-L-methionine (AdoMet). Using a
chemically modified AdoMet, we can incorporate functional groups to the 5 end and
labeling the RNA via click chemistry. 3’ labeling can be achieved enzymatically as well.
An in vitro transcribed RNA can be incorporated with another 2’ or 3° modified nucleotide
at its 3’ end by deoxynucleotidyl transferase (TdT) or polyA polymerase (PAP)'26:27 The
modified nucleotide carries a functional group that can be utilized for click labeling to
introduce the fluorophore 28, And the first 3' modified NTP can block the incorporation of
additional NTPs to the 3’ end. Internal fluorophore labeling of RNA can be performed with
deoxyribozymes'2%130 A deoxyribozyme is a single strand DNA functions as catalyst.
Deoxyribozyme 10DM24 is able to hybridize with both target RNA molecule and a
mononucleotide to form a three-helix junction. The deoxyribozyme can further attach the
mononucleotide to the 2’ hydroxyl group of a specific internal adenosine of an RNA. Using
a chemically modified GTP as the mononucleotide, this approach can incorporate
functional groups to the internal adenosine and further be labeled with fluorophore
through click chemistry. In order to label multiple fluorophores on one RNA molecule, a
well-established method is to ligate multiple labeled RNA fragments into one with T4 RNA
or DNA ligase and DNA splints that are complementary to the 5 and 3’ end of RNA
fragments'’. It is of note that the labeling potentially interferes with the structural
dynamics or the binding affinity. This has to be considered during construct design and
control experiments are always necessary to rule out these possibilities.

The versatile RNA labeling methods enable studying RNA dynamics and interaction
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in vitro by imaging'?3. A common tool is single-molecule fluorescence energy transfer
(smFRET)'3'. Energy transfer efficiency can be calculated through the donor acceptor
fluorophore intensity or the number of photons received from both. The energy transfer
efficiency indicates the distance between the donor- acceptor fluorophore pair with a
range normally between 1 and 10 nm, varying with different FRET pair and the
surrounding electrochemical condition. Therefore, monitoring the donor and acceptor
intensities in a period of time can provide us kinetic information of the distance changes
of the donor and acceptor, indicating the structural dynamics of individual RNA molecule
or interactions between two different RNA molecules. There are mainly two ways to
perform smFRET: confocal and total internal reflection fluorescence (FRET) microscopy
131 In confocal smFRET, molecules are free diffusing in the solution and only one
molecule in a small volume of the solution is observed, and the FRET efficiency in a short
time frame can be determined’?. Time resolution below milliseconds is possible for
confocal smFRET. However, structural transitions or molecule interactions which take
from milliseconds to seconds cannot be monitored because of the fast-diffusing property
of the molecules. In TIRF smFRET, the molecules are anchored on a glass imaging
chamber and the camera acquires the intensity profile of the whole imaging area which
contains hundreds or thousands of molecules. The time resolution, therefore, is limited to
the order of 10 to 100 milliseconds rage. The molecule immobilization requires additional
modifications on the molecules. For nucleic acids, attaching biotin to DNA or RNA enables

forming a stable biotin-streptavidin complex on the imaging chamber'33,
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Another way to investigate molecule-molecule interaction by imaging is through two-
color colocalization analysis. In this case, both fluorophores are excited simultaneously
and the interaction of the two molecules is detected by the coincident colocalization of
both fluorophores'*. Therefore, the labeling of the two fluorophores does not have to fall
into the FRET range and this method is better for constructs lacking structural information

but cannot fully reveal the dynamic transitions as smFRET.

1.3.2 RNA labeling in vivo

In order to study the spatial distribution and quantify the copy number of target RNA
molecule in cells, researchers have developed single molecule fluorescent in situ
hybridization (smFISH)'3%136_ |n general, the cells are fixed and permeabilized, a set of
DNA probes labeled with fluorophore are added to the cells to bind with the target RNA
through base pairing. For low copy number of RNAs, diffraction limited images can be
used to quantify the copy number. For super abundant of RNAs, super-resolution (SR)
imaging methods is capable to resolve the sub-limited distribution pattern and quantify
the copy number. This method can reveal the heterogeneity of RNA distribution among
different cells. However, it is not able to provide temporal information of individual RNA.

RNA molecules, unlike protein, cannot be covalently fused with fluorescent
molecules in live cells. In order to label and track RNA in live cells, the target RNA is

usually fuse with RNA aptamers’’. An example would be a well-characterized RNA
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hairpin sequence (e.g. MS2, PP7, etc.) on the 3 UTR"%139 The hairpin can be
recognized by its protein binding partner which can be fused with a fluorescent protein.
To increase the signal to noise ratio, multiple copies of the RNA hairpin sequence are
fused to the target RNA and multiple fusion proteins can bind to the RNA. Using this
tagging method, people are able to monitor RNA processing such as transcription 39140,
splicing’" and even translation'#2-144 dynamics. Except for using RNA hairpin sequence,
researchers have also leveraged CRISPR targeting technology and successfully labeled
target RNA in vivo. Currently, the fluorescent signal is either tagged on CRISPR-Cas13
protein'#® or on the gRNA directly'8. In addition to the protein tagging method, a different
type of RNA aptamer was developed to avoid large repeats of the RNA hairpin
sequences'®’. These RNA aptamers themselves and their specific ligands alone do not
contain fluorescent signal. So that a major advantage of these aptamers is the low
fluorescent background in the absence of the aptamers'#’. It is also a protein free tagging
system in which the sequence of the aptamers can be optimized by cycles of transcription,
selection and reverse transcription'#®. The two benefits also allow quantification of the
RNA signal more directly and easier compared to quantifying with GFP. So far, several
RNA aptamers for imaging are generated based on 4-hydroxybenzylidene imidazolinone
(HBI), a key component for GFP fluorescence, and its derivatives 147:149.150_\With many
modifications to improve the brightness though, these RNA aptamers are questionable to

image low copy number mRNAs so multiple arrays of them are still required.
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1.3.3 Microscopy techniques of imaging RNA molecules

Fluorescence microscopes are important tools for the modern biological science
research and fluorescent imaging is routinely performed in many biology laboratories. By
tagging biomolecules of interest with fluorophores, we can directly visualize them under
the microscope and record the time-dependent changes in the localization, conformation,
interaction, and assembly state in vitro and in vivo. Conventional fluorescence
microscopes have a diffraction-limited spatial resolution, which is ~200-300 nm in the
lateral direction and ~ 500-700 nm in the axial direction, and are, therefore, limited to
imaging at the 100s of nanometers-to-micron scale'"'%2, In order to reveal finer details
in the molecular assembly or organization, various super-resolution (SR) microscopies
that can break the diffraction limit have been developed. Strategies used to achieve SR
include non-linear optical effect, such as stimulated emission depletion (STED)
microscopy'°31%4 and structured illumination microscopy (SIM)'%-157 stochastic detection
stochastic detection of single molecules, such as stochastic optical reconstruction
microscopy (STORM)'®® and photoactivated localization microscopy (PALM)™®°, and a
combination of both, such as MINFLUX'® Among these SR microscopies, single-
molecule detection-base SR microscopes can be relatively easily modified from a single-
molecule microscope set-up. With repetitive activation and imaging of photoactivatable
fluorescent proteins (FPs) or photo-switchable dyes tagged on biomolecules of interest,
spatial resolution can reach 10-20 nm'®'. To gain information on molecular interactions

and conformational dynamics in real-time, angstrom-to-nanometer resolutions is required.
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smFRET is one approach to achieve this resolution’33162, Generally, depending on the
biological questions of interest, imaging methods with different spatial resolutions are
needed.

Typically, for each type of imaging, specific excitation and/or emission optical
configuration is needed. For instance, one of the most commonly used illumination
methods for single-molecule detection is through total internal reflection (TIR), in which a
specific excitation angle needs to be achieved either through a prism or through objective
lens. For smFRET detection, emissions from both donor and acceptor dyes need to be
spatially separated and directed to different parts of the electron-multiplying, charge-
coupled device (EMCCD), which can be achieved with a set mirrors and dichroic beam
splitters placed in the emission path. We built a cost-effective, hybrid system that provides
adjustable and reproducible switches among three different imaging method:
conventional epi-fluorescent imaging with diffraction-limited resolution, single-molecule
detection-based SR imaging and multi-color single-molecule detection, including
smFRET imaging (Fig). Specifically, the set-up contains fiber-coupled input lasers for
multi-color excitation and a commercial illumination arm in the excitation path, which
allows programmed control of the excitation angle, to switch between epi-mode and TIR
mode. In the emission path, commercial beam splitter is placed before an EMCCD
camera that can be selectively enabled to detect multiple emission channels

simultaneously.

23


https://sciwheel.com/work/citation?ids=1260234,345549&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0

Laser excitation assembly mag lens z-drift correction system

coverglass

1
1
1
' 4
' :
1
L]

drift

IRLED

Yy

ESIVI

detector

_______________

Figure 1.6 The design of the microscope set-up. M=mirror, DBS = dichronic beam splitter, LCF =
laser clean-up filter, | = Iris, L = lens, AP = adapter plate, ZTM = z-axis translational mount, OF = optical
fiber, OFC = optical fiber coupling, CL = cylindrical lens, TL = tube lens, EF = emission filter(s), Obj =
objective lens, and SM = stem motor. The z-drift correction system moves the step motor on the
nosepiece of the objective lens to the opposite direction of the z-drift, which is calculated by the infrared
(IR) signal generated by its own LED and detected by its own detector.

1.4 Scope of this thesis

Gene expression is regulated at RNA level from different aspects. In this thesis, | will
be focusing on the study of RNA interaction, modification and processing in different
biological system.

Chapter 2 presents the hierarchy and dynamics of T-box riboswitch and tRNA
interaction followed by co-transcriptional model for gene expression.

Chapter 3 presents the method development for quantification and imaging m°®A

modification.
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Chapter 4 presents the early study on the association of RNA motif with RNA

localization and splicing outcome.
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CHAPTER 2

Hierarchy and dynamics of Tbox riboswitch and tRNA ligand interaction

2.1 Introduction

As introduced in section 1.2, riboswtiches are cis-regulatory RNA elements that
recognize and respond to defined external signals to affect transcription or translation of
downstream messenger RNAs (mMRNAs). Riboswitches generally consist of two domains:
a sensory or aptamer domain and a regulatory domain or expression platform'®3. T The
aptamer of each riboswitch class contains conserved sequence motifs and unique
secondary or tertiary structural elements that help distinguish and bind specific ligands.
Bacterial T-box riboswitches represent a unique class of riboswitches that do not bind
small molecule ligands, instead they recognize and bind tRNA molecules and sense
directly their aminoacylation state'®4. T-box riboswitches serve as excellent paradigms to

understand RNA-RNA interactions and RNA-based regulation.

T-box riboswitches are found in Gram-positive bacteria and are usually located in the
region upstream of mMRNA sequences encoding aminoacyl tRNA synthetases and
proteins involved in amino acid biosynthesis and transport and hence participate directly
in amino acid homeostasis'®4. In general, the aptamer domain of all T-box riboswitches
contains a long stem, Stem |, responsible for specific tRNA binding'®®. The expression
platform can adopt either a terminator or anti-terminator conformation, depending on
whether the bound tRNA is charged or uncharged'®1%6. In most T-box riboswitches,
binding of a charged tRNA to the T-box leads to rho independent transcription termination
whereas an uncharged tRNA stabilizes the anti-terminator conformation and leads to
transcription read-through'6+1%6_ \Whereas Stem | and the anti-terminator domain are

highly conserved among T-box riboswitches, the region connecting them can vary. The
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Bacillus subtilis glyQS T-box riboswitch, involved in glycine regulation, represents one of
the simplest T-box riboswitches'®”. Only a short linker and a small stem, Stem Ill, connect

Stem | and the anti-terminator domain (Figure 2.1).

Recognition of tRNA by a T-box riboswitch involves three main structural elements of
the tRNA: the anticodon region, the “elbow” region formed by the conserved T- and D-
loops, and the 3’ NCCA sequence (Figure 2.1). The anticodon and elbow regions of the
tRNA interact with Stem | directly. Stem | contains several phylogenetically conserved
structural motifs'%, including a K-turn motif, a specifier loop, a distal bulge, and an apical
loop®> (Figure 2.1). Bioinformatics and structural analyses have collectively revealed the
interactions between Stem | and the tRNA'68-170_ Specifically, the co-crystal structures of
Stem I/tRNA complexes show that Stem | flexes to follow closely the tRNA anticodon stem
and interacts directly with the anticodon loop and the elbow through its proximal and distal
ends, respectively’”®. The distal bulge and the apical loop fold into a compact structural
module of interdigitated T-loops'”"172, which interact directly with conserved unstacked
nucleobases at the tRNA elbow'%8.170_|n addition, the structures revealed that Stem | turns
sharply around two hinge regions using a conserved dinucleotide bulge and the K-turn
motif!7%.173, Sensing of the aminoacylation state involves direct binding of the tRNA 3’ end
to a highly conserved bulge in the T-box, the t-box sequence’”* (Figure 2.1). Afree NCCA
end can base pair with the t-box sequence, enabling the anti-terminator conformation,
whereas a charged NCCA end prevents the formation of the t-box/NCCA interactions,
leading to the more stable terminator conformation'41%6  |mportantly, discrimination
between the charged and uncharged tRNA does not require any additional proteins, such

as EF-Tu'®, and is driven solely by RNA/RNA interactions.

Although there are no atomic-level structural details on the interactions between tRNA
and the anti-terminator region, Small Angle X-ray Scattering (SAXS)-derived models of
the entire B. subtilis glyQS T-box riboswitch in complex with tRNA are available'”%'77. The

two models are distinct, one presenting a more compact structure where all the previously
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observed interactions between Stem | and tRNA are preserved and the 3° NCCA
sequence of the tRNA helps stabilize a coaxial stem formed by Stem Il and the anti-
terminator region'’®, while the second model shows a more extended and relaxed
structure where the interactions with the anticodon are preserved but the contacts with
the tRNA elbow are not present'””. In addition, there is a dearth of information on the
kinetics of the binding process. Whereas it is clear that tRNA recognition involves several
specific interactions, their binding temporal sequence remains elusive. In addition, it is
unclear whether sensing of the 3’ end of the tRNA involves any additional conformational
changes in the T-box. Here, by introducing donor-acceptor fluorophore pairs at several
locations in the tRNA and the T-box riboswitch, and using single-molecule fluorescence
resonance energy transfer (smFRET), we demonstrate the temporal order of events in
the trajectory of tRNA binding. Our results demonstrate that tRNA binds to the riboswitch
in two steps, with its anticodon being recognized first, followed by NCCA binding
accompanied with an inward motion of the 3’ region of the T-box riboswitch, including
Stem Ill and the anti-terminator stem, relative to Stem I. In addition, by introducing
mutations at different locations of the T-box, we further show that the two-step binding

kinetics are regulated by the modular structural elements in the T-box riboswitch.

28


https://sciwheel.com/work/citation?ids=5770496&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=5770495&pre=&suf=&sa=0&dbf=0

Apical loop 186
06 D-l Gouys
A LQusy, oop ,* Y
A

A A
G-C e Gl
SccSm  Anticodon Stem 4V B. subtilis tRNA®Y

g
G

i U-A
Distal bulge /2
GCGacq
A AGU-A
Sty
G
Dinucleotide_ U*
ACCG
bulge Uy oS

e A0
£ uA ;
D uACCga, A
20 Ao S
AGa, (ACG 2 s
AU g1 e c
AU Specifier =
G =
cAU =
GA( o " oc 2
2y G K-turn motif oc B
Gacg Ale
ef i anticodon
; A 18D
UAUUUUARAAAAGAG GC AAC loop
6 “Linker cc ¢
u: - u-a 149
A = G-C
b g ou 3
G Q GC
1 £ A
e W sy Ty

AU G

secc” B, subtilis glyQS T-bo

Figure 2.1. Secondary and tertiary structures of B. subtilis glyQS T-box riboswitch and tRNASY,
(A) Secondary structure diagrams of the B. subtilis glyQS T-box riboswitch and B. subtilis tRNA®Y used
in this study. Green and orange lines indicate interactions between the T-box specifier loop and the
tRNA anticodon and between the T-box t-box sequence and the tRNA 3° NCCA, respectively. The
sequence of glyQS T-BOX in red is added for surface immobilization. (B) Ribbon diagram of a model
of a complex between the B. subtilis glyQS T-box riboswitch (blue) and B. subtilis tRNASY (green) based
on SAXS data. Distances between the 5’ and 3’ ends of the T-box and the 5" end of the tRNASGY are
shown (black dash lines). The NCCA sequence at the 3’ end of the tRNA is shown in light green and
the t-box sequence in the T-box is shown in yellow.

2.2 Results

2.2.1 Binding of cognate tRNA by the glyQS T-box results in two distinct
FRET states

To observe directly the binding of tRNA to the T-box, we placed the donor dye (Cy3)
on the 3’ end of a T-box fragment (T-box1s2), and the acceptor dye (Cy5) on the 5" end of
the tRNACY, where the subscript “182” denotes the length of the T-box construct (Figure

2.1A). T-box1s2 spans Stem |, the linker sequence, Stem Ill and the anti-terminator, but
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does not contain the terminator sequence, thereby preventing the transition to the
terminator conformation. A short RNA extension sequence was added to the 5’ end of the
T-box for surface immobilization (Figure 2.2A, Figure S2.1.1). Single-molecule
fluorescence images were recorded under equilibrium condition in the presence of 30nM
tRNACY-Cy5. Binding of tRNACY-Cy5 results in a major distribution of FRET values around
0.7, with 79+4% of the traces showing a stable signal at 0.7 and (945)% traces sampling
from 0.7 to 0.4 (Figure 2.2B, C). The SAXS model'’® predicts a distance between the
labeling positions at the 3’ end of the T-box1s2 and the 5’ end of the tRNA to be around 52
A. (Figure 2.1B). Based on a Férster distance of 54-60 A'7817° our measured FRET
value is within the range of estimated FRET values (0.56-0.70). Therefore, we assign the

0.7 FRET state to be the fully bound state of the tRNACY by the T-box.

In order to assign the 0.4 FRET value to specific tRNA binding states, tRNA™"-Cy5
and tRNAANCCA_Cy5 (“ANCCA” denotes a tRNACY with deleted 3' NCCA sequence) were
flowed in the flow-chamber with pre-immobilized T-box1s2-Cy3(3’) (3’ denotes that the
label was added at the 3’ end). We did not observe any binding of tRNA™-Cy5 (Figure
$2.2.1), confirming that recognition of the anticodon by the specifier region is required for
tRNA binding. In the presence of tRNAANCCA.Cy5 we observed a fluctuating signal
between 0.4 and 0 FRET (Figure 2.2B, D), with an average lifetime of the 0.4 FRET state
of 3.6+0.6 s and an average waiting time before binding of 31.3+5.3 s (Figure S2.2.2B).

Taken together with the results from the tRNACY, tRNAANCCA and tRNA™" binding
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experiments, we assign the 0.4 FRET state to a partially bound state where only the

anticodon interactions have been established.

To further confirm the assignment of the FRET states, we generated T-box149, where
the anti-terminator sequence is truncated (Figure 2.1A, Figure $2.1.1). Based on the
structure model from the SAXS data'’® we predicted that a Cy3 dye placed either at the
end of Stem Il (T-box149) or at the end of the anti-terminator stem (T-box1s2) are localized
in close proximity in three dimensions, further confirmed by the distance measurement
using smFRET (Figure S$2.2.3). Therefore, we expect that if tRNAGY-Cy5 can reach the
same fully bound state in T-box149 as in T-box1s2, a high FRET state centered at 0.7 would
be observed. However, using T-box149-Cy3(3’) in combination with tRNACGY-Cy5, we again
observed transient binding of tRNA®Y with a FRET value centered at ~0.4 with the same
average lifetime as observed with the T-box1s2-Cy3(3’) and tRNAANCCA_Cy5 combination
(Figure 2.2B-D, S2.2.3C). Therefore, these two complexes (T-box1s2 + tRNAANCCA gnd T-
box149 + tRNACY) represent the same binding state of the tRNA, i.e. the state where
binding of the anticodon to the specifier region has been established, but is unstable

without the further interactions between the NCCA and the t-box region.

Collectively, our results suggest a two-step binding model where the establishment
of the interaction with the anticodon precedes the interactions with the NCCA. Without
the interaction between the NCCA and the t-box sequence the binding of tRNA®Y is not

stable. From the binding kinetics of tRNAANCCA e estimated the association rate
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constant (k1) and the disassociation rate constant (k.1) for the first binding step to be

(5.0£1.7) x 10° s'-M-'and 0.28+0.04 s, respectively (Figure 2.5; Figure 2.6E).
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Figure 2.2. Two-step binding of uncharged tRNA to the glyQS T-box riboswitch. (A) FRET labeling
scheme for the T-box and tRNA. Cy3 (green star) and Cy5 (red star) fluorophores are attached at the 3’
of the T-box (blue) and the 5’ of the tRNA (black), respectively. glyQS T-box riboswitch molecules are
anchored on slides through a biotinylated DNA probe (purple) hybridized to a 5’ extension sequence on
the T-box. (B) smFRET vs. time trajectories of T-box1s2-Cy3(3’) with (a) tRNAGY-Cy5 or (b) tRNAANCCA-
Cy5 and (c) T-box149-Cy3(3’) with tRNAGY-Cy5. Cy3 and Cy5 fluorescence intensity traces (upper panel),
and their corresponding smFRET traces calculated as lcys/ (lcys+lcys) (lower panel). (C) One-dimensional
FRET histograms of combinations (a), (b) and (c) as described above. FRET peaks are fit with a Gaussian
distribution (black curve) and the peak centers are shown in red. “N” denotes the total number of traces
in each histogram from 3 independent experiments. (D) Transition density plot (TDP) of combinations (a),
(b) and (c). Contours are plotted from blue (lowest population) to red (highest population). TDPs are
generated from all smFRET traces from 3 independent experiments. (E) Representative smFRET
trajectories showing real-time binding of tRNA®Y-Cy5 to T-box1s2-Cy3(3’) in a steady-state measurement.
Traces showing transitions from unbound state (0 FRET) to partially bound state (0.4 FRET) to fully bound
state (0.7 FRET) (left) and unbound state directly to fully bound state (right). (F) Surface contour plot of
time-evolved FRET histogram of T-box1s2-Cy3(3’) with tRNAGY-Cy5 (top) and tRNAANCCA-Cy5 (bottom).
“N” denotes the total number of traces in each histogram from 3 independent experiments, which are a
subset of traces showing real-time binding event in the steady-state measurements. Total numbers of
traces in each data sets are indicated in (B). Traces that reach the 0.7 FRET state (cutoff >0.55) are
included in the plot for tRNACY-Cy5 to reveal better the transition from the 0.4 to the 0.7 FRET state.
Time-evolved FRET histograms of all traces are shown in Figure $2.2.4D for comparison.
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2.2.2 The transition from anticodon recognition to NCCA binding is rapid for
uncharged tRNA

We classified sSmFRET traces for T-box1s2-Cy3(3’) in complex with tRNASY-Cy5 into
three types (Figure 2.2B): (I) traces stably sampling the 0.7 state (7914%), (ll) traces
transiently transitioning from the 0.7 state to the 0.4 state (9£5%), and (lll) traces only
sampling the 0.4 state without reaching 0.7 state (12+5%). The low percentage of Type
[l traces indicates that once the anticodon is recognized, the commitment to the next
binding step, NCCA interactions, is high. The majority of the traces showed that the
tRNACY remained mostly in the fully bound state (Type |) until the fluorophore
photobleached, with the actual lifetime limited by photobleaching (To.7 > 24 s, where To.7
denotes the lifetime of the 0.7 FRET state) (Figure S$2.2.2A). The observation that
tRNACY is able to transit from the fully bound state back to the partially bound state (Type
II) suggests that the NCCA/t-box interaction can break occasionally (Figure 2.2B). We
estimated the lifetime of the transiently sampled partially bound state to be 0.35£0.09 s

(Figure S2.2.2A), ~10-fold shorter than the partially bound state without the NCCA end.

While the majority of the T-box molecules were already bound to tRNACY before
starting data acquisition, we could detect that some molecules show real-time binding
during imaging acquisition. We observed only a few traces briefly sampling the 0.4 FRET
state from the zero FRET (unbound) state before reaching the 0.7 FRET state, while most
traces directly sampled the 0.7 FRET state without a detectable 0.4 FRET, likely due to

our imaging time resolution (100 ms per frame). We post-synchronized the FRET traces

34



at the transition point from the zero FRET state to the first sampled 0.4 FRET state, and
plotted in a time-evolved FRET histogram. From the time-evolved FRET histogram
(Figure 2.2F), we estimated roughly that the upper limit of the lifetime spent at the 0.4
FRET state is ~100 ms, very rapidly followed by establishment of NCCA/t-box interactions.
In contrast, tRNA2NCCA could not pass the 0.4 FRET state. To capture better real-time
binding, we performed a flow experiment, where tRNACY-Cy5 was flowed in to a chamber
with immobilized T-box1s2-Cy3(3’) during imaging acquisition. The corresponding post-
synchronized time-evolved FRET histogram again shows a fast transition into the fully
bound state (Figure S2.2.4). In addition, the association rate constant of tRNA®Y in the
real-time flow experiment is (7.5+0.7) x 10%s'-M", consistent with the k1 of tRNAANCCA
and confirming that the NCCA end of the tRNA does not participate in the first binding

step.

From the real-time binding kinetics of tRNA®Y to T-boxi1s2, we estimated a transition
rate constant from the partially bound state to the fully bound state (k2) of ~10 s-! (Figure
2.2F, Figure S2.2.4). On the other hand, as transitions back to the partially bound state
from the fully bound state were only observed in ~10% traces, we interpreted this to mean
that the reverse transition rate constant (k-2) is very small, and the second binding step in
the wild-type (WT) T-box with uncharged tRNACY is close to irreversible (Figure 2.5;

Figure 2.6E).
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2.2.3 Establishment of the NCCA/t-box interaction is accompanied by
conformational changes in the T-box riboswitch

We next investigated whether tRNA binding requires any conformational changes in
the T-box itself. Using doubly labeled T-box1s2, with Cy3 at the 3’ end and Cy5 at the 5
hybridization extension, we observed a high FRET state (centered at ~0.75) in the
absence of tRNA (Figure S$2.3.1). Based on the structural model (17), we estimated the
distance between the 5’ and 3’ ends of the T-boxis2 to be ~36 A (Figure 2.1B). Our
measured FRET value is slightly less than the predicted FRET value (~0.9), likely due to
the engineered 5 extension sequence used to immobilize the T-box. No noticeable
change was detected upon incubation with unlabeled tRNACY (Figure $2.3.1), indicating
that the 3’ portion (Stem Il plus the anti-terminator stem) does not move away from the
5’ portion (Stem 1). Given that the measured FRET efficiency of 0.75 is already located
beyond the FRET sensitive region, it is unlikely that any inward motion of the 3’ portion
relative to the 5’ could be detected. To overcome this limitation, we added extensions at
both the 3’ and 5 ends (Figure 2.3A, Figure S2.1.1). ITC experiments suggest that
addition of a 5" and/or a 3’ extension sequences to the T-BOX does not affect tRNA binding
(Figure S2.3.2). With this intra-T-box FRET scheme, we observed a FRET shift from ~0.5
to ~0.65 when tRNA®Y was added (Figure 2.3B), indicating that the 3’ half of the T-box
moved closer to the 5’ half, potentially with the T-box becoming more compact due to the
presence of the cognate tRNACY. Adding non-cognate tRNAP" or tRNA2ANCCA gave similar

FRET values as the T-box alone (Figure 2.3B), suggesting that the conformational
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change is associated with binding of the NCCA, not with anticodon recognition.
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Figure 2.3. Conformational changes following tRNA binding in the glyQS T-box riboswitch
revealed by an intra-T-box FRET pair. (A) Intra-T-box FRET scheme. Cy3 (green star) and Cy5 (red
star) are attached at the 5" and 3’ extensions of T-box (blue), respectively. (B) One-dimensional FRET
histograms of T-boxis2 alone, with tRNAPre, with tRNAANCCA and with tRNASY, “N” denotes the totall
number of traces in each histogram from 3 independent experiments.

2.2.4 The NCCA end of the uncharged tRNA maintains its relative position to
the K-turn region during the second binding step

Using the above two FRET pairs, we observed that the 3’ portion of the T-box moves
towards the base of Stem | as well as the NCCA end of the tRNA during the second
binding step. To ascertain whether the NCCA end of the tRNA also moves relative to the
base of Stem |, we measured FRET between a Cy3 placed at the 5’ end of the T-box (T-
box182-Cy3(5’)) and tRNACGY-Cy5 (Figure 2.4A). Using this FRET pair, binding of both
tRNACY and tRNAANCCA generated a similar FRET value centered at ~0.35 (Figure 2.4B,
C). However, the FRET traces behaved differently for these two tRNA molecules. For
tRNAANCCA the signal fluctuated between zero and 0.35 (Figure 2.4D), with a lifetime of
the 0.35 FRET state of 4.5 £ 1.0 s, reminiscent of the 0.4 FRET state using the tRNA/T-
box182-Cy3(3’) FRET pair (Figure S2.4.1). For tRNACY, the signal was more stably

centered at 0.35 (Figure 2.4B). Since the tRNA-Cy5/T-box182—Cy3(5’) FRET pair cannot
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distinguish the partially bound from the fully bound state, we fit the lifetime with a double-
exponential decay. The fast dissociation fraction has a lifetime of 3.9 + 0.7 s (46 + 21%
of population), consistent with the lifetime for the partially bound state, and the low
dissociation fraction has a lifetime of 15.7 £ 0.8 s (54 = 21%), representing the stable fully
bound state (Figure S2.4.1). Overall, the measurements with the tRNA-Cy5/T-box—
Cy3(5’) FRET pair further validate the two-step binding model and reveal that the NCCA
end of the uncharged tRNA maintains its relative position to the base of Stem | during the

second binding step.
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Figure 2.4. FRET between fluorophores at the 5’ end of the glyQS T-box riboswitch and 5’ end of
tRNA®Y is insensitive to the two binding states. (A) Cy3 (green star) and Cy5 (red star) are attached
at the 5 extension of the T-box (blue) and the 5 of the tRNA (black), respectively. (B) smFRET
trajectories of T-box-Cy3(5’) with tRNAANCCA-Cy5 (left) and tRNAGY-Cy5 (right). “N” denotes the total
number of traces in each histogram from 3 independent experiments. (C) One-dimensional FRET
histograms of T-box-Cy3(5’) with tRNA2ANCCA-Cy5 (left) and tRNACY-Cy5 (right). (D) TDP of T-box-Cy3(5’)
with tRNAANCCA-Cy5 (left) and tRNACY-Cy5 (right). TDPs are generated from all smFRET traces from 3

independent experiments.
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Figure 2.5. Kinetic model for the two-step binding of glyQS T-box riboswitch and uncharged
tRNASY. Details of the model are described in the text. Rate constants are summarized in Figure 2.6E.

2.2.5 Structural elements of glyQS Thox affects the binding dynamics

2.2.5.1 A mutation in the T-loop region affects the first binding step but has
minimal effect on the second binding step.

The interdigitated T-loops structure formed by the interactions between the distal
bulge and the apical loop at the distal end of Stem | has been shown to be important for
tRNA binding'68-170, Specifically, C56 of T-box stacks on a nucleobase in the D-loop of
tRNA, and a point mutation of C56 to U has been shown reduce the tRNA binding affinity
by ~40 fold'"°. We introduced the same mutation in the T-box1s2 backbone (T-boxcssu)
(Figure 2.6A, Figure S2.1.1). The smFRET trajectories for tRNA®Y binding to T-boxcssu
are overall similar to the trajectories for WT T-box1s2, with a majority of traces (73+£6%)
showing stable binding at 0.7 FRET state, and 13+4% of the traces showing transitions

back to the 0.4 FRET state (Figure 2.6C, D). To.7 was estimated to be at least ~23 s
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(limited by the photobleaching of the fluorophore) (Figure 2.6E). Post-synchronized time-
evolved histogram on the subset of traces that demonstrated real-time binding shows fast
transition to the fully bound state (Figure $2.6.1). Comparison of tRNA®Y binding to T-
boxcssu and T-box1s2 suggest that the C56U mutation does not affect the second binding
step. To investigate whether the mutation at the T-loop region affects the first binding step,
we analyzed the binding and dissociation of tRNA2ANCCACy5 to T-boxcseu-Cy3(3’). We
found that the k1 of tRNA binding to T-boxcssu was roughly 16-fold slower compared to
tRNA binding to T-box1s2, and the dissociation was roughly 2.5-fold faster compared to T-
box1s2 (Figure 2.6E), leading to a ~40 fold higher dissociation constant for the first binding
step. Our results suggest that the T-loop region of the T-box is critical during the first
binding step, potentially aiding in anticodon recognition, but does not contribute

significantly to the second binding step.
2.2.5.2 A truncation of Stem Ill has a minor effect on tRNA binding

The functional role of Stem lll is unclear. It has been speculated that Stem Il might
serve as a transcription stalling site to allow co-transcriptional folding and regulation of
the T-box riboswitch. In addition, a SAXS data-derived model suggested coaxial stacking
of Stem Il and the anti-terminator stem, leading to a plausible role of Stem Il in stabilizing
the anti-terminator conformation in the presence of uncharged tRNAGY'76_ To investigate
the latter hypothesis, we generated a T-box mutant (T-boxsii-a4bp), in which four base pairs

in Stem |ll are deleted to significantly shorten its length (Figure 2.6A, Figure S2.1.1).
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smFRET studies using T-boxsii-a4bp-Cy3(3’) with tRNAANCCA.Cy5 and tRNACY-Cy5
revealed insignificant difference in overall kinetics in the first and second step bindings
(Figure 2.6C-E, Figure S2.6.2). Noticeably, the To.7 was around 50% shorter than that
for the T-box1s2 (Figure 2.6E), indicating that Stem Il may contribute to the stabilization
of the fully bound state, potentially through coaxial stacking with the anti-terminator stem,

but the effect is minor.
2.2.5.3 A K-turn mutation affects both binding steps

As our smFRET data highlight the role of a region near the K-turn as the hinge of the
tRNA binding-dependent conformational change, we investigated the role of the K-turn in
regulating tRNA binding kinetics. We disrupted the K-turn (T-boxaxr) by changing the 6
bulged nucleotides to 3 nucleotides (UCA) to replace the K-turn with a 3 base pair stem
(Figure 2.6A, Figure S2.1.1). In contrast to binding of tRNA®Y to T-box1s2, binding to T-
boxakr binding results in three FRET states centered on 0.2, 0.4, and 0.7. (Figure 2.6B).
While the exact boundary of each FRET state is difficult to determine accurately from the
FRET histogram (Figure 2.6C), a transition density plot (TDP) clearly revealed
interconversion between the 0.2, 0.4, and 0.7 states (Figure 2.6D), with transitions
between the 0.2 and 0.4 FRET states, and between the 0.4 and 0.7 FRET states more
populated. Binding of tRNAANCCA.Cy5 to T-boxakT, on the other hand, leads to the loss of
population of the 0.7 state; however, both the 0.2 and 0.4 FRET states and fluctuations

between these two states are frequently sampled (Figure S2.6.3A, B).
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Comparing the tRNACY and tRNA2NCCA binding, we speculate that both the 0.2 and
0.4 FRET states observed in the case of the T-boxakr represent the partially bound state
in which only the anticodon and elbow are recognized. In contrast to T-box1s2, T-boxakr,
with the K-turn replaced by an extension of Stem [, could potentially favor a relaxed
conformation of Stem |, as observed in the NMR structure of an isolated K-turn and
specifier loop domain®, generating a lower FRET value centered at 0.2. However, the
sampling of the 0.4 FRET in the T-boxakr construct suggests that the interactions between
the specifier and anticodon of the tRNA may transiently force open the extended base
pair region and bend the T-box to adopt a similar conformation to the one observed in T-
box1s2. The lifetimes of the 0.4 state transition back to the 0.2 state and the transition
forward to the 0.7 state are 0.30+£0.03 s and 0.13+0.05 s, respectively, indicating that this
forced bent state is energetically unfavorable. However, this 0.4 FRET state is very likely
to be required for the NCCA/t-box interaction to occur, as in the presence of tRNACY the
transitions from the 0.2 FRET to the 0.7 FRET state often pass through the 0.4 FRET
state (Figure 2.6B). Furthermore, we observed a small region in the TDP corresponding
to direct transitions between the 0.2 and 0.7 states. Given the very short lifetime of the
0.4 state, which is close to the time resolution of our experiments, the 0.2 to 0.7 state
transition is likely to represent populations whose 0.4 FRET state lifetime is even shorter

than the time resolution of the experiment.

The 3-step kinetic scheme for tRNA binding to T-boxakr is presented in Figure
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$2.6.3C. The association rate constant k1 ((8.0£1.0)10* s'-M-"), estimated from binding
of tRNAANCCA to the T-boxakT, is ~ 6-fold smaller than binding to T-box1s2, suggesting that
disruption of the K-turn affects anticodon recognition. Considering both the 0.2 and 0.4
FRET state as the partially bound state in T-boxakr, the apparent dissociation rate from
the partially bound state k.1_app of tRNA2NCCA to T-boxakT is 0.21+0.06 s, similar to that
for T-box1s2, suggesting that disruption of the K-turn does not affect the stability of the
partially bound state. The 0.7 FRET state observed for T-boxakr in the presence of
tRNACY is consistent with the FRET value for the fully bound state in the WT T-box,
indicating that the NCCA/t-box interactions in T-boxakr can still be formed. However,
tRNACY bound to T-boxakr (To.z = 1.6£0.3 s) is at least 10-fold less stable compared to
tRNACY bound to T-box1s2 (To.7 >24 s). Furthermore, in contrast to the signal observed for
tRNACY binding to T-box1s2, in which fewer than 10% of the FRET traces show transitions
back to 0.4 FRET, in T-boxakr the vast majority of the traces show backward transitions
to the 0.4 and 0.2 FRET states, contributing largely to the instability of the fully bound
state. Based on the transition rates between 0.2, 0.4, and 0.7, we estimated the apparent
forward (k2_app) and (k-2_app) reverse transition rates between the partially bound and the
fully bound state of the T-boxakt to be 1.3+0.3 s and 1.0+0.3 s, respectively (Figure
2.6E, Figure S2.6.3C). The dramatically reduced kz_app and increased k-2_app in T-boxaxr
leads to a ~100-fold change in the equilibrium constant in the second binding step
compared to T-box1s2, implying that inflexibility of the K-turn region largely inhibits the

conformational change in the T-box required to form the NCCA/t-box interaction, and
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strongly destabilizes the fully bound state.
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Figure 2.6. Regulation of the tRNA®Y binding

kinetics by structural elements in the glyQS T-box

riboswitch. (A) Schematic diagram of three different mutations introduced to the T-box1s2 backbone (T-
boxcseu, T-boxsi-tapp and T-boxaxr). (B) Representative smFRET traces of T-boxakr-Cy3(3’) and
tRNASY-Cy5. (C) FRET histograms of the T-box mutants with tRNAGY-Cy5. “N” denotes the total number
of traces in each histogram from 3 independent experiments. (D) TDP of the T-box mutants with tRNAGY-
Cy5. TDPs are generated from all smFRET traces from 3 independent experiments. (E) Table of kinetic
parameters for tRNAGY-Cy5 binding to different T-box constructs. k.1, k2, and k., of T-boxakr-Cy3(3’) are
apparent rate constants estimated to allow comparison as described in Materials and Methods. All rate
constants are reported as mean tstandard deviation (S.D.) from 3 or 4 independent experiments.

2.3 Conclusion and discussion

T-box riboswitches represent a unique class of riboswitches as they recognize a

45




macromolecule and require interactions at multiple spatially separated sites on the ligand,
unlike other riboswitches that respond to the binding of small ligands. Previous structural
studies suggested that tRNA recognition by a T-box riboswitch is a bipartite process 170.173
with Stem | largely responsible for discriminating non-cognate tRNAs while the t-box
sequence in the expression platform senses the charged state of the tRNA. We used
smFRET to elucidate the binding kinetics of tRNACY by the glyQS T-box riboswitch. With
three FRET pairs between different T-box riboswitch and tRNA ligand constructs, our data
collectively reveals a two-step model of uncharged tRNA®Y binding to the glyQS T-box
riboswitch (Figure 2.5). The first binding step involves recognition of the anticodon of the
tRNA by the specifier sequence located in Stem | of the T-box riboswitch, leading to a
partially bound state. In the second step, the 3’ end of the T-box docks into the NCCA end
of the tRNA through interactions with the t-box sequence, which leads to a fully bound
state. Without the NCCA interaction, the binding of tRNA is unstable, with an average
lifetime of ~4 s, whereas with interactions both with the anticodon and the NCCA end, the
binding of tRNA is very stable, with an average lifetime > 24 s. The later lifetime
measurement is limited by fluorophore photobleaching and is likely to be much longer. In
addition, an intra-T-box FRET pair at the 5’ and 3’ ends of the T-box demonstrates that,
while the T-box is largely pre-organized in a folded state before tRNA binding, it still
exhibits conformational rearrangement in a tRNA-dependent manner. Specifically, the 3’
half of the T-box (including Stem Il and the anti-terminator) moves inward relative to the

5 half (Stem I) of the T-box to accommodate the interaction with the NCCA end in the
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second binding step. From the FRET pair placed on the tRNA and at the 5’ end of Stem

I, we further confirm that the hinge is likely to be near the K-turn region.

While our manuscript was in preparation, Suddala et al.'®' reported a single-molecule
study on tRNA binding to the glyQS T-box riboswitch and proposed a similar two-step
binding model. Although both studies propose consistent kinetic models, in the study by
Suddala et al.'®!, the FRET pair attached at the variable loop of the tRNA and the 3’ or 5’
ends of the glyQS T-box cannot distinguish between the partially bound state from the
fully bound state; therefore the two binding states are distinguished by different
dissociation rates of the tRNA from these states, aided by using a Stem I-only mutant that
cannot interact with the NCCA end of the tRNA. Neither transitions between the partially
bound and the fully bound states, nor the order of events during tRNA binding can be
resolved in the study'®'. In contrast, by employing a FRET pair located at the 5’ end of
the tRNA and the 3’ end of the glyQS T-box, we observed directly two FRET states
corresponding to the recognition of the anticodon (0.4 FRET) and the binding of the NCCA
(0.7 FRET), therefore our study allows the discrimination between different states and
generates a more complete kinetic framework describing the full trajectory of the tRNA

binding process.

Our data reveal that anticodon recognition precedes the NCCA end interactions, and
that after anticodon recognition the commitment to further establishment of the NCCA/t-

box interaction is high. The T-box/tRNACY complex transits rapidly from the partially bound
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state to the fully bound state, with a rate constant (k2) on the order of 10 s-'. Considering
that the intracellular concentration of tRNA is on the order of uM in bacteria'®>-184, the
binding of the tRNA ligand to the T-box riboswitch is rate limited by the first step.
Interestingly, our data also reveal that in the fully bound state the NCCA/t-box interaction
is not highly-stable or ultra-stable. Brief disruption of the NCCA/t-box interactions can
occur, but transition back to the fully bound state is rapid, ~10 fold faster than dissociation
of the tRNA from the partially bound state. Therefore, tRNA can remain bound during the
breaking and reforming of the NCCA/t-box interaction. However, such transient breaking
of NCCA/t-box interaction was only observed in ~10% of the total population, suggesting
that the reverse transition rate constant (k-2) is very small, and the second binding step in
the WT T-box with uncharged tRNA®Y is close to be irreversible. The relatively slow
dissociation rate (k-1) from the partially bound state and the very rapid and almost
irreversible transition from the partially bound state to the fully bound state is kinetically
beneficial during co-transcriptional folding of the T-box and sensing of the tRNA ligand.
On one hand, slow dissociation from the partially bound state can ensure the tRNA ligand
stay bound until the completion of the anti-terminator sequence. On the other hand, very
rapid and almost irreversible transition into the fully bound state helps secure the
interaction between the NCCA end of the tRNA and the t-box sequence and trap the T-
box in the anti-terminator conformation before completion of transcription of the terminator

sequence, which is immediate downstream.
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Importantly, our results hint at the critical role of the K-turn region in promoting the
fast coordination between anticodon sensing and locking of the NCCA end. Crystal
structures of the Stem I/tRNA complex'7%173 show that Stem | flexes around the K-turn
region and that this flexing seems to be important to establish the interactions between
the anticodon and specifier sequence. Using a mutant where the K-turn region is removed,
our data show that in the absence of the K-turn motif both the first and second binding
steps are affected, but with a much more dramatic effect on the second step. In this
specific K-turn mutant, where the K-turn is replaced by an extended Stem | helix, the
conformational change in the T-box that brings closer the 3’ and 5 portions becomes
highly energetically unfavorable, leading to a ~10-fold reduction in k2, and more than 10-
fold destabilization of the fully bound state. Our kinetic measurement of the K-turn mutant
explains the in vivo loss-of-function K-turn mutants', and emphasizes the importance of
the flexing around the K-turn region and the associated conformational changes in the T-

box itself in the overall recognition and binding process.

Our results with various T-box mutants demonstrate that the T-box structural
elements involved in tRNA recognition can drive the two-step binding process in a
modular fashion. For example, in the first binding step, interactions with Stem | involve
both anticodon recognition and the contacts between the interdigitated T-loops in Stem |
and the elbow region (D- and T-loops) of the tRNA'%173 When introducing a point

mutation that impairs the T-loops/elbow region interaction'’®, we observed a dramatic

49


https://sciwheel.com/work/citation?ids=714733,3259332&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3258369&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=714733,3259332&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=714733&pre=&suf=&sa=0&dbf=0

decrease in the association rate constant and a moderate increase in the dissociation
rate constant, leading to an overall ~40 fold reduction on the binding affinity for the first
step, however the second step is unaffected. This observation suggests that
establishment of the T-loops/elbow interactions is an important part of the Stem I/tRNA
recognition process in the first binding step, but does not play any role in NCCA
recognition in the second binding step. Similarly, truncation of Stem Ill has a minor effect
on the stability of the fully bound state, but with no influence on the first binding step.
Finally, the K-turn region (discussed above), which links the 5’ and 3’ portions of the T-
box, plays a key role in coordinating the two binding steps by providing structural flexibility.
It is worth mentioning that while Stem Ill contributes to the stabilization of the anti-
terminator conformation in vitro, deletion of it does not appear to significantly impair the
tRNA binding process in vitro. Potentially its major function is to create a pause site to

coordinate with the co-transcriptional folding of the T-box.186.187

In conclusion, our study provides a comprehensive kinetic framework for describing
tRNA recognition by the T-box riboswitch. The two-step binding process is driven by the
specific structural elements of the T-box, and is kinetically beneficial for efficient, co-
transcriptional recognition of the cognate tRNA ligand. Specific T-box structural elements
drive the two-step binding process in a modular fashion, providing a guideline for synthetic
biology design of RNA regulatory element. Finally, the glyQS T-box riboswitch

represents one of the simplest members of this class of ribowitches. Other T-box
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riboswitches are larger and have additional structural elements and can even appear in
tandem arrangements'8. While the two-step binding kinetics may be common to all T-
box riboswitches, it is likely that the process in other T-box riboswitches shows differences

modulated by the additional structural elements.

2.4 Materials and Methods

RNA purification and mutagenesis

RNA transcription was performed in vitro using Hiss-tagged T7 RNA polymerase
using standard protocols'®®. Cloning, design of a bicistronic DNA template encoding the B.
subtilis glyQS T-box riboswitch and its cognate tRNA®Y, and conditions for in vitro
transcription were described before'”®. For the experiments, all the RNAs from the crude
transcription reaction were purified on a 7.5% denaturing (8 M Urea) polyacrylamide gel.
The RNAs of interest were located on the gel by UV shadowing, the bands were cut out,
and the RNAs were eluted into 50 mM sodium acetate (pH 7.0) buffer containing 200 mM
potassium chloride by overnight rocking at 4°C. The eluted RNAs were precipitated by
adding 3 volumes of cold 100% ethanol and stored overnight at —20°C. The precipitated
RNAs were pelleted by centrifugation for 15 min at 20,000 g. The RNA pellets were
washed three times in cold 80% ethanol, dried in a Speedvac and re-suspended in water.
The concentration was estimated by its absorbance at 260 nm and was kept frozen at

-20°C for long term storage. All mutant constructs were made using a commercial site
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directed mutagenesis protocol'® (Quikchange, Stratagene) and the RNAs were produced
and purified by using the same protocol described above. The sequence of all mutant T-
box and tRNA constructs were confirmed by sequencing and validated by MFOLD'"®" to

ensure that the secondary structural elements were not affected by the mutations.

Fluorescent labelling of the RNA

For smFRET experiments, end labelling of RNA molecules was performed by
modifying standard labelling protocols'?3. For 3’ end labelling, 50 ug of RNA in 50 uL of
reaction volume was incubated with 0.1 M Na-periodate in 0.1 M Na-acetate buffer at pH
5.2 for 90 min in the dark. The reaction was quenched by adding 5 uL of 2.5 M KCI and
incubating on ice for 10 min. The resultant insoluble KIO4 was removed by centrifugation
at 20,000 g for 30 min and the supernatant was passed through a P6 column (Bio-Rad)
to exchange the buffer to 0.1 M HEPES (pH 7.0), 40% DMSO. The RNA was incubated
with Cy3 hydrazide (Lumiprobe) dye for 45 min with a final RNA/dye ratio of ~1:200. The
RNA was then ethanol precipitated as described above. The precipitated RNA was
pelleted by centrifugation for 15 min at 20,000 g, dried in a Speedvac and re-suspended
in water. The final RNA solution was passed through a P6 column to remove any residual
free dye.

5 end labeling of RNA was performed by N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC) — N-hydroxysuccinimide (NHS) coupling through

activation of the 5 monophosphate of the RNA by EDC and imidazole'?3. To improve the
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overall labelling efficiency of this method, a modified approach was used in which the 5’
triphosphate of 100 ug of RNA was converted to 5 monophosphate in 100 yL reaction
volume by incubating it with 100 units of RNA 5' Pyrophosphohydrolase (NEB) at 37°C
for 1 hr. The enzyme was removed by phenol chloroform extraction and the supernatant
was passed through a P6 column to exchange the buffer to 10 mM HEPES (pH 7.0), 150
mM NaCl, 10 mM EDTA. This was followed by addition of 12.5 mg of EDC to the RNA
solution along with 50 pL of ethylene diamine and 200 pL of 0.1 M imidazole buffer (pH
6.0). The reaction was incubated for 3 hr at 37°C and the RNA was then ethanol
precipitated as described above. The resultant RNA pellet was re-suspended in 0.1 M
sodium carbonate buffer (pH 8.7) and residual EDC was removed by passing the solution
through a P6 column. The resultant RNA solution in 0.1 M sodium carbonate buffer (pH
8.7) was incubated with Cy5 NHS (Lumiprobe) dye for 45 min with a final RNA/dye ratio
of ~1:200. The RNA was ethanol precipitated as described above and re-suspended in
water. The final RNA solution was passed through a P6 column to remove any residual
free dye. The overall labelling efficiency of RNA constructs used in this study varied from

75% to 95%.

Isothermal titration calorimetry

The thermodynamic parameters associated with binding of tRNACY to glyQS T-box
were determined at 25°C by using an ITC-200 Micro-Calorimeter (MicroCal). Prior to the

experiment, the two interacting RNAs (in 50 mM HEPES pH 7.0, 100 mM KCI) were
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refolded separately by first heating for 3 min at 90° C followed by incubation on ice for 2
min. At this point, MgCl2 was added to attain a final concentration of either 1 mM or 10
mM. The RNA solution was then heated to 50° C for 10 min and 37° C for 30 min followed
by cooling to 25°C. The refolded RNA was then concentrated using a 10 kDa cutoff
Amicon filter and washed three times with the final ITC buffer (50 mM HEPES pH 7.0,
100 mM KCI and 10 mM MgClz or 1 mM MgClz). For testing the binding of T-box with
unlabeled and 5’ Cy5 labelled tRNA in 10 mM MgClz buffer, the sample cell was filled with
6.6 uM and 11 uM T-box respectively and the corresponding concentration of tRNACY in
the syringe was 111 uM and 152 pM. For the ITC experiment in 1 mM MgClz buffer, the
cell was filled with T-box at a concentration of 6.7 uM and the syringe concentration of
unlabeled tRNACGY was 72 uM. For each ITC experiment, the titration was carried out by
stepwise (2 uL) injection of tRNACY from a stirred syringe (1000 rev/min) into the sample
cell. Successive injections were spaced by 150 s and values for the change in enthalpy
(AHb), association constant (Kb), change in enthalpy (AHb) and stoichiometry (n) were
determined by nonlinear least-squares fitting of the data using Origin 5.0 software

(OriginLab).

Electrophoretic mobility shift assay

The T-box and tRNA were denatured and refolded using the same protocol
as described for the ITC and smFRET experiments. For binding of tRNA, 5 pL of 4 yM of

folded T-box and 5 uL of 2 uyM folded tRNA samples were mixed together for 30 min in
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final buffer containing 50 mM HEPES pH 7.0, 100 mM KCI and 15 mM MgClz. The folded
T-box or T-box +tRNA mixture were loaded on to 6% native polyacrylamide gel containing
15 mM MgCl2 and the gel was run at room temperature for 2—2.5 hr. RNAs were stained
by SYBR™ green RNA staining dye (Invitrogen). The gel was imaged using ChemiDoc
(Bio-rad) in SYBR green channel (for unlabeled T-box constructs), Cy5 channel (for tRNA-
Cy5), or Cy3 channel (for labeled T-box constructs). Images were processed and

analyzed by ImageJ'92,

Fluorophore conjugation of DNA oligos

DNA oligos that hybridize to 5’ extension and 3’ extension of the T-box construct were
purchased from Integrated DNA Technologies with an amine modification at the 5’ end
and 3’ end respectively. 13.5 yL of 100 yM DNA oligo was mixed with 1.5 pyL of 1 M
NaHCOs (pH 8.6). 25 pg of NHS conjugated fluorophore (Cy3 or Cy5) was dissolved with
0.5 yL DMSO and mixed with the DNA oligo solution. The mixture was incubated at
37°C overnight. 1.67 yL of 3 M NaOAc and 50 L of pure ethanol was added to the mixture
to precipitate the conjugated DNA oligo overnight at —20°C. The precipitated DNA oligo
was pelleted by centrifugation for 30 min at 21000 g and re-suspended with 40 uL water.
The DNA solution was passed through a P6 column to remove any residue free dye and

salt. The overall fluorophore labeling efficiency is ~60%.

smFRET measurements
Slides containing microfluidic channels were prepared as previously described'®.
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Slides and coverslips were coated with a mixture of poly-ethylene glycol (PEG,
Mw = 500,000) and PEG-biotin (Mw = 500,000) according to previously published
protocol'®. The T-box and tRNA were denatured and refolded using the same protocol
described for the ITC experiments with the final buffer containing 50 mM HEPES pH 7.0,
100 mM KCI, and 15 mM MgClz. T-box RNA was hybridized to the biotinylated DNA oligo
at the extension during refolding, and immobilized via biotin-streptavidin interactions to
the surface. tRNA was diluted in imaging buffer (50 mM HEPES pH 7.0, 100 mM KCI, 15
mM MgCl2, 5 mM protocatechuic acid (PCA) (Sigma-Aldrich), 160 nM protocatechuate-
3,4-dioxygenase (PCD) (Sigma-Aldrich), and 2 mM Trolox (Sigma-Aldrich)) and flowed
into the microfluidic channels. smFRET measurements were performed with an objective
based total internal reflection fluorescence (TIRF) microscope based on a Nikon Ti-E with
100X NA 1.49 CFI HP TIRF objective (Nikon). A 561 nm laser (Coherent Obis at a power
density of 4.07 x 10° W/cm?) was used for the FRET measurement. A 647 nm laser
(Cobolt MLD at a power density of 5.88 x 10° W/cm?) was used for direct excitation of
Cy5 to check the presence of the acceptor. Emissions from both donor and acceptor were
passed through an emission splitter (OptoSplit Ill, Cairn), and collected at different
locations on an EMCCD (iXon Ultra 888, Andor). 1500 frames of time-lapse images were
taken with 100 ms exposure time. Each independent measurement in our study should
be considered as a technical replicate. The biological samples (i.e. the in vitro transcribed
tRNAs and T-boxes) were generated once. In each measurement, T-box and tRNA were

folded, smFRET images were recorded, and analysis were performed independently.
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Lifetime analysis

Individual spots were picked from maximum intensity projection of Cy5 emission
channel (Figure S2.2.1) using NIS Elements software, that is only the pixels with the
highest intensity value of the same XY coordinates in time-lapse images are displayed in
the maximum intensity projection image. Fluorescent intensity trajectories of these spots
were generated from Cy3 and Cy5 channels of time-lapse images, and corrected for
baseline and bleed-through in MATLAB as previously described'®3, FRET traces were
generated by calculating lcys / (Icys+lcys) at each time point from the intensity trajectories.
smFRET traces were idealized by fitting with a Hidden Markov Model using VoFRET 95,
Dwell time of each FRET state before transition to another FRET state of individual traces
was extracted from the idealized traces and the dwell time histograms were fit with
exponential decay by Origin 7.0 (OriginLab) (Figure $2.2.2). In most of the cases, dwell
time histograms fit well with a single exponential decay (A-exp(-t/to) + yo). In a few cases,
in which mixed populations with different lifetimes were expected, dwell time histograms
were fit with a double exponential decay (Arexp(-t/t1) + Azexp(-t/t2) + yo) and the
population-weighted average lifetime was calculated by (A1t1 +A2t2) / (A1 + A2). The latter

cases are explicitly mentioned in the text.

Determination of kinetic parameters
(1) k-1

For all T-box constructs, k-1 was estimated from the dwell time of the partially bound

state (0.4 FRET state of T-box1s2, T-boxcseu and T-boxsii-a4bp) of tRNAANCCA.Cy5 (Figure
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$2.2.2). The dwell time of the partially bound state was fit with a single exponential decay.
The lifetime of 0.4 FRET state (10.4-0) was extracted and k-1 was calculated using the
following equation:

k. = 1
-1 To.4-0

(1) k1
We noticed that the lifetime of the unbound state (To-04) of tRNAANCCA.Cy5 with

Tbox1s2-Cy3(3’) was 31.3 £ 5.3 s, while the average smFRET trace length (Ttrace) was
70+7 s under 4.07 x 105 W/cm? 561 nm laser (Figure 2.2-S2), limited by Cy3
photobleaching. Therefore, there was a possibility of underestimating the lifetime of the
unbound state, or overestimating k1. We hence characterized the photobleaching effect
on unbound state lifetime analysis using reduced 561 nm laser power (1.96 x 105 W/cm?).
To-04 was calculated to be 46 +4 s and Tiace was 103.0 £ 0.6 s. To correct for the

photobleaching effect, we estimated k1, using the following equation'6.1°7:

I _( 1 1 >>< 1
o To-04 Ttrace [tRNA]

where [tRNA] represents the concentration of tRNAANCCA.Cy5. k1 values were
consistent using both high laser power ((5.8 + 0.2) x 10° M~'s™") and low laser power
(4.1 £0.6) x 10° M~'s™). In Figure 2.6E, we reported the mean +S.D. of k1 obtained with
both high and low laser powers.

We also measured Toff in the flow experiment and it was determined by the dwell time
between the injection time and detection of the first binding event (Figure

$2.2.4C). k1 calculated for tRNASY in the flow experiment was consistent with the value
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for tRNASNCCA i the steady-state experiment. We therefore used ki of tRNAANCCA.Cy5
binding to the T-box to approximate the rate constant for the first binding step in all T-box
constructs.

For some T-box mutants (specifically, T-boxcssu-Cy3 and T-boxakt-Cy3), binding of
tRNA-Cy5 became less efficient compared to the T-box1s2-Cy3(3’), already a hint of a
deficient first binding step. In this case, estimation of k1 from the selected FRET traces
will highly bias for the molecules that bind relatively fast within the photobleaching time of
Cy3, therefore significantly overestimating k1. We therefore applied a different approach
to estimate k1 for the T-box mutants. We counted trace percentage of the T-box mutants
(number of FRET traces divided by the number of Cy3 spots) and normalized it to the
trace percentage of T-box1s2 with tRNAANCCA-Cy5 to get the normalized trace percentage
(f) (Figure S2.6.4).

We performed Gillespie simulations on the observed signal as a function of k1 and k-
1 during the first binding step’®-2%, The simulated signal mimicked the experiment and
imaging processing. As our FRET traces were selected from the maximum intensity
projection of the acceptor signal (Figure S2.2.1) regardless of the lifetime of the bound
state, as long as there was a binding event during the imaging time window (70 s
considering the photobleaching time of the donor dye), it would generate a signal (as a
‘footprint’) that showed in the output image of maximum projection (Figure S2.6.5A). For
each parameter set, 2000 binding trajectories were simulated, and the fraction of the

molecules that generated signal in the maximum intensity projection (referred to as ‘f)
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within the 70 s time window was calculated. The simulation shows that fis insensitive to k-
1, at least within the k-1 we observed for the various T-box constructs (Figure S2.6.5B),
and that the dependence of fon ki1 is best described as
f = fo—ae’
where fo is the binding fraction at saturation, and a and b are constants (Figure
$2.6.5B). By fitting In(fo-f) vs. ki1 with a linear function (Figure S2.6.5C) we

estimated k1 as

_ 045 —1In(1.557 — f)
1= 72.09

The standard deviations reported for k1 were calculated by an error propagation

function considering the standard deviation of f.
(1) k2 and k-2
Even though we observed that smFRET traces of tRNASY with T-boxis2, T-

boxcssu and T-boxsii-a4bp €xhibit real-time binding, the majority of the traces show single-
step binding from unbound to fully bound state while only a few traces sample the partially
unbound state within 0.1 s (Figure 2.2F, Figure $2.2.4B, Figure S2.6.1A and S2.6.2A).
For this reason, our calculation of k2 is limited by the imaging time resolution and we
estimate the transition from 0.4 to 0.7 is rapid with a k2 larger than 10 s™".

We can also detect transition from 0.7 FRET to 0.4 FRET, and calculate the lifetime
of 0.7 FRET to 0.4 FRET (10.7-0.4) (Figure S2.2.2). However, the fraction of traces showing
this transition is small. Since most of the traces demonstrate long time 0.7 FRET, we

reason that k.2 should be very small and the second binding step for these three
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constructs is close to irreversible.
(IV) Kinetic model for T-boxakr

The kinetic model for tRNA binding to the K-turn mutant T-boxakr is illustrated
in Figure $2.6.3C, with kinetic parameters marked. Specifically, the partially bound state
contains a relaxed conformation and a bent conformation at the original K-turn region.
The interconversion rates between 0.2, 0.4 and 0.7 FRET states were determined by the
lifetime of each FRET state before transitioning to the other FRET state. To compare
better the kinetic parameters with other T-box constructs, we calculated the
apparent k2 considering both pathways (0.2—0.7 and 0.2—0.4—0.7) (Figure 2.6.3C) as

below:

ks app = <P1 % + szz)
(ki + k)

Where p1 and p2 are the probabilities of the 0.2—0.4—0.7 and 0.2—0.7 pathways
respectively. And we calculated the apparent k2 considering both pathways (0.7—0.2 and
0.7—0.4) (Figure 2.6.3C) as shown below:

k_z app = (P1kL; + D2k_5)

Where p1 and p2 are the probabilities of the 0.7—0.4 and 0.7—0.2 pathways,

respectively. To compare with the k-1 of other T-box constructs, the apparent k-1_app of T-

boxakt was estimated by considering both 0.4 and 0.2 FRET states.
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2.5 Supplemental Information

Supplementary Tables

Table 2.1 E.coli expression plasmid used in this chapter

Name Description Benchling link
pUC19-GlyQS- GlyQS Tbox and tRNA https://benchling.com/emheideman/f/lib_yb0ZeUDy-
TBox/tRNA transcription template t-box/seq_xXu1Ezed-puc19-glygs-tboxtrna-/edit

Table 2.2 RNA template and DNA oligo sequences used in this chapter

Name Description sequence

SMFRET2 GlyQS Thox with GGGGGAAAUUAGGGGGUAUGUUGCAGUGAGAGAAAGAAG
antiterminator UACUUGCGUUUACCUCAUGAAAGCGACCUUAGGGCGGUG
and 5’ tail UAAGCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAG

CAAUUUUAAAAAAGAGGCUGGGAUUUUGUUCUCAGCAACU
AGGGUGGAACCGCGGGAGAACUCUCGUCCCUA
SmFRET11 5 tail + Steml + GGGGGAAAUUAGGGGGUAUGUUGCAGUGAGAGAAAGAAG
Stemlll UACUUGCGUUUACCUCAUGAAAGCGACCUUAGGGCGGUG
UAAGCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAG
CAAUUUUAAAAAAGAGGCUGGGAUUUUGUUCUCAGCAAC
SmFRET12 5’ tail + Stem | GGGGGAAAUUAGGGGGUAUGUUGCAGUGAGAGAAAGAAG
UACUUGCGUUUACCUCAUGAAAGCGACCUUAGGGCGGUG
UAAGCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAG
CAAUUUUAAAAAAGAG
SmFRET13 GlyQS Thox with GGGGGAAAUUAGGGGGUAUGUUGCAGUGAGAGAAAGAAG
C56U mutation UACUUGCGUUUACCUCAUGAAAGUGACCUUAGGGCGGUG
and 5’ tail UAAGCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAG
CAAUUUUAAAAAAGAGGCUGGGAUUUUGUUCUCAGCAACU
AGGGUGGAACCGCGGGAGAACUCUCGUCCCUA
SmFRET15 GlyQS Tbox with GGGGGAAAUUAGGGGGUAUGUUGCAGUGAGAGAAAGAAG
Stemlll UACUUGCGUUUACCUCAUGAAAGCGACCUUAGGGCGGUG
truncation and 5° UAAGCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAG
tail CAAUUUUAAAAAAGAGGCUUUUUGUAGCAACUAGGGUGGA
ACCGCGGGAGAACUCUCGUCCCUA
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Table 2.2, continued

SmFRET16

tRNACY

tRNAANCCA

57
oligo

37
oligo

anchoring

anchoring

GlyQS Tbox with
K-turn mutation
and 5’ tail

3’ biotin and &’
amine
modification

5 amine
modification

GGGGGAAAUUAGGGGGUAUGUUGCUCAAGAAAGAAGUAC
UUGCGUUUACCUCAUGAAAGCGACCUUAGGGCGGUGUAA
GCUAAGGAUGAGCACGCAACGAAAGGCAUUCUUGAGCAA
UUUUAAAAAAGAGGCUGGGAUUUUGUUCUCAGCAACUAG
GGUGGAACCGCGGGAGAACUCUCGUCCCUA
GGGGAAGUAGUUCAGUGGUAGAACACCACCUUGCCAAGG
UGGGGGUCGCGGGUUCGAAUCCCGUCUUCCCCUCCA
GGGGAAGUAGUUCAGUGGUAGAACACCACCUUGCCAAGG
UGGGGGUCGCGGGUUCGAAUCCCGUCUUCcccu
CCCCCTAATTTCCCCC

GCAGCCGCAAACATT
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Supplementary Figures
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Figure S2.1.1. Secondary structure diagram of the constructs used for the smFRET studies. The
diagrams show all the constructs used for the experiments. The 5’ extensions added to attach the T-box
constructs to the surface are shown in red. The Tbox1sz construct was made with only a 5’extension and
also with extensions at both the 5’ and 3’ ends (red)..
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DNA-Cy3+tRNA®Y-Cy5 T-box,.,-Cy3+tRNA™-Cy5

T-box,,,-Cy3+tRNA®Y-Cy5 T-box,,,-Cy3+tRNANCCA-Cy5

Figure S2.2.1. Representative images of smFRET data for T-box-Cy3(3’) and tRNA-Cy5 binding.
Images were created by maximum intensity projection of Cy5 emission of the time-lapse images and
therefore report on the binding events of tRNA-Cy5 to the surface tethered T-box. A DNA oligo labeled
with Cy3 is used as a negative control for non-specific binding or signal. Loading tRNAT™'-Cy5 to pre-
immobilized T-box-Cy3(3’) only generates background level of Cy5 signals in the maximum projection
similar to the negative control, and these nonspecific Cy5 signals do not generate any smFRET traces.
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Figure S2.2.2. Representative lifetime analyses of glyQS T-box and tRNA interaction. (A) Dwell
time of i) 0.7 FRET state to 0.4 FRET state, ii)0.4 FRET state to 0.7 FRET state, iii) 0.7 FRET state to 0
FRET state, and iv) 0.7 FRET state to other FRET states of T-box1s2-Cy3(3’) with tRNACY-Cy5.
Histograms of i), ii), and iii) are fit with a single-exponential decay function (black curve) and iv) is fit with
a double exponential decay function to generate the population-weighted average lifetime of the 0.7
FRET state (To.7), as molecules can transit from 0.7 FRET state to both 0.4 FRET state occasionally,
and 0 FRET state upon fluorophore photobleaching. (B) Dwell time of i) 0 FRET to 0.4 FRET state and
ii) 0.4 FRET state to 0 FRET of T-box1s2-Cy3(3’) with tRNAANCCA_Cy5, Histograms are fit with a single-
exponential decay function (black curve). (C) Dwell time of i) 0 FRET state to 0.4 FRET state and ii) 0.4
FRET state to 0 FRET state of T-box119-Cy3(3’) with tRNAGY-Cy5. Histograms are fit with a single-
exponential decay function (black curve). Mean + standard deviation (S.D.) are calculated from 3
independent measurements.
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Figure $2.2.3. Intra-T-box FRET of T-box1s2 and T-box149. (A) Ribbon diagram of a complex of the B.
subtilis glyQS T-box riboswitch and uncharged tRNASY. Distances from the 5’ end of the tRNA to the 3’
end of the anti-terminator (T-boxis2) and to the 3’ end of Stem Ill (T-box149) are marked. (B) One
dimensional FRET histograms of intra-T-box pair of T-box1s2 (black) and T-box149 (red) with Cy3 attached
directly to the 3’ end of the T-box and Cy5 attached to the oligo hybridized to the 5’ extension of the T-
box. Only the first 50 data points of the FRET trajectories are used to plot the histogram to eliminate the
zero FRET resulted from Cy5 photobleaching. “N” denotes the total number of traces in each histogram
from 2 independent experiments.
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Figure S2.2.4. Real-time flow experiment of the T-box1s2-Cy3(3’) and tRNACY-Cy5. (A) smFRET
trajectories of T-box1s2-Cy3(3’) and tRNAGY-Cy5. Black arrows represent the time point when tRNAGY-
Cy5 is flowed through the imaging area. Dwell time of unbound state (Tofr) was calculated as the time
between starting point and first FRET transition. (B) Surface contour plot of time-evolved FRET
histogram of the flow experiment. Figure is plotted in the same way as Figure 2F. “N” denotes the total
number of traces in each histogram from 2 independent experiments. (C) Histogram of Toft and its single-
exponential decay fitting Mean = S.D. are calculated from 2 independent measurements. (D) Surface
contour plot of time-evolved FRET histogram of all traces showing real-time binding events, including
the traces that are unable to reach the 0.7 FRET state. The same data sets are used in Figure 2F. “N”
denotes the total number of traces in each histogram from 3 independent experiments, which are a
subset of traces showing real-time binding event in the steady-state measurements. Total numbers of
traces in each data sets are indicated in Figure 2B.
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Figure $2.3.1. Intra-T-box FRET of T-boxis2 in response to tRNA binding. (A) Cy5 (red star) and
Cy3 (green star) are attached at the 5’ extension of the T-box (blue) and the 3’ end of the T-box,
respectively. (B) One dimensional FRET histograms of intra-T-box pair of T-box1s2 alone (black) and with
tRNAGIy (red). “N” denotes the total number of traces in each histogram from all independent
experiments. For “-tRNA” case, two independent measurements were performed. For “+tRNASY” case,
as no difference was detected, we only performed the measurement once.
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Figure $2.3.2. Isothermal Titration Calorimetry (ITC) of T-boxis and tRNA®Y for a T-box with
extensions at both ends. The upper panel of the figure shows the heat change due to successive
injections of tRNA®Y to a T-box1s2 constructs with extensions at both the 5" and 3’ ends (Supplement
file 1). The first injection of the titration was performed by injecting 0.5 pL of tRNASY to minimize
contribution of any artifact associate with loading the syringe. The lower panel of the figure shows the
binding isotherm obtained by integrating the heat change associated with each injection and plotting it
as a function of molar ratio of tRNACY to T-box1s2. A theoretical curve is fit to the integrated data using
a single-site model with Origin 5.0 (OriginLab). Thermodynamic parameters is derived from a best fit
curve = minimized fitting error by non-linear regression analysis. The binding constant (1/Ky) of 360 nM
is comparable to the one reported for a similar construct (209 nm)(Zhang and Ferré-D’Amaré 2013), but
without the extensions. The experiment shows that the extensions have a negligible effect on binding.
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Figure S$2.6.1. tRNA-Cy5 binding to T-boxcseu-Cy3(3’). (A) Surface contour plot of time-evolved FRET
histogram of T-boxcssu-Cy3(3’) with Trna®-Cy5 with traces showing real-time binding. Figure is plotted
in the same way as Figure 2F. “N” denotes the total number of traces in each histogram from 3
independent experiments, which are a subset of traces showing real-time binding event in the steady-
state measurements. Total numbers of traces in each data sets are indicated in Figure 6C. (B) FRET
histogram of T-boxcssu-Cy3(3’) with tRNAANCCA-Cy5. “N” denotes the total number of traces in each
histogram from 3 independent experiments. (C) TDP of T-boxcssu-Cy3(3’) with tRNAANCCA-Cy5. TDPs
are generated from all smFRET traces from 3 independent experiments.
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Figure S2.6.2. tRNA-Cy5 binding to T-boxsi-a4p-Cy3(3’). (A) Surface contour plot of time-evolved
FRET histogram of T-boxsii-a4bp-Cy3(3’) with tRNACY-Cy5 with traces showing real-time binding. Figure
is plotted in the same way as Figure 2F. “N” denotes the total number of traces in each histogram from
3 independent experiments, which are a subset of traces showing real-time binding event in the steady-
state measurements. Total numbers of traces in each data sets are indicated in Figure 6C. (B) FRET
histogram of T-boxsii-asbp-Cy3(3’) with tRNAANCCA-Cy5. “N” denotes the total number of traces in each
histogram from 4 independent experiments. (C) TDP of T-boxsii-a4p-Cy3(3’) with tRNAANCCA-Cy5. TDPs
are generated from all sSmFRET traces from 4 independent experiments.
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Figure $2.6.3. tRNA-Cy5 binding to T-boxakt-Cy3(3’). (A) FRET histogram of T-boxakr-Cy3(3’) with
tRNAANCCA_Cy5. “N” denotes the total number of traces in each histogram from 3 independent
experiments. (B) TDP of T-boxakt-Cy3(3’) with tRNAANCCA-Cy5. TDPs are generated from all sSmFRET
traces from 3 independent experiments. (C) Kinetic model of tRNAGY binding to T-boxakr. Transition rate

constants are reported as mean + S.D from 3 independent measurements. Probabilities of different

pathways for transitioning into and out of 0.7 FRET states are marked in red in parenthesis.
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Figure S2.6.5. Determination of k1. (A) Examples of binding traces simulated by the Gillespie
algorithm. ‘1’ represents a binding event, and ‘0’ represents the unbound state. If there is a single binding
event within the 70 s time window, the trace is included in the bound fraction (F). F is defined by the
number of traces showing a binding event divided by the total number simulated traces. (B) Simulation
of F as a function of k.1, where apparent k1 is set to be 0.015 s™*, to be consistent with our measured
apparent k1 in the presence of 30 nM tRNA on WT T-boxus2 (left panel). Simulation of F as a function of
apparent k1, where k.1 is set to be 0.25 s™' to be consistent with our measured k-1. (C) Normalized bound
fraction (f) is F normalized to the value at apparent k1 = 0.015 s, to reflect the equivalent quantification
of normalized trace fraction to the case of tRNA binding to WT T-box1s2 (Figure 2.6—S4). Red line
presents the linear fitting of In(fo-f) vs. apparent k1.
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CHAPTER 3

In vitro quantification and in situ imaging of m®A modifications in mammalian

cells

3.1 Introduction

Over 100 types of RNA modifications have been identified to date. Among them, Né&-
methyladenosine (m®A) is most prevalent in messenger RNA (mRNA) and various long
noncoding RNA (IncRNA) in higher eukaryotes?°’. m®A modifications are widely involved
in post-transcriptional gene regulation. The complex and dynamic nature of mSA-
mediated regulation enables timely responses to signaling cues and large-scale
modulation of gene expression. Therefore, m®A has been shown to be essential for
development, and associated with many human diseases?°%2%3, The single methyl group
is commonly deposited by either a methyltransferase writer complex composed of
METTL3, METTL14, and WTAP or by METTL16 methyltransferase?%* and is removed by
either FTO2% or ALKBH5 demethylase?®. Through its effects on RNA secondary structure
and its interactions with m®A binding proteins, mfA modifications affect essentially all
known steps during an RNA'’s lifetime, including alternative splicing, polyadenylation, RNA
export, translation, and degradation?°7-2%8, Despite m®A modification having a consensus
DRACH motif (D=A, G or U; R=G or A; H=A, C or U)*'%2, the sub-stoichiometric nature of

m®A modification potentially creates large compositional heterogeneity in a single RNA
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species, i.e., each RNA of the same species may selectively carry mfA modification at
one or a few DRACH motifs among all?®°. Being able to quantify the extent of m°A
modification at precise sites can greatly advance our current understanding of how
changes in the m®A modification pattern (the site and fraction) are modulated by signaling
cues, and are then linked to various functional consequences.

Due to its important roles, techniques have been developed and applied to detect
and quantify m8A modification. Detection of m8A modification is primarily facilitated by
various high-throughput sequencing-based methods utilizing antibodies and chemical
crosslinking 210425241 Although these sequencing-based methods can map m®A candidate
sites at the transcriptomic level, they cannot provide the fraction of modification at each
site, due to factors such as antibody binding efficiency, specificity and cross-linking
reactivity?!'. Real-time quantitative PCR (qPCR) was previously applied for locus specific
detection of pseudouridine (y) modification though chemical labelling of v residue,
causing a shift in the melting peak of the resulting qPCR amplicons?'2. Similar quantitative
methods were recently developed for detection of mfA. These methods utilize enzymatic
activities followed by qPCR, including differential ligation efficiency of T3 and T4 DNA
ligases?'3214  differential reverse transcription activity of Tth and Bstl reverse
transcriptases?'5216, and a combination of selective elongation of DNA polymerase and
ligation?'”. Although these polymer elongation and ligation-based methods are successful
at modification discrimination and can report the relative mfA abundance change,

absolute quantification using these methods were only applied on MALAT1, an abundant

77


https://sciwheel.com/work/citation?ids=81648&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1186727&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=593545&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=77644&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=269714&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3418840&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7853835&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1118788,7199973&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7007070,7193951&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6826197&pre=&suf=&sa=0&dbf=0

IncRNA. In addition, the potential sequence-dependence of these enzymatic activities
requires caution for general applications to these methods?'82'9, Considering these
potential pitfalls, absolute quantification using these methods would require calibration
curves using fully modified and fully unmodified RNA for each target m°®A site, which is
expensive. The only available qPCR-independent method that can provide absolute
quantification of m®A fraction site-specifically is SCARLET (site-specific cleavage and
radioactive labeling followed by ligation-assisted extraction and TLC)??°. However, the
sophistication of the method and its requirement for radioactive labeling prevents its broad
application. Very recently, endoribonuclease digestion-based sequencing methods have
been developed, which rely on selective cleavage of unmethylated A at the ACA
motif?21222. These approaches provide single-base resolution for identification of
modifications site with relative quantitative information but are limited to m®A sites carrying
the ACA motif, as well as regions that contain relatively sparse ACA motifs?22.

In addition, since RNA localization is tied with their function, we believe the
localization of m®A modified RNA and unmodified RNA may also indicate its functionality.
Neither antibody pull-down sequencing or SCARLET can reveal spatial distribution of the
mBA modification in the subcellular domains. And so far there is only one group reporting
single-cell imaging mfA modification based on proximal ligation. However, it still requires
mBA antibody and the various binding affinity against different méA consensus sequences
together with the low efficiency limits its application and only suitable for abundant mRNA

or IncRNAs.
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To address these challenges, we present an easy-to-implement method for
quantifying mPA fraction at specific loci from extracted total RNA and an imaging strategy
to imaging m®A modifications of given sites of a target RNA. The first method utilizes a
recently reported deoxyribozyme (DR) by Sednev et al., VMC10, to discriminate between
A and mPA containing RNA?23(Figure 3.1A). We chose VMC10 DR because it cleaves
unmethylated A with reasonably high and robust efficiency while its cleavage of m°A
remains low even after a long incubation time?23. Sednev et al. demonstrated that the
remainder of intact RNA after VMC10 DR treatment is correlated with the known
methylation level of specific sites of abundant endogenous RNAs??3. However,
quantification of the absolute m®A fraction requires additional characterization and
correction of potential false positive and false negative due to various factors. Without
these additional characterizations, modification levels of different m8A sites cannot be
compared due to sequence dependence of DR. In our method, we quantify and correct
for the potential errors caused by sequence-dependent incomplete cleavage of the DR,
and the presence of non-target RNAs from the total RNA. We show that our method can
be used to robustly quantify the absolute mfA fraction at specific loci on endogenous
RNAs with a broad range of cellular abundance. For the imaging strategy, we take
advantage of the DR and primer extension and imaged m®A sites of a few RNA targets in
fixed cells. Finally, we extensively discuss the limitations of the method and factors that

need to be considered when applying this method.
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Figure 3.1. Workflow of the DR-based m®A quantification method. (A) Representative schematic of
the active deoxyribozyme (DR) and the inactive deoxyribozyme (dDR). (B) Unmodified RNA is selectively
cleaved by DR upstream of the target site, while m®A modified RNA remains uncleaved. The remaining
uncleaved RNAs are then quantified using RT with gene-specific reverse primer and gPCR. To control for
variations in RNA input, an adjacent region on target RNA is also quantified with RT and gPCR as an
internal reference. (C) In the negative control sample, RNA is treated with a nonfunctional version of DR
(dDR). Both m®A modified and unmodified RNA targets remain uncleaved, and are subsequently quantified
with RT and qPCR.

3.2 Results

3.2.1 Specificity and sequence dependence of DR cleavage efficiency

We first verified the cleavage efficiency of DR on a variety of fully modified or
unmodified sites. For this purpose, we employed a 460-nt in vitro transcribed RNA from

a gene block sequence with only one adenine in the sequence (referred as “GB RNA”
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hereafter), and 35 to 41-mer synthetic RNA fragments with sequences around MALAT1
2515 site, MALAT1 2577 site, and ACTB 1216 site (Table 3.1). Each of these targets has
either mBA or A at the respective m°A sites. The RNAs were treated with corresponding
40-mer VMC10 DR (referred as DR for simplification hereafter) and subsequently
analyzed by denaturing polyacrylamide gel electrophoresis (PAGE). For all the targets,
the RNA fragments with unmethylated A were cleaved with high efficiency, and the
cleavage efficiencies of modified RNAs were consistently below 5% (Figure 3.2A-D). In
addition, the cleavage efficiencies on the unmodified RNAs were sequence-dependent

(Figure 3.2E), ranging from 50% to 82% for our tested cases.
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Figure 3.2. DR specifically cleaves unmodified RNAs, and its cleavage efficiency depends on
sequence context around m®A sites. PAGE showing DR cleavage of 0% and 100% modified (A) GB
RNA, RNA fragments containing modification site of (B) ACTB 1216, (C) MALAT1 2515 and (D) MALAT1
2577. (E) Bar plot of the cleavage efficiencies of m®A modified and unmodified target sites as quantified
from PAGE. Error bars indicate mean + s.d. for 3 to 4 independent cleavage reactions. The DR is
digested with DNase after DR cleavage reaction, as the DR may migrate to the same location as the
input or cleaved RNA and affect data interpretation.
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3.2.2 Method for absolute quantification of m®A fraction

We designed a quantification assay using reverse transcription (RT) and gPCR. As
shown in Figure 3.1, DR is designed for each modification site based on a VMC10
construct. The total RNA is subjected to DR treatment during which only unmethylated
RNAs upstream of the target site are cleaved. Thus, after the DR treatment, the amount
of cleaved RNA should be inversely proportional to the methylation fraction (Fm) of RNA
at the target site. The remaining RNA can be quantified using RT-qPCR. In order to control
for any variations in the initial RNA input, we use RT-gPCR to also detect levels of
adjacent uncleaved regions on the same target RNA as an internal reference.

Theoretically, the modified fraction calculated from gPCR can be written as

F, = 2-44ct (1),
in which
AACt = (Ctypr-mea — Ct_pr-mea) = (Ctipr—rer — Ct_pr—rer) (2)

where Ctipr_mea and Ctipr_,.r are the gqPCR Ct values at the m®A site and a
nearby reference site in the DR treated sample, whereas Ct_pr_mea and Ct_pr_rf are
the Ct values at the mPA and the reference site without DR digestion.

However, the measured AA4Ct only reflects the digested fraction of the RNA
substrate, i.e., Eq. (1) only holds when digestion efficiency of the unmodified template is
100% and digestion efficiency of the modified template is 0%. Incomplete cleavage of
unmodified A will lead to false positive, and cleavage of the m8A will lead to false negative.

Based on the previous study and our tested cases (Figure 3.2), the cleavage of VMC10
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DR on m®A sequence is minimal, leading to insignificant error caused by false negative
(Figure S$3.1). In addition, it is practically difficult and expensive to generate in vitro
purified template containing 100% modified m®A to account for the exactly false negative
error at each mPA site of interest, we therefore left out the correction factor for false
negative error in our final calculation. On the other hand, the false positive error can be
significant due to the sequence-dependent incomplete cleavage of unmodified RNA by
the DR and needs to be corrected for each m°A site of interest.

We therefore consider two major factors that may contribute to the false positive error
due to incomplete digestion, and quantify the effect of the two factors to extract the true
modification fraction: the intrinsic sequence-dependent digestion efficiency and the
presence of a large amount of non-target RNAs from the total RNA extract. We define Fpr
as a correction factor to count for the incomplete DR digestion efficiency, which has to be
determined for each m®A target (Figure 3.2). We can determine Fpr at each m°A site of
interest by performing the DR digestion followed by RT-qPCR using the in vitro
transcribed unmodified RNA:

Fpp = 1—2744¢ (3),

in which AACt is determined as in Eq. (2). We define Fy as the ratio of DR digestion
efficiency of an RNA target in total RNA over digestion efficiency of a pure RNA target, to
account for the potential drop of DR efficiency due to the presence of non-target RNAs.
We can determine Fy by performing DR digestion using the same in vitro transcribed

unmodified RNA mixed with total RNA, and compare with Fpr from Eq. (3):
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FprFy = 1 —2744¢t 4)
in which AACt is determined as in Eq. (2). With the quantification of Fpr and Fn, the
corrected modification fraction follows:
(1— E,) FpgFy = 1 —2744ct (5).
We therefore can calculate Fn, as:
274ACt L pppFN -1

E, = (6).

FprFN

3.2.3 Validation of the absolute quantification of m®A fraction using pure RNA

To test the feasibility of the method to quantify the m®A methylation fraction, we used
GB RNA with methylation fractions ranging from 0% to 100%. We performed DR
treatment on GB RNA and estimated the cleaved fractions by denaturing PAGE. The
cleaved fraction was linearly dependent on the methylation fraction of the input RNA
(Figure 3.3A, B). Next, we tested whether we can use RT-gPCR to quantify the absolute
methylation fraction. As this quantification is performed on in vitro purified RNA, only Fpr
is needed to correct for Fm. Based on Eq. (3), using the 100% unmodified GB RNA, we
measured Ct,pr_mea and Ctipr_r.r at the m°A site and a nearby reference site in the
DR treated sample, and Ct_pgr_mesand Ct_pr_r.r atthe mBA and the reference site using
a negative control containing identical amount of RNA but without the DR. We found that
in addition to the expected larger Ct,pr_mea COmMpared to Ct_pr_mea, there was a

consistent difference between Ct,pr_,.r and Ct_pr_..r . We speculated that this
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difference in Ct values at the reference site might be due to changes in the RNA
secondary structure upon DR binding that can affect RT efficiency. To create a more
accurate negative control, we designed a non-functional version of DR (“dead” DR or dDR)
(Figure 3.1A, C), which has mutations in the AGC triplet, CG dinucleotide, and position
19 important for the catalytic activity of 8-17 family of enzymes (28). We tested the activity
of dDR on multiple targets, for all of which digestion of RNA was undetectable (Figure
$3.2; Figure S3.3). Indeed, using the dDR treated RNA as a negative control, the
difference between Ct,pr_ror and Ct_pr_..r Was eliminated (Figure S$3.4). Based on Eq.
(3), we determined Fpr of the synthetic RNA to be 0.49 £ 0.08 (mean £ s.d.). With the Fpr
correction, we showed that the estimated Fm correlated well with the input m°A

methylation fractions (Figure 3.3C; Figure S3.5).
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Figure 3.3. Validation of the method for absolute quantification of méA fraction. GB RNA
containing varied méA fractions is used as a model system. (A) PAGE showing DR cleavage fraction of
the GB RNA. (B) Linear relationship between the input m®A fraction and the cleavage fraction of RNA
by DR as quantified from the PAGE gel in (A). Error bars indicate mean % s.d. for 3 biological replicates.
(C) Estimated modification fraction as a function of input m8A fraction for the GB RNA. Error bars indicate
mean = s.d. for at least 3 biological replicates.

3.2.4 DR cleavage efficiency in presence of non-target RNAs
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Next, we evaluated how the presence of total RNA affects the cleavage efficiency of
the DR. The presence of the large amount of non-target RNAs may compete for DR
binding, consequently decreasing its cleavage efficiency at the target site in total RNA as
opposed to purified RNA. We accounted for this potential decrease in efficiency with Fy
correction factor, which we measured using three RNA transcripts: (1) the GB RNA used
above, which is naturally missing in total RNA; (2) a PLAC2 RNA fragment containing two
target sites, which is of low abundance in HelLa cell line; and (3) an unmethylated A site
in the endogenous ACTB mRNA. The A1165 site on ACTB mRNA was chosen as the
unmethylated A site because it was not detected in the sequencing-based studies*6-224,
nor contains the DRACH consensus motif. Fpr of these three RNAs were measured with
in vitro transcribed RNAs based on Eq. (3) (Figure 3.4A, B). Then the in vitro transcribed
GB RNA and the PLAC2 RNA fragment were spiked into the total RNA respectively to
determine Fy based on Eq. (4). For the unmethylated A site in the ACTB mRNA, Fn was
determined by measuring the total RNA directly.

In order to increase the binding specificity of DR, we compared a 60-mer DR and a
40-mer DR. We found that Fpr values of 60-mer DR were higher than those of 40-mer
DR (Figure S3.2), likely due to a higher hybridization efficiency by 60-mer DR. Fy values
were consistently high for all tested RNAs, with the lowest Fn values being 0.78 £ 0.02
for 40-mer DR and 0.93 + 0.02 for 60-mer DR, demonstrating that ability of our method
to quantify m®A status should not be compromised by the presence of total RNA, and that

60-mer can slightly outperform 40-mer DR (Figure 3.4C). Overall, the average Fn values
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were determined to be 0.94 = 0.1 for 40-mer DR and 0.98 + 0.05 for 60-mer DR. In
addition, we compared the effect of DR concentration on Fy values using PLAC2 m°A 2
DR as an example. We found that the cleavage efficiency is consistent at a wide range
of DR concentrations as long as the molar concentration of DR is at least 10-fold higher
than the molar concentration of RNA target (Figure S3.6A). Likewise, the Fn values
stayed consistently at about 1 for all tested concentrations of DR that were saturated

compared to target RNA. Given these results, we can simplify Eq. (6) to be

2744Ct 4 Fpp -1
Fm = ——2R - (7).
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Figure 3.4. The cleavage efficiency of DR is not compromised by the presence of total RNA. The
cleavage efficiencies of the GB RNA, two mPA sites in PLAC2, and ACTB 1165 by (A) 40-mer DR and
(B) 60-mer DR in presence and absence of total RNA are determined by RT and gPCR. (C) Fy correction
values for the GB RNA, two m®A sites in PLAC2, and ACTB 1165 for 40-mer and 60-mer DRs as
determined from cleavage efficiencies in (A) and (B). All error bars report mean + s.d. for 3 biological

replicates.

3.2.5 Quantification of m®A fraction of endogenous sites

88




Having developed and validated our method, we applied it to determine the
methylation fraction of several endogenous sites that were identified as potential m%A
sites by RNA sequencing from more than one study: MALAT1 2515 (chr11 65500276),
2577 (chr11 65500338), and 2611 (chr11 65500372), ACTB 1216 (chr7 5527743), LY6K
1171 (chr8 142703380), MCM5 2367 (chr22 35424323), SEC11A 1120 (chr15 84669674),
INCENP 912 (chr11 62130275), 967 (chr11 62130330), and 1060 (chr11 62130423),
LMO7 2822 (chr13 75821377), and MRPL20 549 (chr1 1402080) (The genome position
based on GRCh38.p13 Primary Assembly of m®A site is indicated in parenthesis)*246:224,
The selected RNAs vary from low to high abundance in Hela cells, and some of them
contain more than one modification site. Specifically, four of the targets (MALAT1 2515,
MALAT1 2577, and MALAT1 2611 and ACTB 1216) were previously measured using the
SCARLET assay??, therefore serving as an additional validation of our method. To apply
our method, a DR and a dDR were designed for each site. Due to the higher Fprand Fn
values with 60-mer DR, we chose to use the 60-mer DR for all endogenous RNAs. For
each target site, we first generated in vitro transcribed RNAs containing the m°A sites of
interest, and performed DR digestion on these in vitro transcribed unmethylated RNAs to
get Fprfor each site. The Fpr values were all greater than 0.49 and again varied among
different RNAs (Figure 3.5A; Figure S3.3).

The methylation fractions of the endogenous sites were determined to range from
0.13 to 0.92 (Figure 3.5B). Notably, our results show comparable methylation fractions

for MALAT1 2515, MALAT1 2577, and MALAT1 2611 and ACTB 1216 as in the SCARLET

89


https://sciwheel.com/work/citation?ids=853115,593545,3954583&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=968914&pre=&suf=&sa=0&dbf=0

assay??°. While the generally consistent results between our methods and SCARLET
assay help validate our assay, we did notice that values measured in our assay are slightly
higher than those from SCARLET. One possible explanation for this slight variation can
be the splint ligation step used in the SCARLET assay, in which the DNA oligo needs to
be ligated to the RNase H cleaved RNA carrying either unmodified A or m®A at the 5’
end??, |t is possible that the splint ligation is less efficient for the m®A containing RNA,
and therefore, underestimates the m°®A fraction in SCARLET assay.

Having validated that the method is able to quantify m®A fractions one site at a
time, we investigated whether the method can be utilized in a multiplexed way. As a proof
of concept, we chose to remeasure three m°A sites with varying levels of methylation:
MALAT1 2611, ACTB 1216, and INCENP 912. For each biological replicate, the three
corresponding active DRs were combined in one reaction and the three dDRs were
combined in another reaction. Similarly, RT reactions were also performed with combined
RT primers for all three targets at either mPA site or internal control site, followed by
separate qPCR reaction for each target RNA. The multiplexed measurements of the
methylation fractions were comparable to the ones we previously obtained in individual
measurements (Figure 3.5C). These results support that method is accurate at
measuring m°A fractions in a multiplexed fashion and can be further adapted for high

throughput measurements.
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Figure 3.5. Determination of m8A fraction of endogenous sites. (A) The cleavage efficiencies (Fpg)
of the in vitro transcribed RNA by 60-mer DR as determined by RT and qPCR. (B) Determined mSA
modification fractions of the 12 endogenous sites. (C) Determined m®A modification fractions for three
endogenous targets using single and multiplexed measurements. All error bars report mean + s.d. for
at least 3 biological replicates.

3.2.6 Effect of the nearby modifications on the DR cleavage efficiency

MSA modifications often exist in clusters*'. In addition, other type of RNA
modifications are identified in mMRNAs and IncRNAs?2%2, Therefore, the possible effect of
the nearby modifications needs to be considered when applying this method. We
designed synthetic RNA containing a nearby m®A, m'A or ¢ and measured their effects
on cleavage efficiency of DR by PAGE analysis (Figure 3.6, Figure S3.7). The cleavage
efficiency was unaffected by the presence of m®A modification 2 and 4 nt upstream and
downstream of the target site, suggesting that the method can be used to quantify m°A
fraction in RNA that contain m®A modifications in clusters. Furthermore, y modification
had a very minimal decrease in the cleavage efficiency of DR 2 nt away from target site
and had no effect on the cleavage when present 4 nt away from the target site. Finally,

m’'A modification, which can affect the Watson-Crick base pairing, significantly decreased
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the cleavage efficiency at 2 nt away from the target site and moderately decreased the
cleavage efficiency at 4 nt away from the target site. Overall, the results indicate that other
nearby RNA modifications that do not affect the base pairing with the DR are not likely to
affect the DR cleavage efficiency even when placed as close as only 2 nt away from the
target site. However, nearby RNA modifications that weaken the base pairing with the DR
will have a larger effect on the DR activity, but the effect decreases when the modification

is more distal from the target site.

A f2nt! Poant | {2nt}
35: Amm A ff-‘ A kE_A-ﬂ—
b P ——yy g mes — (717, —, —
c op—Y h m'A

i CC%‘CC” CCr CCr CC»

Amm U i U 5 A A
T | ’ 3}
e A - j — n meA A
B 0.5 0.54 .
051 -— 1 '—|_' T
Py = 0.4 - (| [ o4l |
§ 0.4 I e— ——
= 0.3 0.3
T o3
Q
% 02 —1— 0.2 021
z £ Y
3 o 0.11 0.14
GD T T T T T U.G T T L] : : U'D T T T L]
a b c d e f g h i j k I m n

Figure 3.6. The effects of nearby RNA modifications on cleavage efficiency (Fpr) of DR. (A)
Scheme of 35-nt synthetic RNA containing m®A, m'A, and y modifications. (B) Bar plot of the cleavage
efficiencies of synthetic RNAs as quantified from PAGE. Error bars indicate mean + s.d. for 3 independent

DR cleavage reactions.
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3.2.7 Design of imaging m®A modification in situ by DR

So far, all of the m®A quantification methods are performed on purified total RNA
transcripts. However, disruption of the cells limits the spatial and functional relevance of
these data. In order to understand the biological function of m8A modifications, we
propose an imaging assay to leverage the DR based method to reveal the localization of
a given m°A site inside fixed cells. The DR is first introduced to cells, hybridize to the
target RNA site and digest the unmodified RNA. Second, the DR is washed away and a
fluorophore (Alexa-647) conjugated primer of the target RNA is hybridized. Reverse
transcription (RT) is then performed and the primer on modified RNA template can be
elongated and we can wash out the non-extended primer while keeping the extended one.
By rehybridize Cy3 labeled FISH probes of the target RNA, the m®A modified target RNA
will have both primer and FISH probe signal whereas the unmodified ones only contain

FISH signal (Figure 3.7).
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Figure. 3.7 Work flow of DR imaging assay. After washing DR in fixed cell, Alexa 647 labeled primer
is hybridized to the RNA target site followed by reverse transcription. The primer on the modified RNA
template is extended and the non-extended on can be washed out. Cy3 labeled FISH probes are
hybridized to the target RNA after the wash.

3.2.8 Validation of the imaging method using reported m°®A sites

We first access the DR digestion and RT efficiency in fixed cell. To compare the DR
cleavage efficiency in fixed cell and in vitro, we chose to check unmodified site (1165) on
ACTB mRNA by the RT-gPCR assay mentioned above. The gPCR results showed that
DR has similar efficiency in fixed cells compared with total RNAs (Figure 3.8A). In order
to evaluate the RT efficiency in situ, we chose to image unmodified site (2546) on MALAT1.
MALAT1 RNA is predominantly localized inside nuclear speckle and we estimated the RT
efficiency by measuring the primer intensity between samples treated with or without RT

after the wash step (Figure 3.8B, C).
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Figure. 3.8 Validation of DR cleavage and reverse transcription (RT). (A) DR cleavage efficiency of
ACTB1165 site from total RNA purified from unfixed and fixed cells. (B) Representative images of RT
test. (C) Primer intensity before and after wash of RT treated and untreated samples. Error bars indicate
mean = s.d. of 3 biological replicates.

Having validated the efficiency of each step, we first chose the unmodified site (1165)
of ACTB mRNA in HelLa cells to check whether the imaging assay can perform efficiently.
Here, we introduced a non-functional deoxyribozyme (dDR) as a control for the DR
hybridization and cleavage step. By calculating the colocalization between the primer and
FISH signal, we were able to observe ~50% decrease on the DR treated sample,
consistent with the DR digestion efficiency in situ. In order to know whether m°A
modification can compromise the colocalization decrease, we chose to image the
previously reported site (1216) on ACTB mRNA. The DR treated sample showed a higher
colocalization compared to the unmodified site indicating that our hypothesis is correct.

Mettl3 functions as m®A modification writer and we reason that knocking down Mettl3 can
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lead to decrease mPA level at ACTB 1216 site. With our DR imaging assay, the results
showed the DR treated sample has a similar colocalization as the unmodified site (Figure
3.9). These experiments have demonstrated that DR imaging assay can be used to

measure the m°®A level on ACTB mRNA.
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Figure 3.9 DR imaging assay on ACTB mRNA. (A) & (B) Representative two color FISH images of
ACTB 1166 and 1216 sites after DR assay. (C) Colocalization analysis of primer and FISH channel.
Scale bar = 5um. Error bars indicate mean = s.d. of 3 biological repeats.

The ACTB 1216 site was reported only to be 21% m®A modified and we decide to
select some highly modified sites for validation. MALAT1 2515 and 2577 sites were

reported to contain 61% and 80% m6A modification respectively and we performed DR
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imaging assay on these two sites and a non-modified site (2546) as a control. We
quantified the mA level by calculating the ratio between primer and FISH signal and
surprisingly, both modified sites showed similar ration as the unmodified site (Figure 3.10).
We wondered if the complexity of the speckle components affects the digestion result and
tried different fixation methods but all of them gave the same results (data not shown).
These experiments indicate DR can digest highly modified MALAT1 RNA sites for a

reason that is unknown yet.
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Figure 3.10. DR imaging assay on MALAT1 RNA. (A) & (B) Representative two color FISH images of
MALAT1 2515 and 2577 sites after DR assay. (C) Average intensity of primer (red) versus FISH (green)
channels after DR imaging assay. Scale bar = 5um. Error bars indicate mean + s.d. of 3 biological

repeats.
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3.3 Conclusion and discussion

In summary, here we present a method for quantifying the absolute methylation
fraction of potential m®A sites using a previously developed VMC10 DR?23, expanding the
toolkit for site-specific quantification of m®A. In addition, the method can be adjusted for
high throughput quantification of m°A sites. Furthermore, as the VMC10 DR selectively
cleaves the unmodified A, it can potentially be used to discriminate other modifications,
such as m'A?25, We, therefore, expect the DR-based quantification method can be easily
applied to site-specific absolute quantifications of other RNA modifications. However, the
DR cleavage activity varies among different RNAs in fixed cells. The cleavage efficiency
of DR is compromised at the ACTB 1216 site, however, it can also digest highly m°A
modified MALAT1 RNA.

While this method is easy to implement, there are several limitations that need to be
considered. Firstly, the assay utilizes VMC10 DR, which has high cleavage efficiencies
only on DGACH sequences, limiting its application on a subset of m°A sites with the
DAACH sequences??®. Secondly, DR digestion efficiency varies among different
sequences. Although low DR cleavage efficiency can be corrected by determining Fpr for
each modification site of interest using in vitro transcribed RNA, low DR efficiency can
lead to less accurate quantification due to two reasons. (1) A higher digestion efficiency
leads to a larger AACt that reduces the measurement variation by gPCR. Conversely, low

digestion efficiency will make the AACt too small to be accurately detected by gPCR. (2)
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The <5% cleavage efficiency on the modified RNA can lead to underestimation of the mfA
fraction, and the percentage of underestimation depends on Fpr (Figure S$3.1). A lower
Fpr will result in a larger underestimation. When Fpr is 50%, a 5% cleavage of the
modified RNA will result in a 10% underestimation of the m®A. Finally, the presence of a
nearby modified nucleotide may affect the DR cleavage efficiency depending on the type
of the modification (Figure 3.6).

To improve the accuracy of the measurement, there are also a few factors to note.
Firstly, for the synthetic RNA, we observed equal quality of F, estimation using samples
treated with dDR or samples lacking any DR as a negative control (Figure 3.2C; Figure
S$3.5). Nevertheless, we still recommend using dDR treated sample as a negative control,
because it corrects for potential changes in the RNA secondary structure caused by DR
binding that can affect RT efficiency. Secondly, we recommend using 60-mer DR for
quantification, as 60-mer DR overall has higher digestion efficiencies of unmethylated
RNAs potentially due to a higher hybridization efficiency. Thirdly, the quality of the primers
used for RT and qPCR should be verified by performing calibration curves. Finally, we
noticed that the largest source of technical variability in measurements originates from
the RT step (comparing error bars in Figure 3B and C). We, thereby, recommend
performing multiple RT reactions for each DR treated sample for a more accurate
characterization.

DR based m®A imaging in fixed cells includes multiple biochemical steps and the

efficiency of each step contributes to the overall detection efficiency lineally. DR digestion
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efficiency, as mentioned above, varies among different sequences. Ineffective wash of
DR leads to compromised primer binding. Even though we have tested the wash
conditions is stringent enough to wash out labeled DR (data not shown), the primer
hybridization is not comparable to the no DR control (data not shown) with an unclear
clue. In order to establish a digestion calibration curve with different percentages of m°®A
modifications on GB RNAs, we modified GB RNAs with capping and polyadenylation and
introduced the GB RNA into the cells through transfection. However, due to the low primer
hybridization efficiency, the primer signal is barely observed from the images (data not
shown). Another limitation is that the primer sequences cannot be easily modified to
achieve an optimal melting temperature since they have to hybridize to a very close region
to the mBA sites of the target RNA, which may result in unspecific hybridization. For some
cases, the unspecific signal can be washed away by RT or the wash step following RT,

yet multiple primers are still required to be tested against one m°A site.

3.4 Materials and Methods

Cell culture and RNA extraction

HelLa cells were cultured in DMEM medium (Gibco) supplemented with 10% (v/v)
Fetal Bovine Serum (Thermo Fisher Scientific) and 100units/mL penicillin and 100ug/mL
of streptomycin. The cells were grown at 37 °C under humidified conditions with 5% CO-.

The total RNA was extracted using RNeasy Mini Kit (Qiagen) according to the
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manufacturer’s instructions.

In vitro transcription of endogenous RNA target fragments

The dsDNA templates for in vitro transcription were prepared by PCR with primers
(Integrated DNA Technologies) that contain T7 promoter sequence and cDNA generated
from total HeLa RNA. 1 pg of dsDNA templates were added to 100 ul reactions containing
final concentrations of 2.5 mM each rNTP (New England Biolabs), 1x T7 Polymerase
reaction buffer (New England Biolabs), 4 mM MgClz, 0.5 U/ul SUPERase-In RNase
Inhibitor (Thermo Fisher Scientific), and 14 U/ul T7 polymerase (a kind gift from Dr. D.
Bishop’s Group). The reactions were incubated at 37 °C for 1 hour. The transcript products
were treated with DNase | recombinant (Roche) at 37 °C for 30 min and purified by

Phenol-chloroform extraction and ethanol precipitation. Primers are listed in Table 3.2.

In vitro transcription of 0% and 100% methylated GB RNA

A gene block containing 460 nt random sequence with 51% GC content and one
adenosine was purchased from Genewiz. The gene block sequence is listed in
Supplemental Table S1. The dsDNA template was amplified with primers containing an
upstream T7 promoter sequence (Table 3.2). The in vitro reactions were carried out in
the same conditions as for endogenous RNA targets, except that Né-methyladenosine-5'-
triphosphate (Trilink Biotechnologies) was used instead of rATP for the generation of 100%

methylated RNA. The transcript products were treated with DNase | recombinant (Roche)
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at 37 °C for 30 min and purified by phenol-chloroform extraction, 7% denaturing

polyacrylamide gel, and ethanol precipitation.

Synthesis of RNA oligo

Unmodified phosphoramidites were purchased from Glen Research.
Phosphoramidite of N -methyladenosine was synthesized by following previously
published procedure?'3. RNA oligos were synthesized using Expedite DNA synthesizer at

1 umol scale. After deprotection, RNA oligos were purified by PAGE.

Deoxyribozyme digestion in vitro

Total RNA (500 ng- 2 ug) or in vitro transcribed RNA fragments (50 nM) were mixed
with 55.6 uM of either DR or dDR (Integrated DNA Technologies), 55.6 mM Tris-HCI (pH
7.5), and 166.7 mM NaCl in a final volume of 9 uL. The annealing of DR to the target site
was facilitated by 5 min incubation at 95 °C, followed by slow cooling to room temperature.
After annealing, 1 uL of 200 mM MgCl2 was added to each reaction and incubated at 37
°C for 12 hours. The final concentrations of the reagents in the incubation buffer are 50
MM of DR, 50 mM Tris-HCI (pH 7.5), and 150 mM NaCl, and 20 mM MgCl2 in 10 yL
reaction. The DR treatment of 35-40 nt MALAT1 2515, MALAT1 2577, and ACTB 1216
was carried out following the same protocol, except with step-wise cooling (95 °C for 5
min and 25 °C for 10 min) instead of slow cooling. To remove the DR after the digestion,

1.33 pL of 10x TURBO DNase buffer and 2 pL of TURBO DNase (Thermo Fisher Scientific)
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were added to the 10 uL DR reactions. The samples were incubated at 37 °C for 2 hours.
Subsequently, the DNase enzyme was inactivated by addition of EDTA (pH 7.5) to 15 mM
final concentration and incubated at 75 °C for 10 min. The DR sequences are listed in

Table 3.3.

RNA digestion analyzed by PAGE

DR digestion reactions containing 50 ng to 100 ng of in vitro transcribed RNA or 35-
40 nt synthetic RNAs were run on either 7% or 15% denaturing (7 M urea) polyacrylamide
gel electrophoresis (PAGE), respectively. The gels were stained with SYBR Green || RNA
Gel Stain (Thermo Fisher Scientific) for 10 min and imaged with ChemiDoc™ Imaging
System (Bio-Rad). The cleavage efficiencies were analyzed with ImagedJ using intensities

of bands corresponding to the full-length RNA and the longer cleaved product.

Reverse transcription in vitro

For each DR treated sample, separate reverse transcription (RT) reactions were
performed with gene-specific reverse primers for the m®A region and internal reference
site. Due to the presence of excess EDTA after DNase inactivation, the reactions were
either significantly diluted or extra MgCl2 was added for maximum reverse transcriptase
activity. The RNA was denatured at 70 °C for 5 min and then added to freshly prepared
RT buffer with final concentration of 1 mM dNTPs (Thermo Fisher Scientific), 10% DMSO

(Thermo Fisher Scientific), 10 mM DTT (Sigma-Aldrich), 250 nM of gene-specific reverse
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primer (Integrated DNA Technologies), and 20-fold dilution of reverse transcriptase from
iScript cDNA Synthesis Kit (Bio-Rad). The reactions were incubated at 25 °C for 5 min, at
46 °C for 20 min, and heat-inactivated at 95 °C for 1 min. All primers are listed in Table

3.4.

qPCR

1 uL of cDNA was added into reaction mixture, containing 250 nM of each forward
and reverse primers and 1x SsoAdvanced™ Universal SYBR® Green Supermix (Bio-Rad)
in a final volume of 20 pyL. The gPCR reactions were performed with CFX real-time PCR
system (Bio-Rad), using pre-incubation of 95 °C for 30 s, followed by 40 cycles of 95 °C
for 10 s and 60 °C for 30 s. The reactions were then subjected to melting curve analysis:
95 °C for 10 s, 65 °C for 5 s increment by 0.5 °C to 95 °C for 5 s. The data was analyzed
with the supporting Bio-Rad CFX Maestro software. All primers are listed in Supplemental
Table S4. All error bars in the figures are mean * standard deviation (s.d.) of multiple
biological replicates. For in vitro prepared GB RNA with different input m6A fraction,
biological replicates are defined as independently mixed GB RNA samples. For the cases
of endogenous mMRNAs, biological replicates are defined as independently extracted total
RNA samples. The m®A fraction calculated for each biological replicate is from the
average values of multiple technical replicates defined by independently performed RT

reactions for each RNA sample.
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Deoxyribozyme based imaging Assay

Fluorophore conjugation of primer and DNA probes

Same as Chapter 2

Cell fixation and permeabilization

Hela cells were seeded on 8-well imaging chamber (Cellvis) and grown to 60-80%
confluency before fixation. Cells were washed with 1xPBS once (all wash steps are
performed at room temperature for 3 min if not mentioned specifically) and incubated with
fixation buffer at room temperature for 10 min. Cells were washed with 1xPBS twice. The
solution was replaced by permeabilization buffer and the cells were incubated on ice for

10min. The cells were wash with 1xPBS 3 times.

DR hybridization and cleavage

Permeabilized cells were washed with 2xSSC once and 10% wash buffer once. DR
was diluted to 500nM in hybridization buffer. The hybridization mix was added to the cells
and the cells were incubated at 37 °C for at least 6 h. Cells were washed with 10% wash
buffer at 37 °C for 30 min. Cells were washed with 2xSSC once and annealing buffer
twice. The buffer was replaced with digestion buffer and the cells were incubated at 37

°C for 12 h.

DR wash and primer hybridization

Cells were wash with 2xSSC twice and washed twice with 30% wash buffer at 42 °C
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for 30 min. Cells were washed with 2xSSC once and 10% wash buffer once. Alexa-647
labeled primer was diluted to 20 nM in hybridization buffer. The hybridization mix was
added to the cells and the cells were incubated at 37 °C for at least 6 h. Cells were washed

with 10% wash buffer at 37 °C for 30 min. Cells were then washed with 2xSSC once.

Reverse transcription in situ, primer wash and FISH probe rehybridization

Cells were washed with 1xRT buffer twice. 500 yM dNTPs (New England Biolabs),
10 mM DTT (Sigma-Aldrich) and 400 U of Superscript IV reverse transcriptase (Thermo
Fisher Scientific) were added to 100 pL of 1xRT buffer. The buffer was added to the
imaging chamber and incubated at 37 °C overnight. The primer was washed with 30%
wash buffer once at 42 °C for 30 min. Cells were washed with 2xSSC twice and 10%
wash buffer once. Each single Cy3B labeled FISH probes were diluted to 5-10 nM in
hybridization buffer. The hybridization mix was added to the cells and the cells were
incubated at 37 °C for at least 6 h. Cells were washed with 10% wash buffer at 37 °C for
30min followed by wash 2xSSC twice. The sample can be stored with 4xSSC at 4 °C for

1 week.

Cell Imaging and image analysis
Imaging buffer was added to the cells before imaging. Epi Imaging was performed
on Nikon TiE microscope with 100X NA 1.49 CFI HP TIRF objective. A561nM laser (20%

~4.34 x 105 W/cm?) was used for checking FISH channel and a 647nm laser (40% ~4.34
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x 10% W/cm?) was used for checking primer signal. A 7-frame z-stack image with 300nm
interval was taken on both channels. Colocalization analysis of background subtracted
images was done on ImagedJ with JACoP plugin. The threshold for both channels were
set manually but kept the same for the same batch of experiment. M1 and M2 values
were exported for statistical analysis. For primer and FISH signal quantification, the
images were first background subtracted on both channels and a manual threshold was
applied on FISH channel and a mask image was created. Average intensity values of the
mask regions on both channels and the size of the mask regions were exported. The
average ratio of primer and FISH signal of each image was calculated by

T(Spn X Ipn)/ X1 (Sen X Iry), where Spn is the area of primer signal, Ipn is average intensity

of the primer signal, St is the area of FISH signal and I is the intensity of FISH signal.

3.5 Supplemental Information

Supplementary Tables

Table 3.1 Synthetic DNA and RNA sequences used in this chapter.

Name Sequence

GB DNA template GGTTGCGTTGGGTGTTCCTGTTTCTTTTGGCCTTTGTCTCTGTT
TCTTTCCTTTCTCCTCCTTGTCGTGTCTGTTCGTTTCGTCGCTTT
CCTCCTTCCTTGTTCTCGCTCGGACTCTTCTGGGCTCTTTCTGC
GTTCGCCCTTCTTGTTCTCCCTTCTCTGTGGGTCCTGTTCTTGT
GCTGGTTGTGCTCCCTCCTCTTGGTGCTCCTCCTTTCTGTGGC
TGCGCTGGTGTTTCTTTCTCTCGGCTGCTCTGTTTGTTGGGTCT
TTGTTGTGTGTTGTTGTTCTTGTGTGCTGCGTTTTGGTGGTGTC
GGTTCTGTGCTGTCTTTCGGCCTGTCGTTTTCCTTCTCGTGTTC
CGTCCTGTTTTGCGTGTCTCTCCCTGTGTTCCCGCTTTCCGTGT
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Table 3.1, continued

TGGCTGTGCTTGGTGTCTTTCGCTTGTTGGTTGGTCTCCTGTCT
CCTGTGCTCGTCGGTCTTGTGG
CGCAAAUGCUUCUAGGCGGACUAUGACUUAGUUGCGUUACU
AGUUUGAAAAAUGUGAAGGACUUUCGUAACGGAAGUAAUUU

41-nt synthetic ACTB 1216

41-nt synthetic MALAT1 2515
32-nt synthetic MALAT1 2577
(@) 35-nt synthetic A 2-nt
control 1

(b) 35-nt synthetic A 2-nt m°%A
(c) 35-nt synthetic A 2-nt m'A
(d) 35-nt synthetic A 2-nt
control

(e) 35-nt synthetic A 2-nt

(f) 35-nt synthetic A 4-nt
control 1

(g) 35-nt synthetic A4-nt mSA
(h) 35-nt synthetic A 4-nt m'A
(i) 35-nt synthetic A 4-nt

control

(j) 35-nt synthetic A 4-nt y

(k) 35-nt synthetic A 2-nt
control 2

(1) 35-nt synthetic m8A 2-nt A

(m) 35-nt synthetic A 4-nt
control 2

(n) 35-nt synthetic méA 4-nt A

AACUUAAUGUUUUUGCAUUGGACUUUGAGUUA
GCCUUGUUCUCGCUCGGACUAUUCUGGGCUCUUUC

GCCUUGUUCUCGCUCGGACUmMPAUUCUGGGCUCUUUC
GCCUUGUUCUCGCUCGGACUmM'AUUCUGGGCUCUUUC
GCCUUGUUCUCGCUCGGACUUUUCUGGGCUCUUUC

GCCUUGUUCUCGCUCGGACUyUUCUGGGCUCUUUC
GCCUUGUUCUCGCUCGGACUCUACUGGGCUCUUUC

GCCUUGUUCUCGCUCGGACUCUmMSACUGGGCUCUUUC
GCCUUGUUCUCGCUCGGACUCUmM'ACUGGGCUCUUUC
GCCUUGUUCUCGCUCGGACUCUUCUGGGCUCUUUC

GCCUUGUUCUCGCUCGGACUCUyCUGGGCUCUUUC
GCCUUGUUCUCGCUAGGACUCUUCUGGGCUCcuUUC

GCCUUGUUCUCGCUmMSAGGACUCUUCUGGGCUCUUUC
GCCUUGUUCUCGAUCGGACUCUUCUGGGCUCUUUC

GCCUUGUUCUCGmMPAUCGGACUCUUCUGGGCUCUUUC

Table 3.2 Primers used for generating templates for in vitro transcription.

Name

Sequence

Forward primer GB RNA DNA TAATACGACTCACTATAGGGTTGCGTTGGGTGTTCCTG

template

Reverse primer for GB RNA DNA CCACAAGACCGACGAGCACA

template

Forward primer for ACTB DNA

template

Reverse primer for ACTB DNA CTGCTGTCACCTTCACCGTTCC

template
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Table 3.2, continued

Forward primer for PLAC2 DNA
template
Reverse primer for PLAC2 DNA
template
Forward primer for MALAT1

template

DNA

Reverse primer for MALAT1 DNA
template
Forward primer for LY6K DNA
template
Reverse primer for LY6K DNA
template
Forward primer for MCM5 DNA

template
Reverse primer for MCM5 DNA
template
Forward primer for SEC11A

template

DNA
Reverse primer for SEC11A DNA
template
Forward primer for INCENP DNA
template
Reverse primer for INCENP DNA
template
Forward primer for LMO7 DNA
template
Reverse primer for LMO7 DNA
template
Forward primer for MRPL20 DNA
template
Reverse primer for MRPL20 DNA
template

TAATACGACTCACTATAGCAAGCAAAGTGAACACGTCG

GTACTGACGTCGGCATCGAT

TAATACGACTCACTATAGGCTACTAAAAGGACTGGTGT

TTCACCACCAAATCGTTAGC

TAATACGACTCACTATAGGCAGGCCATACCACGCAGAAG

CCAAGACCCTGGGAAGTCAAA

TAATACGACTCACTATAGGGAGATGCTGAGCCGCATC

CAGCAGGACACTACAGCTCC

TAATACGACTCACTATAGGGTCTGTGATTGGTGGAATGG

AAGACTTACGACCACCTCAG

TAATACGACTCACTATAGATAACCACACCCAGTGCCAG

TGCGGACAACACTTTCCTGT

TAATACGACTCACTATAGGAAATGCTGCAGGACAGGGA

TGAGAGCCAAAGGGTCTTGG

TAATACGACTCACTATAGGCCGCTACTTTCGGATCCAGG

GGCCATCCCTCATGTCTGTT

109



Table 3.3 Deoxyribozyme sequences used in this chapter.

Name

GB RNA DR 40-mer

GB RNA dDR 40-mer

GB RNA dDR 60-mer

GB RNA DR 60-mer

PLAC2 m8A 1 DR 40-mer

PLAC2 m8A 2 DR 40-mer

PLAC2 m®A 1 dDR 40-mer

PLAC2 m®A 2 dDR 40-mer

PLAC2 mfA 1 DR 60-mer

PLAC2 mBA 2 DR 60-mer

PLAC2 m®A 1 dDR 60-mer

PLAC2 m®A 2 dDR 60-mer

ACTB 1165 DR 40-mer

ACTB 1165 dDR 40-mer

ACTB 1165 DR 60-mer

ACTB 1165 dDR 60-mer

ACTB 1216 DR 60-mer

ACTB 1216 dDR 60-mer

MALAT1 2515 DR 60-mer

MALAT1 2515 dDR 60-mer

MALAT1 2577 DR 60-mer

MALAT1 2577 dDR 60-mer

Sequence
CCCAGAAGAGGGGTCTCCAGCTGGACGTTCGAGCGAGAAC
CCCAGAAGAGGGGTCTCCTCGTGGATTTCCGAGCGAGAAC
GCAGAAAGAGCCCAGAAGAGGGGTCTCCTCGTGGATTTCCGAGC
GAGAACAAGGAAGGAG
GCAGAAAGAGCCCAGAAGAGGGGTCTCCAGCTGGACGTTCGAG
CGAGAACAAGGAAGGAG
CCTCTGAGTGGGGTCTCCAGCTGGACGTTACTCCTGCCCC
TGGGAAAATGGGGTCTCCAGCTGGACGTTCTGGGCAAGAG
CCTCTGAGTGGGGTCTCCTCGTGGATTTCACTCCTGCCCC
TGGGAAAATGGGGTCTCCTCGTGGATTTCCTGGGCAAGAG
AGCGGAAGTGCCTCTGAGTGGGGTCTCCAGCTGGACGTTACTCC
TGCCCCTTCTGTGCTT
AAGGTGTGGCTGGGAAAATGGGGTCTCCAGCTGGACGTTCTGGG
CAAGAGCGGAAGTGCC
AGCGGAAGTGCCTCTGAGTGGGGTCTCCTCGTGGATTTCACTCC
TGCCCCTTCTGTGCTT
AAGGTGTGGCTGGGAAAATGGGGTCTCCTCGTGGATTTCCTGGG
CAAGAGCGGAAGTGCC
CTCGTCATACGGGTCTCCAGCTGGACGTTCTGCTTGCTGA
CTCGTCATACGGGTCTCCTCGTGGATTTCCTGCTTGCTGA
AGGGGCCGGACTCGTCATACGGGTCTCCAGCTGGACGTTCTGCT
TGCTGATCCACATCTG
AGGGGCCGGACTCGTCATACGGGTCTCCTCGTGGATTTCCTGCTT
GCTGATCCACATCTG
GTAACGCAACTAAGTCATAGGGGTCTCCAGCTGGACGTTCGCCTA
GAAGCATTTGCGGTG
GTAACGCAACTAAGTCATAGGGGTCTCCTCGTGGATTTCCGCCTA
GAAGCATTTGCGGTG
AATTACTTCCGTTACGAAAGGGGTCTCCAGCTGGACGTTCTTCAC
ATTTTTCAAACTAAG
AATTACTTCCGTTACGAAAGGGGTCTCCTCGTGGATTTCCTTCACA
TTTTTCAAACTAAG
AAAATAATCTTAACTCAAAGGGGTCTCCAGCTGGACGTTCAATGCA
AAAACATTAAGTTG
AAAATAATCTTAACTCAAAGGGGTCTCCTCGTGGATTTCCAATGCA
AAAACATTAAGTTG

110



Table 3.3, continued

MALAT1 2611 DR 60-mer

MALAT1 2611 dDR 60-mer

LY6K DR 60-mer

LY6K dDR 60-mer

MCM5 DR 60-mer

MCM5 dDR 60-mer

SEC11A DR 60-mer

SEC11A dDR 60-mer

INCENP 912 DR 60-mer

INCENP 912 dDR 60-mer

INCENP 967 DR 60-mer

INCENP 967 dDR 60-mer

INCENP 1060 DR 60-mer

INCENP 1060 dDR 60-mer

LMO7 DR 60-mer

LMO7 dDR 60-mer

MRPL20 DR 60-mer

MRPL20 dDR 60-mer

CAGCTGTCAATTAATGCTAGGGGTCTCCAGCTGGACGTTCTCAGG
ATTTAAAAAATAATC
CAGCTGTCAATTAATGCTAGGGGTCTCCTCGTGGATTTCCTCAGG
ATTTAAAAAATAATC
GAAGGCTCAGTCTGTGGCAGGGGTCTCCAGCTGGACGTTCCGTG
GCTCAAGACAGGCTGA
GAAGGCTCAGTCTGTGGCAGGGGTCTCCTCGTGGATTTCCCGTG
GCTCAAGACAGGCTGA
CAGAGGTCCCAGCAACATTGGGGTCTCCAGCTGGACGTTAATGG
CAGGCAGCGGCAGGAG
CAGAGGTCCCAGCAACATTGGGGTCTCCTCGTGGATTTCAATGGC
AGGCAGCGGCAGGAG
GCTGCATTTTCATTTACAAGGGGTCTCCAGCTGGACGTTTCTGTAG
GCACTTTAGAAGTG
GCTGCATTTTCATTTACAAGGGGTCTCCTCGTGGATTTCTCTGTAG
GCACTTTAGAAGTG
CTTAGACGCAGACCGCCCCGGGGTCTCCAGCTGGACGTTCCGAC
CCCTTGACCCTTGGGG
CTTAGACGCAGACCGCCCCGGGGTCTCCTCGTGGATTTCCCGAC
CCCTTGACCCTTGGGG
AATCTGGAAAGGCTGGCGAGGGGTCTCCAGCTGGACGTTCCGTG
GGCCAGGGGAGACCTG
AATCTGGAAAGGCTGGCGAGGGGTCTCCTCGTGGATTTCCCGTG
GGCCAGGGGAGACCTG
TGTGCCGCACCGATTGAGAGGGGTCTCCAGCTGGACGTTCGTGC
GAGAGCCCGTGGGCGT
TGTGCCGCACCGATTGAGAGGGGTCTCCTCGTGGATTTCCGTGC
GAGAGCCCGTGGGCGT
GAATTTCAGTTGTTACACGGGGGTCTCCAGCTGGACGTTCTCTCT
TTTTGCAAAAGTGGT
GAATTTCAGTTGTTACACGGGGGTCTCCTCGTGGATTTCCTCTCTT
TTTGCAAAAGTGGT
CCTAATCAATACAGCAACAGGGGTCTCCAGCTGGACGTTCTCAGT
GGTACTGCACCACTC
CCTAATCAATACAGCAACAGGGGTCTCCTCGTGGATTTCCTCAGT
GGTACTGCACCACTC
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Table 3.4 Primers for reverse transcription and qPCR used in this chapter

Name

Forward primer GB RNA m°®A region

Reverse primer for GB RNA m®A region
Forward primer for GB RNA control region
Reverse primer for GB RNA control region
Forward primer for ACTB m8A region
Reverse primer for ACTB m®A region
Forward primer for ACTB control region
Reverse primer for ACTB control region
Forward primer for PLAC2 m®A region
Reverse primer for PLAC2 m8A region
Forward primer for PLAC2 control region
Reverse primer for PLAC2 control region
Forward primer for MALAT1 m8A region
Reverse primer for MALAT1 m®A region
Forward primer for MALAT1 control region
Reverse primer for MALAT 1 control region
Forward primer for LY6K m8A region
Reverse primer for LY6K m®A region

Forward primer for LY6K control region
Reverse primer for LY6K control region
Forward primer for MCM5 m®A region
Reverse primer for MCM5 m8A region
Forward primer for MCMS5 control region
Reverse primer for MCM5 control region
Forward primer for SEC711A m6A region
Reverse primer for SEC71A m6A region
Forward primer for SEC71A control region
Reverse primer for SEC71A control region
Forward primer for INCENP 912 and 967 m®A region
Reverse primer for INCENP 912 and 967 m8A region
Forward primer for INCENP 1060 m®A region
Reverse primer for INCENP 1060 m8A region
Forward primer for INCENP control region
Reverse primer for INCENP control region
Forward primer for LMO7 m®A region
Reverse primer for LMO7 m6A region
Forward primer for LMO?7 control region
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Sequence
GGTTGCGTTGGGTGTTCCTG
GGGAGAACAAGAAGGGCGAA
CGTCCTGTTTTGCGTGTCTC
CCACAAGACCGACGAGCACA
CCTTCCAGCAGATGTGGATC
GCCATGCCAATCTCATCTTG
CAGGATGCAGAAGGAGATCAC
CGATCCACACGGAGTACTTG
AAGAGAAGCACAGAAGGGGC
ACGGCTTGGGCAAAGGTGTG
CAAGCAAAGTGAACACGTCG
TCACTTTAACTTGCACTTTACTGC
GGCAGAAGGCTTTTGGAAGAGT
CTGGGTCAGCTGTCAATTAATGC
CAGCAGCAGACAGGATTCCA
TCCTATCTTCACCACGAACTGC
GGCCTCAGCCTGTCTTGA
AATGCAACAGGTGACAACGG
TGACTGTGCACCTTTGAGCA
ACCGAGAGAAGGCAATCACG
TCACTGGACTCATGGACTCG
AAGTTCGAGGGCTGCAGT
GAGCACAGCATCATCAAGGA
TGCATGCGATGCTGGATCT
CAAAGCCCCCAGTGTTTGTA
CGTGCAGAGCTGCATTTTCAT
CACTCGAGGGGACTTTCAGT
GGCTTTGGCTCAACCTTTTAAT
TGAGCTCCCTGATGGCTACA
CTCCCGCCATGGAGAATCTG
CTCCCATCCTGCCGGATAAC
TGGGCTAAGACTTGGGGACT
CATCAGTGAGCGCCAGAATG
TGATGTCGGGATGCCCTG
GAGAGAGTAGAAGAGAAGGG
CAAAGAGGCTGGGCTTTGTTC
TCACGGAGCACACAAATGGA



Table 3.4, continued

Reverse primer for LMO?7 control region TGAGAGCCAAAGGGTCTTGG
Forward primer for MRPL20 m8A region GGGAAGGAACCTGAAGGCAT
Reverse primer for MRPL20 m®A region TGCAAATTACTCTGTCTCTTTTCC
Forward primer for MRPL20 control region CCAAAGCCCGATACCTGAAGA
Reverse primer for MRPL20 control region GCTCCACCTGGCACTTAACTA

Table 3.5 List of oligos for DR imaging assay used in this chapter

Name Sequence

ACTB 1165 primer /5AMMC12/AGGGGCCGGACTCGTCATACT

ACTB 1216 primer /5AMMC12/GTGTAACGCAACTAAGTCATAGT
MALAT1 2515 primer /5AMMCG6/ATCTTGAATTACTTCCGTTACGAAAG
MALAT1 2577 primer /5AMMCG6/TAACTCAAAGTCCAATGCAAAA

MALAT1 2546 primer /5AMMCB/CCAATGCAAAAACATTAAGTTGGTAATTAC

Table 3.6 List of buffers for DR imaging assay used in this chapter

Name Components

Fixation buffer 4% paraformaldehyde (Electron Microscopy Sciences) in 1xPBS

Permeabilization buffer 0.5xTriton-X (Thermo Fisher Sciences), 2mM Ribonucleoside vanadyl
complexes (Sigma-Aldrich) in 1xPBS

10% wash buffer 10% formamide (Ambion) in 2xSSC

Hybridization buffer 10% formamide, 10% dextran sulfate (Sigma-Aldrich D8906) in 2xSSC

5x Annealing buffer 250 mM Tris-HCI, 750 mM NaCl pH 7.5

Digestion buffer 250 mM Tris-HCI, 750 mM NaCl, 20mM MgClz pH 7.5

5x RT buffer 250 mM Tris-HCI, 375 mM KCI, 15 mM MgCl. pH 8

Imaging buffer 10 mM NaCl, 50mM Tris pH=8.5, 4% glucose in 2xSSC
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Supplementary Figures
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Figure S3.1. Percentage of underestimation of m®A fraction due to cleavage of DR on méA
sequence. The trace amount of cleavage of DR at m®A containing sequence will cause false negative
signal in the cleavage reaction and underestimation of the m8A percentage. Considering DR cleavage
efficiencies of the unmethylated A and m®A sequence are Fpor and F'or respectively, and the true méA
fraction is F'm,
(1 — F'y)Fpg + Fy/'F'pg = 1 — 2784t

where AACt is determined in Eq (2). Comparing F'm to Fm from Eq (7) determined without the
correction of F'pr, the percentage of underestimation is

Flqm—Fm _ FIpR

Fim Fpr
The heat map shows the percentage of underestimation as a function of Fpr and F’pr, which increases

when For decreases, assuming F’'or remains lower than 5%. When For is 50% and F'or is 5%, the
error in m®A fraction is 10%.
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Figure S3.2. Cleavage efficiencies (Fpr) of unmodified in vitro transcribed RNA by 40-mer and
60-mer DR and dDR. (A) PAGE showing the DR cleavage of PLAC2 m®A1 and m®A2 sites, ACTB
1165, and GB RNA by 40-mer and 60-mer DR. (B) Bar plot of the cleavage efficiencies of PLAC2 mfA1
and mfA2, ACTB 1165, and the GB RNA by 40-mer and 60-mer DR as quantified from (A). Error bars
indicate mean * s.d. for 3 independent DR cleavage reactions. Red arrows point to full-length
uncleaved RNA fragments.
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Figure S3.3. Cleavage efficiencies (Fpr) of unmodified in vitro transcribed RNA by 60-mer DR
and dDR. (A) PAGE showing the DR cleavage of the seven endogenous targets: MALAT1 2515, 2577,
and 2611, ACTB 1216, LY6K 1171, MCM5 2367, SEC11A 1120, INCENP 912, 967 and 1060, LMO7
2822, and MRPL20 549. (B) Bar plot of the cleavage efficiencies of endogenous targets as quantified
from (A). Error bars indicate mean + s.d. for 3 DR cleavage reactions. Red arrows point to full-length
uncleaved RNA fragments.
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Figure S3.4. Negative control without DR and with non-functional version of DR (dDR). When
the negative control does not contain DR, there is a consistent difference between Ct,pr_,.r and
Ct_pr—rer (A Ctref), With Ct_pr_,.; being larger. Use of dDR in the negative control eliminates A
Ct,.;. Data comes from quantification of GB RNA with 0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 mOA fraction input.

Error bars indicate mean +* s.d.
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Figure S3.5. Validation of the method for absolute quantification of m®A fraction of the GB RNA
without dDR. (A) Normalized real-time fluorescence amplification curves for the DR cleaved synthetic
RNAs with primers amplifying the mSA site. (B) Estimated modification fraction as a function of input
mBA fraction for the GB RNA. Error bars indicate mean * s.d. for 3 biological replicates.
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Figure S3.6. The dependence of cleavage efficiency on the concentration of DR. (A) The
cleavage efficiencies of PLAC2 mSA 2 DR in presence and absence of total RNA with varying
concentrations of DR. The concentration of the pure RNA was fixed at 50 nM, whereas the
concentration of spike-in RNA in to the total RNA was fixed at 1 ng PLAC2 RNA in 500 ng total RNA
to better mimic the abundance of endogenous RNA. (B) Fy correction values for varying concentrations
of PLAC2 m®A DR as determined from cleavage efficiencies in (A). All error bars report mean = s.d.
for 3 biological replicates. The cleavage efficiency of pure RNA is lower when using 50nM of DR,
because the reaction was performed in the presence of 50 nM pure RNA, suggesting that the DR
needs to be in over molar excess of the target RNA to ensure efficiency hybridization. The decrease
in the cleavage efficiency for pure RNA results in a slightly larger than 1 Fn value at 50 nM DR
concentration.

118




a b C d = f q

DR dDR DR dDR DR dDR DR dDR DR dDR DR dDR DR dDR
[
— B S — ' — — Vit ezl
——

h [ i Kk I m n

DR dDR DR dDR DR dDR DR dDR DR dDR DR dDR DR dDR
_’ -'

' S— — — — vodl

ret _ = . - - -—

Figure S3.7. PAGE showing the DR cleavage efficiency in absence and presence of nearby m°A,
m'A, and y modifications. Labels a-n correspond to 35-nt synthetic RNAs shown in Figure 3.6A and
listed in Table 3.1. Red arrows point to full-length uncleaved RNA.
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CHAPTER 4

Sequence dependence of pre-mRNA localization and splicing outcome

4.1 Introduction

As | have mentioned in Chapter 1.1.1, alternative splicing is regulated by both
canonical slicing sequence and cis-acting splicing regulatory elements (SRE) and trans-
acting splicing factor proteins and certain splicing factor protein have exhibit distinct
localization in nuclear speckles. We have previously shown that the nuclear speckles are
actually multilayered complex, in which spliceosome component U2 RNA is enriched at
the periphery of the structure while proteins like SRSF2 are more concentrated inside the
core®?% (Figure 4.1). We speculate that the localization of the splicing factor proteins can
serve as a bridge between SRE sequences and splicing consequences. In other words,
we argue that the sequence elements determine spatial organization which in turn
determines splicing consequences. In this chapter, | will introduce our preliminary work
on testing the hypothesis by massively parallel reporter assay (MPRA) and colocalization

imaging.
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Figure 4.1. Multilayer structure of the NS. On the left, FISH image of U2 and immunostaining of SRSF2
in U20S cells. On the right, probability distribution of U2 and SRSF2 inside the nuclear speckle. Images
are adapted from Fei et al. 2017.

4.2 Results

4.2.1 Splicing outcome is determined by the balance between inclusion
motifs and skipping motifs

In order to generate more SRE combinations to comprehensively evaluate the
sequence effect on exon skipping which is a major form of alternative splicing, our
collaborator Oded Regev at NYU performed massively parallel reporter assay (MPRA)
that enables simultaneous measurement of >108 constructs. Over 350000 minigene
constructs, each containing a different 70nt random sequence in the middle exon and a
unique barcode in the last exon were generated as a pool library. The rest of the
sequences, including promoter sequences, splicing core sequences, the first and last
exons are identical in all the constructs. The library was transiently transfected in to HelLa

cells and the RNAs were purified, reverse transcribed to amplicons. The amplicons were
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sequenced on lllumina NextSeq platform. The results showed decent read coverage and

consistency on exon inclusion/skipping among different biological replicates (Figure 4.2).
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Figure 4.2. Splicing outcomes from RNA amplicon sequencing. Splicing outcomes of 3 biological
replicates quantified by percentage of reads corresponded to exon skipping, exon inclusion and

splicing in exon. The image was a courtesy from Oded.

The MPRA data was further used for training model using ‘Adam’ optimizer and the
parameters of the model were tuned until the output matches the experimental outcomes.
The model has identified a short list of ~20 motifs that affect splicing (Figure 4.3A).
Remarkably, the identified motifs are in agreement with well-known RNA binding protein
motifs and with the reported contribution to splicing: binding motifs of SR proteins appear
as inclusion motifs and binding motifs of hnRNP proteins appear as skipping motifs. Ther
splicing outcome is determined by the balance between the inclusion and skipping motifs.
To be more specific, if the total strength of SR motifs is greater than that of hnRNP motifs,

the exon is included and on the other wise, the exon is skipped (Figure 4.3B).
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Figure 4.3. Splicing motifs detected by the machine learning model. (A) Splicing motifs detected by
the machine learning model. (B) The splicing outcome is determined by the balance between the
total strength of inclusion and skipping motifs. PSI (percent spliced in) indicates the fraction of reads
showing exon inclusion. Images were a courtesy from Oded.

4.2.2 Sequence dependent RNA localization inside nuclear speckles

To test whether specific combinations of RNA motifs regulate RNA localization inside
the cells, we constructed expression reporters containing tandem repeats of the motifs
identified from the MPRA. We first picked SRSF1 and hnRNPA1 motifs and introduced
these motifs into two different building blocks of the reporters with neutral reference
sequences flanked by. No undesired RNA motifs were inserted at the rest of the
sequences. Three different types of reporters were constructed first (Figure 4.4A). The

expression of all the reporters is controlled by Tet-On promoter and same polyA tails are
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added to the 3’ end of the reporters. The type | reporter only contains the two building
blocks connected by 5’ splice site. In type Il reporter, there are three exons bridged by
two intron sequences. The SRSF1 and hnRNPA1 building blocks are on the second exon
and intron respectively. In type Il reporter, only the SRSF1 and hnRNPA1 position are
replaced while the other sequences remain the same as that of the type Il reporter.
Fluorescent in situ hybridization (FISH) probes were designed at the tandem repeats of
the RNA motifs.

We first transfected the type Il reporter to HelLa cells that are constructed with Tet-
On expression system (Tet-On HelLa) to check the RNA expression and splicing inside
the cell since the type Il reporter mimics pre-mRNA better compared with the type |
reporter. The reporter was induced by doxycycline at different time points and we
observed different RNA localization at different time points. At 30 min induction, the FISH
signal showed good colocalization of both RNA motifs. The reporter RNAs formed granule
and were associated with nuclear speckle protein marker (Figure 4.4B). At 2 h induction,
the SRSF1 was more exported to the cytoplasm while the hnRNPA1 remained inside the
nuclear speckles indicating the reporter pre-RNAs underwent splicing and mature RNAs
were exported to the cytosol. Since we are more interested in the RNA localization during

splicing, we decided to select 30 min as the induction time.
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Figure 4.4. Reporter design and imaging results of type Il reporter. (A) Cartoon scheme of the
reporters. (B) Representative images of the type Il reporter at different induction time. Scale bar = 5um.

Then we transfected both the type | and type Ill reporters to the Tet-On HelLa cells
separately. Interestingly, the type | reporter RNA could also form granules but they were
not associated with nuclear speckles (Figure 4.5A). Since the type | reporter only
contains 5’ splice site of the core splicing sequences, this result indicates that the RNA
motifs alone are not sufficient for nuclear speckle localization but core sequences are still
required for mMRNA association with nuclear speckles. However, for the type Il reporters,
the RNAs were distributed around the nucleoplasm with a few granules formed but not

associated with nuclear speckle (Figure 4.5A). With 2 h induction, the type IIl reporter
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RNA still localize in the nucleoplasm instead of being exported to cytosol (Figure 4.5A).
The signal inside the nucleus can be either unspliced pre-mRNA or spliced mRNA lariat.
We tested the splicing outcome of the type Il reporter RNA by PCR and found out the
second exon was skipped, which is different from type Il reporter (Figure 4.5B). These
results demonstrated that the RNA motifs can affect the pre-mRNA localization and the

splicing outcome.
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Figure 4.5. Sequence dependence of splicing outcome. (A) Representative images of type | and
type Il reporters at different induction time. Scale bar = 5um (B) Gel electrophoresis result of the
splicing outcome of Type Ill and Type Il reporters at different induction time and the effect of
pladienolide B (PLA). Figure B was a courtesy from Mauricio.

4.2.3 RNA localization is determined before splicing
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The previous results have shown that pre-mRNAs that associated with nuclear
speckle can be fully spliced. Next, we investigated what is the causation between speckle
localization and RNA splicing. In order to do that, we added pladienolide B, an RNA
splicing inhibitor that inhibits splicing factor 3B subunit (SF3B1) at early stage of splicing,
to the cells expressing type Il reporter RNAs. The expression of the reporter RNA was not
affected by pladienolide B, but the RNAs could not be exported to the cytosol compared
with the DMSO control, indicating no mature RNA was generated (Figure 4.7A). The PCR
assay also confirmed the inhibited RNA splicing process (Figure 4.5B). The reporter RNA
was more concentrated inside the nuclear speckles. Interestingly, the size of the nuclear
speckles was dramatically larger than the control and this is possibly because the reporter
RNAs could not get exported and accumulate inside the speckles while recruiting more
protein to the speckles (Figure 4.7B). Since inhibition of the RNA splicing process does
not affect the reporter RNA localization, the RNA localization should be determined before

RNA splicing occurs.
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Figure 4.6. RNA localization inside NS does not require splicing. (A) Representative image of the
type Il reporter treated with or without pladienolide B (PLA). Scale bar = 5um (B) Quantification of the
speckle sizes.

4.2.4 SRSF1 and hnRNPA1 motifs exhibited different spatial distribution
inside nuclear speckles

Since SRSF1 binding protein is enriched inside the nuclear speckle and hnRNPA1
protein are more likely to be in the nucleoplasm, we hypothesized that interaction with the
RNA motif binding proteins can direct the reporter RNA sub-localization inside the nuclear
speckle. To be more specific, the SRSF1 motif is expected to be more into the core of the
speckle while the hnRNPA1 motif is expected to be around the periphery of the speckle.
However, epi images cannot provide high resolution to visualize the spatial difference of
RNA motifs within tens of nanometers. Therefore, we performed Stochastic Optical
Reconstruction Microscopy (STORM) on the type Il reporter and distance analysis to

measure the normalized distance (ND) of the RNA motif to the center of the nuclear
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speckle. Surprisingly, for RNA motifs with ND>0.5, the ND value of hnRNPA1 motif was
significantly higher than that of SRSF1 (Figure 4.6), indicating that hnRNPA1 motif is
more to the outside of the nuclear speckle. Considering that one of the spliceosome
components, U2 snRNA, localizes at the periphery of the nuclear speckle (Figure 4.1),
our super-resolution imaging results also indicate that the SRSF1 and hnRNPA1 motifs
together with their binding proteins facilitate the RNA positioning within its splice sites
around the periphery of the nuclear speckle and the RNA undergoes splicing at the

interface of the nuclear speckle.
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Figure 4.7. Sub-localization of RNA motifs inside NS. (A) Representative STORM image of the type Il
reporter. Scale bar = 5um (B) Left, normalized distance of hnRNPA1 and SRSF1 motif to the center of
the nuclear speckle; Right, population distribution of hnRNPA1 and SRSF1 and SRRM2 inside the
nuclear speckle.
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4.3 Conclusion and Discussion

In summary, we have created a model that identifies RNA motifs affecting splicing
outcome and constructed two of the RNA motifs, SRSF1 and hnRNPA1 which have the
opposite function on exon inclusion, to multiple reporters. With fluorescence microscopy,
we have observed that the both core sequences and the RNA motifs are associated with
RNA localization inside the nuclear speckles. The two RNA motifs are not positioned
randomly in the nuclear speckle. The hnRNPA1 motif is more distributed on the periphery
of the speckles whereas the SRSF1 motif is more enriched inside the speckle. By adding
splicing inhibitor, we have shown that the RNA localization inside the nuclear speckle is
determined by the sequence but not splicing event. The super-resolution imaging results
demonstrated significant sub-localization difference between SRSF1 and hnRNPA1
motifs inside the NS.

We have observed RNA granules formation for all of the three types of reporters.
Since type | and Ill have no association with nuclear speckle, the RNA granule formation
may be caused by the tandem repeats of the RNA motifs or the active transcription at
transcription sites. We will perform DNA FISH on the reporter plasmid to verify the
association of the RNA granules with the transcription sites. Different strength of the RNA
motifs would have different effect on RNA localization and the splicing outcome, therefore
we will generate and test RNA reporters with different RNA motifs such as SRSF3 or

SRSF7. The different sub-localization of the hnRNPA1 and SRSF1 motifs inside the
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nuclear speckle is possibly driven by the RNA binding proteins. Since the spliceosome
RNAs are at the periphery of the nuclear speckles, we speculate that the sub-localization
of the RNA motif may indicate an interfacial splicing model, where the splicing factor
proteins position the reporter RNA along the radius of the NS and bring the splicing site

close to the interface of the NS, at which the splicing happens.

4.4 Materials and Methods

Fluorophore conjugation to secondary antibodies

26 L of secondary antibodies was mixed with 3 yL of 1 M NaHCOs3 (pH 8.6). 1 yL of
1 ug/uL NHS modified fluorophore (Alexa-488, Thermo Fisher Scientific) dissolved in
DMSO was added to the secondary antibody solution. The mixture was incubated at room
temperature for 0.5-1 h. The conjugated antibody was passed through a P6 column (Bio-
rad) that was pre-equilibrated with 1xPBS. The absorbance of the secondary antibody
and the fluorophore was measured with spectrometer and the concentration and
antibody/dye ratio was calculated based on lamber beer law.

Cell culture and transfection

Tet-ON Hela cells (TaKaRa) were cultured in DMEM medium (Gibco) supplemented
with 10% (v/v) Fetal Bovine Serum (Thermo Fisher Scientific) and 100units/mL penicillin
and 100ug/mL of streptomycin. The cells were grown at 37 °C under humidified conditions
with 5% CO:z2. Cells were seeded on 8-well imaging chamber 1 day before transfection.

The confluency should reach 60-80% right before transfection. For transfection of each
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well, 0.6uL of Lipofectamine® 3000 (Thermo Fisher Scientific) was diluted with 15 uL
Opti-MeM (Thermo Fisher Scientific) and the mixture was vortexed. 200ng of plasmid
DNA and 0.4 uL of P3000 was diluted together with 15 pL Opti-MeM and the mixture was
vortexed. The two mixtures were mixed well and incubated at room temperature for 15
min. After the incubation, the culture medium was replaced in the chamber with pre-
warmed Tet-free medium. The transfection mixture was added into the imaging chamber.
After 6-8 h incubation, the medium was replaced with fresh Tet-free medium and incubate

overnight.

Drug treatment and Induction
100nM Pladienolide B (Cayman) was added for at least 2 h before induction. For
induction, 2 yg/mL doxycycline was added to the cells and cells were incubated for at

least 30 min.

Fixation, permeabilization and FISH

Same as Chapter 3

Secondary antibody fluorophore conjugation
26 L of secondary antibody was mixed with 3 yL 1M NaHCO3 and 1ug NHS modified
fluorophore. The mixture was incubated at room temperature for 30 min to 1 h followed

by P6 column purification according to the manufacture instructions. The dye/antibody
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label efficiency was measured by the spectrometer and calculated based on Lambert -

Beer Law. Purified antibody was stored in -20 °C

Immunostaining

FISH treated cells were post-fixed with 4% PFA in 2xSSC at room temperature for
10min. Cells were washed with 1xPBS twice. Then cells were incubated with blocking
buffer at room temperature for 30 min. After blocking, primary antibody (Sigma S4045)
was diluted 400 fold with blocking buffer and the mixture was added to the cells and
incubatde at room temperature for 1 h. After primary antibody incubation, cells were
washed with blocking buffer three times. Fluorophore conjugated secondary antibody was
diluted 200 fold with blocking buffer and the mixture was added to the cells after wash.
The incubation was done at room temperature for 1 h. The cells were further washed with

1xPBS three times and the sample is ready for imaging.

Cell Imaging and image analysis

Epi imaging was performed the same way as in Chapter 3.

2D STORM imaging was done on Nikon TiE microscope with 100X NA 1.49 CFI HP
TIRF objective. Tetraspeck beads (Life Technologies) were diluted 400 fold with STORM
imaging buffer and the mixture was added into the sample. Make sure the density of
beads is optimal and replace the buffer with new STORM imaging buffer. STORM movies

were taken on both Alexa-647 and CF-568 channels sequentially using JOBS module on
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NIS software. For a brief summary, 647nm or 561nm laser was used to excited Alexa-647
and CF-568 fluorophore respectively. The acquisition was performed with 3 frames of
647/561 nm laser excitation followed by 1 frame of 405nm laser excitation. The laser
power of 405nm laser was tuned during the acquisition to maintain a reasonable density
of ‘blinking-on’ spots. The acquisition was stopped after a total number of 15000 frames
of movie was taken. The collected images were exported to tiff files before analysis.
STORM image analysis was performed and reconstructed on Imaged with
ThunderStorm plugin. The reconstructed images (SRSF1 and hnRNPA1 FISH channel)
were aligned with the SRRM channel and the distance analysis was performed using

home written Matlab codes.

4.5 Supplementary Information

Supplementary Tables

Table 4.1. List of FISH probe sequences used in this chapter

Name Sequences
hnRNPA1 /5AmMMC6/CCCTAAttgtttggTTCCC
SRSF1 /5SAMMC6/tcttgtttggcgttcctc

Table 4.2. List of buffers used in this chapter

Name Components
Blocking buffer 0.1 mg/mL ultrapure BSA (Thermo Fisher Scientific) in 1xPBS
Tet-free medium DMEM medium with 10% Tet system Approves FBS (TaKaRa)

STORM imaging buffer 10 mM NaCl, 50mM Tris pH=8.5, 10% glucose, 0.5mg/mL glucose oxidase and
67 pg/mL catalase in 2xSSC
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