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Abstract

Pseudouridine israisomer of uridine and @osttranscriptional RNA modification
in all domains of fe. Its formation is catalyzed by pseudouridine synthasegioningas
standalone proteins or proteRNA complexes called H/ACA small nucleolar
ribonucleoproteins (H/ACA snoRNPs). Whereas psatidglation waslong knownto
assist in stabilizing noncaatj RNAs, it was discoverealsoin mMRNAsin 2014 mRNA
pseudouridylationvariesin response to stresand artificial pseudouridylation of stop
codons facilitates nonsense suppression. Howevefutiotional significance of mRNA
pseudouridylation and thegulation of the pseudouridine synthases responsible are only
partially understood. Tostudy mRNA pseudouridylation by specific pseudouridine
synthased, developed dluorescencéased reporter system$ cerevisiaandusedit to
assay for standalorfeus? snR5 and snR81 H/ACA snoRNP activity. This novel system
detecs snR5 H/ACA snoRNP activity and can be usedutther investigate the role of

pseudouridine syntlsas in gene expression.
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Chapter 11 Introduction

1.1i Pseudouridine and its properties

Posttranscriptional RNA modifications constitute a diverse array of over 160
currently identified chemical alterations to the basic A, U, G, and C nucleosides in RNA
(). Once introduced, these modifications <ca
stability, and can also impact the (ZRNAG6s b
Among these modifications, pseudouridifp (s the most abundant and present across the
three domains of lif¢3). First discovered in the 1950s by chromatographic analysis of
RNA hydrolysates, pseudouridine has since been identified in a variety dgfohaic
RNAs, including ribosomal RNA (rRNA), transfer RNA (tRNA), and small nuclear RNA
(SPRNA) (3-5). As of 2014, pseudouridine has also been foundh@ssenger RNAs
(mRNAS) (6, 7). Pseudouridine is an isomer of uridine. It is generated from uridine by
cleavage of the NC1 glycosidic bond between the base and ribose sugar, followed by
base reorientation and reattachment via aC@5glycosidic bond Kigure 1A). In the
resutant pseudouridine molecule, the nitrogen aitinat was previously in the NT1
glycosidic bond of uridine now forms an imino (N1H) group, thus increasing the
hydrogenbonding potential of the modified bag8, 9. Pseudouridineos
hydrogen bonding relative to uridine has been observed in numerous crystal structures,
including theEscherichia col{E. coli) ribosome and in multiple tRNAs, wherein the imino
proton of pseudouridine forms a water bridgghwhe phosphate backbones of these

respective RNA speciefigure 1B) (9-11).



@)
OH OH OH OH
Uridine Pseudouridine

Figure 1. The chemical structure of uridine and pseudouridine.(A) To form
pseudouridine from uridine, the N1 glycosidic lond in uridine is first cleaved.
Subsequently, the uracil base is repositioned and connected to the ribose sugar via a novel
C5-C1 glycosidic bond, thus forming pseudouridi{®) In pseudouridinethe nitrogen
atom that was previously in the uridine glgaic bond now forms an imino group in the
nucleobase, which can coordinate a water molecule (red sphere) with the phosphate
backbone of both pseudouridine and the residue preceding pseudouricirehyt
stabilizing the local secondary structure in an RNAno d e | of dg55 and th
backbone of the preceding’thresidue in yeast tRNA® PDB ID 1EHZ,(11)).

The water bridge interaction mediated by pseudouridine reduces the flexibility of
the sugaiphosphate backbone and limits the rotational freedom of the base, locking it in
an anti conformation.Fur t her mor e, in this st @&nde pseu
conformation of its ribose moiety, leading to a rigidifying effect on the spbasphate
backbone that enhances local base sta¢®nt?. Thus, relaive to uridine, pseudouridine
has a stabilizing effect when present in an RNA duplex, which may explain why this
modification is found clustered in functionally important regions incoting RNAH13).
For instance, 6 pseudouridsare locted in the peptidyl transferase centéryeast 25S
rRNA, where it has been shown that loss of a conserved pseudouridine in the A site loop

drastically impairs translation and that further loss of the remaining 5 pseudouridines in

the peptidyl tansferaseenterhas a negative synergistic eff¢tt). Another example of



pseudouridineconferred structural stability is found in the RNA duplex formed by the

branch site recognition regior 02 snRNA and the branch poisequence of the intron.

Here, a conserved pseudouridine in U2 snRNA stabilizes the extrahelical orientation of the
branch point adenosine such that i1ts 2a OH
the 5a (45 18i ce si t e

1.2 Pseudouridine synthases: standalone enzymes and protd®NA complexes

A group of enzymes called pseudouridine synthases are responsible for catalyzing
the isomerization of uridine to pseudouridine. These enzymes can be cai@gotiz6
families. Five of these families are named after a representative bacterial pseudseiridyl
RIUA, RsUuA, TruA, TruB, and Trul@l7). The sixth family, Pus10, encompasses enzymes
that have only been idengfl in certain archaea and eukaryo{@8). Although the
enzymes from these 6 families exhibitnimal sequence similarity, all pseudouridine
synthases possess a core common fold and active site cleft contaiaimsga/ed aspartate
residue necessary for catalygis7, 19. This aspartate residue serves as an acid/base
catalyst in a reaction mechanism for pseudouridine formation that occurs through a glycal
intermediatg20).

Pseudouridylation of an RNA substrate occurs in asgific manner. With the
exception of the TruB homolog Cbf5, which requires a set of accompanying protein and
RNA commnents to create a modificationnaplex (vide infra), all other pseudouridine
synthases function as standalone enzymes that recognize their RNA substrates without any
additional factors. Pseudouridine synthases achieve site specificity in modification by
recognition of an RNA sequence arustural element. For many of the standalone

pseudouridine synthases, substrates are identified through the structural depmuent



of recognitionFor example, the standalone pseudouridine synfhiag® responsible fo
the universally conserved55 modification in the QC arm of virtually all elongator
tRNAs, recognizes the three dimensional structure of the T-kiep(21).

Contrasting structurbased substrate recognition, the pseudouridine synthase Cbf5
functions in a protekRNA complex that modifieRNA in a sequete-specific manner.
This complex, called an H/ACA small nucleolar ribonucleoprotein (H/ACA snoRNP), is
present in Archaea and Eukarya and exists alongside the C/D box class of snoRNPs
responsi bl e f-O-methglatidn eof RNA(22¢c 23f The H/AC& snoRNP
complex consists of four core proteins: Cbf5, Nopl10, Nhp2 (L7Ae in archaea), and Garl
that associate with a H/ACA guide RNAigure 2A) (23, 29. In this complex, CI is
the catalytic componeiil9). However, unlike its bacterial counterpart TraBthe other
standalone pseudouridine synthases, Cfb5 does not directly recognize an RNA substrate
and instead relies upon an H/A@AiIde RNA. In eukaryotes, H/ACA guide RNAs consist
of a two-hairpin structure with a characteristic H box (sequence ANANfdAnd in the
hi nge region between the 5qg and 3a hairpin
hairpin. Each hairpin contains @rhal loop regions called pseudouridylation pockets
which base pair in a bipartite manner to a target sequence in an Ris#ase, thereby
isolating an unpaired uridine at the base of the upper stem in the guideFARjufe(2B)
(25, 26. Recognized in this sequenrsgecific manner, thisolated uridine is subsequently
isomerized to pseudouridine by Cbf5. Thus, the sequdependent mode of RNA
substrate recognition conferred by the H/ACA guide RNA allows theprotein complex
to modify a diverse number of uridines at different sisl in different substrates

depending on which guideNA is bound to the compleXor examplethe S. cerevisiae



snR5 H/ACA guide RNA directs the isomerization of two positions i8 PRNA: the
pseudouridylation pocket n t he 5qag hairpin dédaedt d hies m
hairpinds pseudour i d29).Altogether28 pl/dCAgeide RNAZr get s
directrRNA pseudouridylation at 44 different positionsn b a k e(270Istrigyinglg, s t

in some instances, the two hairpinsaof H/ACA guide RNAeach target a different class

of RNA substratet he 5 a p o c k e g42dofmatoomiRB EnRNA whereas the

3a pseudouri dyl aqlos@ formationcirk 258 rRNA2®. d-indlly, i@ s

addition to directing pseudouridylation of rRNA and shRNASACA guide RNAdlikely

alsotargetsnoRNAsandmRNAs (7, 29.



Figure 2. Structure of the H/ACA sRNP. (A) Crystal structures of Byrococcuduriosus

H/ACA small ribonucleoprtein (SRNP) without a substrate (left, PDB ID 2HMUB0))

andwih a substrate RNA bound in the H/ACA g
(right, PDB ID 3HAY, (31)). The H/ACA sRNP structure is composed of the catalytic

protein Cbf5 (blue), Garl (raspberry), Nop10 (green),Lat#k (orange) in complex with



a H/ACA guide RNA (gey). Sitespecific pseudouridylation is conferred by base pairing
interactions between singitranded regions of the guide RNA, called the
pseudouridylation pocket (yellow) with a target sequence ibstisie RNA (black). Upon
binding to the complex, thtarget residue (red; in this structure the highlighted residue is
a 5fluoro-6-hydroxy-pseudouridine product resulting from isomerizatiorrdfds a stand

in for uridine)is isolated at the base of thpper stem of the guide RNA and positioned in
the ative site of Cbf5 for catalysis. Aonserved ACA box (orange) binds to the PUA
domain of Cbf5 and helps to position the g
active site. The substrabmund H/AGA sRNP structure is rotated 90° relatite the
unbound structure to better illustrate the baaiing interactions between guide RNA and
substrate and to show the positioning of the target residue within the active site of Cbf5.
(B) Schematic representa of atwo-hairpinH/ACA sRNP. Colourig is the same as in

(A). In a eukaryotic H/ACA small nucleolar ribonucleoprotein (snoRNP), Nhp2 takes the
place of its archaeal homolog L7Ae. In both Archaea and Eukaryotes, the H/ACA sRNP
proteins are thought to saciate with each stem loop of the typidauble hairpin H/ACA

guide RNA structure, wherein the conserved H box (ANANNA) and ACA box elements
are necessary for Cbf5 bindi(2¢4, 32.

Cbf5 contains two domaindhé catalytic domain (subdivided into D1 and D2) and
the pseudouridine synthase and archaeosine transglycosylase (PUA) (BimaB The
PUA domain binds the ACA box and lower stem of the guide RNA, and theseby i
responsible for correct positioning of the pseudbdation pocket with the active site of
Cbf5 (26, 30Q. Gal and Nop10 directly bind Cbf5 to form a core trimeric complex, with
Nopl0 also making contact witheh gui de RNA 6. Thup, ppplO extende m
the guide RNA binding face of Cbf5 in addition to stabilizing its active (3it¢ Garl
exclusively associates with the D2 seubdoma
in RNA substrate loading and product release by stabilizing the open state of aesubstrat
binding | oop f ound(30.MNhpZ bdmbldgsus tD P7AesiuArciagana i n
binds the upper stem loops of the guide RNA hairpins. In Archaea, L7Ae specifically
recognizs a kinkturn motif in the upper stem; however, eukaryotic H/ACA guide RNAs

lack this moif and Nhp2 exhibits no kirkurn specificity (30, 34. Nhp2/L7Ae, in



conjunction with Nop10 anchors the upper stem of thdegRNA to the protein complex,
thus faditating correct positioning of the target uridine in the active site of C2p

Finally, it shouldbe noted that the four core proteins of the H/ACA snoRNP
complex pay a dual functionality imammalswherein they also associate with an H/ACA
motif present in the RNA template component of the telomerase ribonucleogB&eim
the telomerase RNP, Cbf5 does not serve a catalytic role. Rather, it has been proposed that
Cbf5, Nop10, Nhp2Zand Garl perform a scaffolding function that stabilizes the telomerase
RNA component(17, 3. Furthermore, an H/ACA snoRNP complex containfdg
cerevisiaesnR30 H/ACA snoRNA (U17 in vertebrates) is required fer Ao, A1, and A
cleavages of 35S pieNA during 18S rRNA procag(37).
1.3 Methods of RNA modification detection

The field of RNA modification study had its inception in the 1950s when a peak of
unknown orign was observed alongside those of the A, U, G, and C nucleotidas on
chromatogram of hydrolyzed calf liver RNA8). Subsguent interrogations idenigfd this
p e ak -ailmsylasonteiof uridine and designdtieé pseudouriding4). Since then, a
robust repertoire of RNA modification detection methods has been developed, allowing for
the identification of over 160 poestanscriptional RNA modificationgl). In the following
section, various modification detection methodologies will be discussed with an emphasis
on those responsible for pseudouridine detection.
1.3.17' Reverse transcriptiontbased modification detection

One of the most prolific modification teetion methods is a reverg@anscription
(RT) and sequencing based strategy in which RT signatures are identified in

complementary DNA (cDNA). When a modified nucleotide in an RNA polymer is



encounteredYpreverse transcriptase, a disruption in nucleoticorporation may occur
in the c¢cDNA depending on the modificati ol
modifications or modifications that alter the Watgorck face of the nucleobase, the
reverse trangiptase tends to abort cDNA synthesis or -mrporates a non
complementary dNTP at this position. For instancepithytadenosine (') and N%
methytguanosine ("G) di srupt the enzymeds ability t
respectively, redting in apparent mutations in the cDNA and anr@ased incidence of
truncated cDNA products at a position corresponding to the methylated base in the RNA
template(39, 40. Thus, the detected aberrations in nucleotide incorporation that occur in
response tan'A or m'G constitute theRT signature of these methylated bases. The
signature of G has been used to detect thesence of this modification at position 9 in
Arabidopsis thalianadRNAP°and tRNA? (39). On alargerscale,fdos RT signat ur
been aplied to transcriptome wide mapping studies that have identified this modification
in MRNAs(41-43).

When encounteringother modifications, including pseudouridineq), 5
methyluridine (mMU), or 5methylcytosingdm®C), the reverse transcriptase is capable of
faithful NTP incorporation into the cDNA strand as these modified basesngage in
canonical base pairing interactiof@l). As such, these modifications are considered RT
silent in the resulting cONAHdowever, some REilent modifications can be made to elicit
a RT signature by chemical preatment of the RNA with a reagiehat selectively reacts
with the modification of interest. To detect pseudouridine in a rexeasscription and
sequencing asy, the RNA is first reacted with -ByclohexytN ¢2-

morpholinoethyl)carbodiimide methytoluenesulfonate (CMCT). This raamn results



inall U,q, and G residues being labelled with the bulky CMCT adduct. Upon a subsequent
alkaline hydrolysis treatmenthis adduct is readily cleaved from all U and G bases while
leaving theQ-CMCT adducts intact due to the unique stabilityhe CMCT bond to N3
of pseudouridiné€45, 49. Thus, CMCT treatment followed by alkaditnydrolysis allows
for the specific labelling of pseudouridines with a bulky adduct capable of blocking reverse
transcription one base downstream of the labelled pseudouridine, thereby giving this
previously silebmodification a discernible RT signature.

CMCT labelling of pseudouridines was first employed by Bakin and Ofengand in
1993 to locate four pseudouridine residues in the peptidyl transferase cdatepbP3S
rRNA (45). Since then, this method has been leveraged to great effect in a series of seminal
2014 and 2015 investigations that coupled thGT/RT approach for pseudouridine
detection with next generation sequencing. These studies yielded transcrpidmeaps
of pseudouridine occurrence, establishing the presence of this modification in ni&NAs
7, 47, 48. As demonstrated by these studig® greatest strength of this pseudouridine
detection method lies in its highroughput nature, with hundreds of modification sites
identified through Illlumina sequencing. However, a number of limitations inherensto th
method exist, including the labling efficiency of CMCT; the reaction may not label all
pseudouridines in a transcript, thereby leading to false negatives during sequencing.
Additionally, the alkaline hydrolysis treatment may leave some G a@dIQT adlucts
intact, leading to theifalse positiveidentification as pseudouridines upon sequence
analysis(49). Furthermore, nerse transcription will not alwayfaithfully terminate at a
CMCT-labelled pseudouridine, leading to artefacts in the sequencing data that interfere

with confident modification assignment to a specific position in the original RNA
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molecule. To remedy thigluring modification calling (thprocess whereby a position in

an RNA molecule is deemed a good candidate for being modified) the-ggr@ke ratio
generated from the sequencing data is addressed by bioinformatic analysis wherein a signal
threshold $ determined thadims atseparang genuine modification events from false
positives. Nevertheless, pseudouridylation sites identified through this approach then also
run the risk of being overlooked during analysis as false negatives arising from overly
stringent modification calling tlesholds.

Another limitation of highthroughput pseudouridine sequencing concerns the
reproducibility of the pseudouridylation maps generated via this method. A study
comparing the transcriptorveide pseudouridylation datsets found little overlap; of 20
unique coding sequences identified across three independent studies as pseudouridylation
targets in log phase yeast, only a single hit correspondiR@td lamRNA was found in
common(50). AsRPL11ais one of tle top 30 most expressed genes in yehstidentity
of this one common hit highlights a further limitation of the high throughput sequencing
method, namely, that it is biased towards detecting modifications in abundantly expressed
transcripts while negléing those in comparatively rarer RNpecieq50, 5). A variation
of the CMCT/RT method calleNs-CMC-enriched pseudouridine sequenci@g(Seq)
has been developed to partially addressdbigcern. Specificallyan N-CMC derivative
is used in the chemical labeling of pseudouridines in an RNA. This derivative is then
conjugated to biotin in a subsequent reaction step, allowing for streptavidin pulldown of
biotinylated CMO'-Q adducts, thus eithing the populatio of pseudouridylated RNAs
prior to sequencing and increasing the number of rarer pseudouridylated RNAs in a data

set(47). A final limitation to note regarding higthroughput pseudouridine sequencing
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following CMCT/RT is that the pseudouridylation extent at a particular site cannot be
guantitatively determined, although relative pseudouridine stoichimsein bg7).

A method has been derived from the higifiroughput R-based sequencing
detection of pseudouridine that is able to probe the modification status of individual sites
in an RNA of interets Beginning with CM{ treatment of an RNA sample, reverse
transcription of a putatively modified RNA template is couplecetdtime PCR (QPCR).

By utilizing Superscript Il reversanscriptase and reaction conditions containing*Mn

the incidence of the polymerase bypassing the pseudouriiMCT adduct and
continuing cDNA synthesis is increased. The result of this readthris either a mutation

or a deletion in theDNA. Next,whenthe mutated cDNA is subjected to gP@Rh site

specific primersthe mutations/deletions in the cDNokeate aharacteristic change in the
melting curve relative tthat of amplifiedcDNA deiived from unmodified RNAallowing

for detection of the pseudouridylated resid(f?). Designed to investigate the
pseudouridylation status of single sites, this method has been employed to validate putative
modification targets irA. thalianamRNAs initially identified through high throughput
pseuduridine sequencin(h3).

Alongside CMCT/RTbased pseudouridine identification, another high throughput
sequencingbased detern strategy, called RNA bisulfite sequencing (RB&j) has been
recently reported. RBSeq involves treatment of an RNA with bisulfite reagent prior to
reverse transcription and sequencing. Unlike the CMCT/RT method for pseudouridine
detection in which CMT-labelled residues terminate reverse transcription, in-R&f
bisulfite treatment ultimately results in pseudouridine residues producing a chaiacterist

1-2 nucleotide deletion signature in cDNA, thus allowing for detection of the modification
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upon sguencing. The reaction mechanism underlying this phenomenon is not completely
understood at this time, but initial characterization of the pseudoutiiBnéite adduct
has found that in addition to bisulfite reagent, accompanyifiG #&at treatment arttle
presence of 20 mM Mg are required to manifest the cDNA deletion signa{se®. A
proposed mechanism for bisulfite labelling first involves a bisulfite group being added to
the pseudouridine base, followedhmBatinduced migration of bisulfite to the ribose sugar,
whereupon the base of pseudouridine {an@matized and bisuté rerders a ringopened
sugar adduc{54, 59. Once opened, Mg is postulated to reorierthe ringopened
pseudouridindisulfite adduct away from the reverse transcriptase active site or to
otherwise alter the local RNA templateusture in such a way that induces the reverse
transcriptase to bypass the pseudouridine adduct during cDNA sia{t.

In addition to pseudouridine detection, RB&q is able to simultaneously probe
for two otherRNA modifications, mC and mA, in RNA. Bisulfite treatment deaminates
unmodified cytidines, thus convertitigem to uridines in an RNA template wherea€m
is na susceptible to this deamination. Therefore, upon reverse transcription and
sequencing, unmethylated cytidines are detected as thymidine in the cDNA and sites of
m°C methylation are retained as cytidinin the analysis. For &, in the absence of
bisulfite treatment this modification tends to cause cDNA mutations during reverse
transcription as the methyl group disrupts Wat€oitk basepairing with thymidine.
Upon reacting A with bisulfite, the métyl group is transferred from the N1 to N6
position of adenosine via Dimroth rearrangement, thus generatity im the RNA
template, which faithfully leads to thymidine incorporation during reverse transcription

(56). Therefore, sites of tA modification ae ascertained by comparing the sequencing
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results fran a sample reacted with and without bisulfite. RE&§, being a sequencing
based method that relies on analyzing RT signatures in cDNA, shares the aforementioned
limitations noted for pseudouridine detien via the CMCT/RT approach. However, as
this metha uses an alternative-2L nucleotide deletion signature for pseudouridine
detection compared to the CM@Bsed reverse transcription termination signature,-RBS
seq can be used as an independent -thiglughput sequencing method to verify
transcriptomewide modification sites called through CMCT/RT and sequencing analysis.
Furthermore, in addition to nanopore sequencing (vide infra)-$83s distinguished as
being one of the only higthroughput sequ&mg methods that can detect multiple types

of modifications in a single experiment (pseudouridinéCmand mA) and therefore
constitutes a notable advancement in the pursuit of comprehensively mapping the post
transcriptional RNA modification landscafi#d).

Whereas the R'based high throughput sequencing strategies are able to identify
hundreds ofle novanodification sites in a single assay, most other modification detection
methodologies are more limited ioape. However, due to the aforementioned limitations
of the high throughput Rbased sequencing strategies, it has been proposed that any
modifications identied through these techniques be treated as strictly putative until
validated by another detectiomethod(44). Therefore, what other detection methods lack
in breadth, they make up for in depth when compared with the sheer scope of the data sets
generatd via RT-based sequencing. Furthermore, the complement of methods that will
next be discussedfef dimensions of information not available through high throughput
sequencing, including absolute modification stoichiometries and insight into the enzymes

regponsible for modification.
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1.32i Radiolabeling of RNA modifications

A versatile method for etecting a single modified position in an RNA involves
site-specific radiolabeling. In this approach, the RNA polymer is first cleaved at a position
i mmedi ately 5a to the modified sitraup of i n
attached to the rdse sugar of the modification site. This sfeecific cleavage can be
accomplished with RNase H, -Qwhethgd RNADNA di r ec |
oligonucleotide(57) or with a DNAzyme(58). Af t er purification o
containing the modification site afit er est at i ts 5o end, its b5
with calf intestinal phosphatase (CIP) and subsequently rephosphorylated by
polynucleotide kinase (PNK) and¥¥?PJATP.Once r adi ol abel ed, t he
completely digested with nuclease PHdhe resultant nucleotides are resolved by thin
layer chromatography (TLC). As the modified site of interest is the only labeled position
in the final digest, both the unmodifiexhd modified forms of the nucleotide can be
distinguished on the TLC plateghus allowing for quantitative determination of
modification extent at that positiqb7). A powerful variation of this method couples site
specific radiolabetig of a modification position with a second ssfeecific selection step,
thus increasing the sensitivity of the radiolabeling method. In the SCARLET method (Site
specific Cleavage And Radioactiabeling followed by Ligatiorassisted Extraction and
Thinl ayer chromatography), a splintagmMemtgati ot
(containing the modified site of interest
entails the use of a splint DNA oligonucleotide to bring the radiolabeletl frRdgment
and a long singkstranded DNA oligonucleotide into close proximitallowing for

subsequent Iligation such that the radiolab
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oligonucleotide. During subsequent RNase treatment, the radiolabelédiposn at t
end of the ssDNA probe is protected and subsequently iselittedel purification. After
nuclease P1 treatment, the mononucleosides from the recovered ssDNA oligos are then
resolved on a TLC plate. As any detected radioactive signal &misaeshe3?P-labelled
site of interest in the original RNA sample, both tmedification status and the
modification stoichiometry of that site can be determift)l.

In principle, the sitespecific radiolabéhg detection method can be used to
investigate any modification thgtdoes not disrupt Watse@rick base pairing with the
c h i me-O-mathyl RNADNA oligo necessary for specific RNase H cleavage (or the
basepairing of the DNAzyme) and ii) migratesatlifferent rate relative to the unmodified
form of the nucleotide oa TLC plate. Since the sequence context of the modification must
be known in advance of performing the radiolabeling procedure, this method cannot be
used forde novamodification apprehension. An additional shortcoming of this method is
that a considera® amount of starting RNA material is required for analysis of a specific
transcript as the sigpecific radiolabeling procedure does contain an amplification step
like in the highthroughput sequencing strategies. Therefore, this method is notited s
to detect modified sites in rare RNA species. However, the single nucleotide resolution at
which this method can detect and quantitate modifications in relatively abundant RNAs
serves as a powerful form of validation when paired with the high thpadRT-based
sequencing strategies. Notably, SCARLET was the first independent method used to
corroborate the presence of pseudouridine in mRNA after its initial discovery in the

transcriptomewide pseudouridine sequencing investigati@#.
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Of final note in regards to radiolabelling is a pseudouridipecific assay used to
investigate pseudouridylation activityg vitro: A tritium release assay is conducted by
incubating a purified pseudouridine synthasendériest with substrate RNA contaig
tritiated uridine at the fifth position on the pyrimidine ring. Upon isomerization and
formati on of pC4 gyasidiabond,dhie miteird astom@saisplaced into the
solution of thein vitro reaction. The mount of radioactivity present ithe solution is
therefore dependent on the activity of the pseudouridine synthase of interest and can be
guantified with a scintillation counter. Subsequent analysis of the tritium level in solution
at various time pointallows for the kinetic parameteo$ pseudouridine formatioby the
enzyme under scrutiny to be determirig@). Unlike sitespecific radblabelling with3?P,
the tritium release assay is specifically configured to detect the modifying activity of
pseudouridine synthases by exploiting knowledge of the pseudouridylation reaction
mechanism. Téstrength of thisssay lies in its ability to offer insight into pseudouridine
synthase kinetics during pseudouridylation of a specific site in a known RNA substrate
reconstituted fom vitro observation. As such, the tritium release assaptislesignd for
large-scale screening of putative modification sites due to the labourious -wprkf
purified and active pseudouridine synthases and tritiated substrates.
1.33i Mass spectrometric detection of pseudouridine and other RNA modifications

Mass spectroetry-based methal have also been developed to detect -post
transcriptional RNA modifications. Whereas all other RNA modifications have mass
differences relative to their unmodified counterparts, pseudouridine isSit@sswith
respect to uridine and trefore presents anique challenge for mass spectrometric

detection. To overcome this challenge, pseudouridine can be labeled prior to analysis via
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aforementioned CMCT derivatization, giving pseudouridine a characteristic mass shift of
252 Da(49). Other labeling strategies include cyanoethylation by way of acrylonitrile and
reaction with methyl vinyl sulfonaté1, 62. A common mass spectrometry approach
entails performing liquid chromatography on a digested RNA sample prior to electrospray
ionization (ESI) or matrbassisted laser desorptiomipation (MALDI). Subsequent mass
spectrometry analysissithen used to identify the masscharge ratios of modified
nucleotides in the ionized dige$63, 64. The chromatographic retention times and mass
values obtained from this approach allow for the detectionaafifications in the original

RNA sample but do not offer any sequence context information. To locate the position of
modification, a number of strategies exist, including RNase mapping and the use of
biotinylated DNA probes to selectively purify an RNArgae prior to mass spectrometric
analysis (65, 66. Finally, advancements in the sensitivity of mass spectrometry
instruments have made possible a labelire method of pseudouridine detection that also
providesinformation on the site of modification. This technique uses collisidoced
dissociation to create fragmented ionic species, of which a pseudouridine sigoature
([CoH7N204]Y) is searched for that possesses a mass to charge ratio of (BJY.&&rving

as a powerful validation method, mass spectrometric assays can also detect modification
sitesde novo Suited to investigating the modification status of specific RNA species, mass
spectrometry is not well taited to trascriptomewide studies; arising from the difficulty

it takes to transfer RNA polyanions into a vacuum, the analysis of a total MRNA population

would require a prohibitively large sample amo{4).
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1.34i Antibody -based recognition of RNAmodifications

Antibodies can be raised to specifically bind a modification of interest, thereby
offering an invaluable technique to enrich the population of modified transcripts in a
sample prior to analysis with the gieusly discussed methods. Fortersce, in a study
using MeRIRSeq (methylated RNA immunoprecipitation with next generation
sequencing), a method forPMmodification detection, anti $A antibodies were applied
to total mouse brain RNA extracts followey ilmmunoprecipitation and next gemation
sequencing to yield a ~70ld enrichment of modified transcriptés8). Another
application for antimodification antibodies has been develbpea protocol analogous to
Westen blotting, designated immurnworthern blotting, wherein anthodification
antibodies are used to assay foAmm®A, q, and mC (69). In principle, the specificity
of an antibody is an attractive basis for RNAdification detection. In practice, however,
the biggest limitation of antiboelyased detection approacheshs fidelity of the raised
antibody to its epitope. As a single modified base presents a significantly smaller epitope
surface than the-52 aminoacid epitope recognized by aptiotein antibodies, issues of
low affinity and cross reactivity have been aged for antibodies raised against certain
modifications, including pseudouridirté0-72).

1.35i Cross Inking and immuno-precipitation of RNA modification enzymes with
their RNA substrates

In addition to detecting modifications in an RNA molecule, a complement of
methods instead capture the enzyme responsible for modification. Cross linking and
ImmuncPrecipitation (CLIP) uses UV light exposure to covalently link proteins associated
with anRNA in vivo. The cells are then lysed and subjected to partial RNase digestion such

that any proteins crogmked to RNA protect their RNA binding sites from complete
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degradation and yield crotisked RNA fragments of ~50 nt or smaller in a typical assay

The crosdinking procedure then allows for stringent purification of a proiRNA
complex of interest. A general purification workflow consists of immunoprecimitatith
antibodies raised against an RN#ading protein of interest or with antibodiesised

against an epitope tag that has been transgenically introduced to the protein of interest. The
immunoprecipitated proteiRNA complexes are then sizeparatedsing sodium dodecyl
sulfatepolyacrylamide gel electrophoresis (SP8GE) before beingransferred to a
nitrocellulose membrane to remove any {woosslinked RNA. The RNA fragments
resulting from this purification are then isolated from their RNA bindingteins by
digestion with proteinase K and subjected to-RROJR and sequencing analysibus
revealing the RNA sequence that was bound to the modification enzZ@né\lthough

the exact position of RNA modification cannot typically be identified with this tecieni
especially if the modifying enzyme does not use a strict sequence motif for ®ibstra
recognition and rather binds a structural element, CLIP can elucidate the repertoire of
RNAs targeted by a specific modification enzyme while also providing an xapyate

region in the RNA where modification is likely to occur. A variation of this m@tfPhote
Activatable Ribonuceloside enhanced CLIP (PERIP) includes cell culturing in media
containing 4thiouridine (4SU), thereby resulting in 4SU incorporatioh m t he cel |
transcripts. The efficiency of subsequent cilogsng is thus enhancedylthese 4SU

labeled RNAs.
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1.36i Nanopore sequencing

A highly promising RNA modification detection method comes in the form of the
nanopore device developed by Oxfdtanopore Technology (ONT). A nanopore consists
of multiple channel proteins embedded in a synthetic membrane in a flow cell apparatus.
Upon aplying an electric potential to a nucleic acid sample loaded into the flow cell, RNA
molecules are drawn towartlie channel proteins and subsequently ratcheted through them
at a consistent rate by motor proteins. As individual RNA molecules pass througres!
protein, each nucleotide causes the current across the nanopore to fluctuate and these
changes are coevted into an RNA sequence by a neural netwd4dk 75. In addition to
identifying the four bases in RNA, nanopore current traces have been igssdtify RNA
modifications. To date, nanopore sequencing has bsed to detect $A, m°C, m'G,
pseudouridine, and-#o-1 editing event$74-77). As nanopore technology allows for direct
RNA sequence apprehension, this method avoids the artefacts generated dnase®T
sequenaig approach, in which cDNA synthesis and subsequent PCR amplification
introduce bias to a data set. Moreover, whereas most other modification detection assays
are configured to detect a single modification type (as in the caseloastl detection of
CMCT-labeled pseudouridine), nanopore sequencingrcanincipledetect the positions
of different RNA modifications within a single RNA molecule. Nevertheless, RNA
modifications detected through this direct sequencing approach are similar to those found
through the other high throughput sequencing methods in that thelg $leaonsidered

strictly putative until validated by an independent metf¥@).
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1.47 Occurrence of pseudouridine in mMRNA

Through transcriptme-wide probingreportedin 2014, pseudouridine has been
found in the mRNAs of all eukaryotes investigated so far, inctugleast, mice, various
human cell linesArabidopsis thalianaand theparasiteToxoplasma gondiiWith these
investigations, charaetistics of the mRNA modification landscape have begun to be
elucidated such as the total number of pseudouridines present across the mRNA
transcriptome, the types of mMRNAs modified, the location of pseudouridinesargbéed
transcripts, and the pseudidine synthases responsible for the modifications.
Surprisingly,it has been discovered that within tn&@NA transcriptomes of the analyzed
organismsdistinct pseudouridylationopographies can be induced in respaosearious
forms of stress and emenmental stimuli. Moreover, both H/ACA snoRNPs and
standalone pseudouridine synthasesich were previously believed to only target
NncRNAs have now been implicated in these mMRNA pseudouridylation events. In the
following section, the current understamgiof mMRNA pseudouridylation that has emerged
from the various high throughput pseudouridine sequencing data sets will be discussed.
1.4.7YeastmRNA pseudouridylation

In yeast, three mappirigvestigations have been undertaken so far that employed
variaions of the high throughput CMCT/Rdased sequencing method to probe for
pseudouridylation sites across the transcriptofrale 1) (6, 7, 48. In the work of
Lovejoy et -@a¢qQ mdeteh od oilPaSylthe trars@iptome @bl | e d
cerevisiaegrown to logphase(48). In two replicate experiments for pseudouridine
detection in log phase yeast, the authors identified 103 unique pseudouridylation sites in

56 differentmRNAs (replicate 1) and 335 unique pseudouridylation sites in 150 mRNAs
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(replicate 2).Additionally, a heashocked sample of leghase yeast yielded 335 sites
across 208 mRNA¢Table 1). Consistently identified in all three data sets were two
pseudouridiation sites: position 68 in th@ding sequence (CD8Jj RPL11aand position

239 in the CDS offEF1and its paraloJEF2 RPL11aencodes a 60S ribosomal protein
andTEF1/2encode translation elongation factors, suggesting that pseudouridylation could
be fargeting genes with related functional themes. Although geméoggt(GO) analysis
performed on the putatively modified transcripts in thepgbgseand heat shock data sets

did in fact show an enrichment in the category of cytoplasmic translatioauitidhe noted

that pseudouridingequencing strategies are bthgewards modification detection in
highly abundant transcripts, which may confound any conclusions for mRNA
pseudouridylation preference that can be drawn from GO analysis. In this investigat
the authors did not det ®rewithinaa ciddonaMoredverra p s e u
preference was not observed for the location of pseudouridine within the tramsditipt
sites present acr oss(UTRY),e€DH a aunndt s3hxtavied) AR e d
identified mMRNA pseudouridylation i6. cerevisiagLovejoy et al. searched additional
yeast species for evolutionary conservatio§68 inRPL11aand(239 inTEF1/2mRNA.

This inquiry revealed th&f68 inRPL11ais conserved is. mikitadbut notS. pombgeand
that239 inTEF1/2was conserved in bo®. mikitaeandS. pombeAs the last common
ancestor of. cerevisiaandS. pombes estimated to have lived 600 tidh years ago, the
authors posited that tHEEF1/2 pseudouridylation is an ancient modification granting a
hithertoundiscovered fitness advantage, thus alluding to a broader functional importance

extending to other sites of MRNA pseudouridyla(i48).
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The findings of S.cerevisiaemRNA pseudouridylation by Lovejoy et al. are
partially corroborated and expanded upon by the work of Carlile et al., in which they
employed a similar pseudouridine sequencingrsat e gy ¢ aslelgeod tfioP serualo
MRNA pseudouridylation in budding yeadtiring postdiauxic growth (OBoo = 12)
(Table 1) (6). The authors of this study reported 260 pseudouridine residues conservatively
found across 238 mRNAs. These sites of modification were found in atinsegif the
transcripts, including t he n§sequanced. HGwevelJ T Rs |
unlike in Lovejoy et al., where no preference for pseudouridine occurrence within the
transcript was described, Carlile et al. noted an underrepresantdtipseudouridine
within the 3a UTR r el at i v &dditiamallyt, GUWA vaineh er r €
codons were found to be the most prevalently modified in their data set.

In thethird pseudouridine mapping inquiry in yeast conducted by Schwaalz, et
the authors first applied their pseudouridine sequencing methodology,dddisie g o , to
S. cerevisiagrown to midlog phasgTable 1) (7). The resulting data set from this initial
inquiry vyielded 185 sites fopseudouridylation across the mMRNA transcriptome,
corroborating that pseudouridylation occurs in yeast mRNAs. Urihke previously
mentioned investigations, the authors did not analyze the pseudouridine content of the
UTRs. Within the coding sequencestbé modified transcripts, a bias in pseudouridine

placement was not observed.
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Table 1: mRNA pseudouridylation events reported in yeast

Reporting publication and high

throuput sequencing PSI-seq (48) Pseudo-seq (6) W-seq (7)

methodology utilized

103%'s in 56 mRNA species
S I o0 IR Species 185%s (30°C log-phase)

(Log-phase experiment 1)

Pseudouridines discovered in  |335%¥'s in 150 mRNA species 260%s in 238 mRNA species 265%s (45°C heat-shock

mRNA (Log-phase experiment 2) (post-diauxic growth) induced)

335%s in 208 mRNA species

(heat-shock)

log-phase, growth

Cell types and growth log-phase yeast at 30°C (normal log-phase and post-diauxic  saturated, 4°C cold-
conditions analyzed growth) and 45°C heat-shock  yeast grown at 30°C shocked and 45° heat-
shocked yeast
Pseudouridine synthases ) ) Pusl. Pus4, Pus7,
identified as mRNA modifiers | T U84 PUsO Pusl4, 6,7, and 9 H/ACA snoRNPs

pseudouridine synthase gene

knockout coupled with CMCT pseudouridine synthase
Method used for pseudouridine R".[-stop assay with gene specific pseudouridine synth?se gene gene |
validation primers, in vitro activity assays knockout coupled with knockout/knockdowns
with yeast cell extracts and resequencing coupled with
purified standalone resequencing

pseudouridine synthases

1.4.2 Human mRNA pseudouridylation

The transcriptomavide study of pseudouridylation has been exgarfdom initial
examination in yeast to inquiries in various human cell lin@blg 2). In the Carlile et al.
investigation, Pseudseq was applied to HeLa cells in normal proliferation conditions and
to cells 24hours post serum starvati¢hable 2). These experiments yielded 96 putative
pseudouridylation sites in 89 human mRNAs, thusldsthing thepresenceof mRNA
pseudouridylation in higher eukaryotes. In the HelLa cell line, pseudouridine was found

distributed throughout the identified transcripttha@ugh a slight underrepresentation of
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modi ficati on wa s (6)fAmalysigiof human mRNA pgeodowldiidr
was also undertaken by Schwartz et al. wherein they@ssshto analyze HEK293 cells
and fibroblast RNAs, finding 353 pseudouridines in the mRNAs of these human cell lines
(Table 2). In these transcripts, pseudouridine was evenly found throughout the UTRs and
CDSs(7).

Finally, in a pseudouridine detection study conducted ex@lysim mammals, Li
et al. employed quantitative mass spectrometry analysis to determine the total content of
pseudouridine in the mRNAs of various human cells 1{@&s They found th&]/U ratio
of total MRNA samples to range from ~0-2@0% dependig on the cell line, suggesting
MRNA pseudouridylation is more abundant than previously described by Schwartz et al
(7, 47. Using their CelUSeq metlodology, the authors were able to use streptavidin
pulldown to enrich the pseudouridylated mRNA population prior to high throughput
sequencing. Consequently, the data set generated bys€pWas comparatively larger
than those in the previously descriestudouridine mapping studies. WhereasGrseq
inquiry of Schwartz et al. yielded 353 mMRNA pseudouridylation sites in HEK293 cells, the
pulldownrenrichment of modified targets in Cedé¢q ultimatelyidentified 1889 putative
pseudouridylation sites in the same cell I{fi@ble 2) (7, 47). DAVID database analysis
of these pseudouridylated transcripts revealed enrichment in gene ontology terms for
translation, protein metabolism, and DNA replication, suggesting that functionally related
genes are perpa targés of regulated pseudouridylati¢n9). In agreement with Carlilet
al .6s finding that pseudoJTRsioftHelmaeell MBRNAsy nder r
here Li et al . note that pseudouridine 1is

HEK293 cell MRNAs r el at i {6e47tWithint theecodidgy UTRSs
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sequences, the phenylalanine codons UUU and UUC were the most commonly modified,
with the first two U positions targeted more than the third in the UUU codon. This stands
contrast to

i n Oheof QUA Vakne eodonsabéingd® rmostadmsenly v at i o

targeted in yeagb, 47).

Table 2: mRNA pseudouridylation events reported in human cell lines

Reporting publication
and high throuput
sequencing
methodology utilized

Psendouridines
discovered in mRNA

Cell tvpes and growth
conditions analvzed

Pseundouridine
synthases identified
as mRNA modifiers

Method used for
pseudouridine
wvalidation

Pseudo-seq (6)

96'%s in 89 mRINAs

HelLa cells under
normal proliferation
conditions and 24 hrs
post serum starvation

n.d.

n.d.

Y-seq (7)

353%s

HEK 293 cells and
fibroblasts under normal
growth conditions

TRUE1 (Pus4 homolog),
Pus7. H'ACA snoRNPs

recognition motif analysis
and dyskerin knockdown
coupled with
resequencing

CelU-seq (47)

1889%'s

HEK 293 cells under multiple
degrees of heat shock, serum
starvation, Poly (1.C), HGF,
H202, and cyclohexamide
treatment

Pusl, TRUBI (Pus4 homolog),
Pus7

psendouridine synthase
knocldown, CRISPR/Cas9
deletion, and pseudouridine
synthase overexpression
coupled with resequencing;
SCARLET for single-site
validation; LC/MS/MS for ¥
quantification in total mRINA
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1.4.3 Toxoplasma gondiand Arabidopsisthaliana mRNA pseudouridylation

In addition to the initial 2014 and 2015 mRNA pseudouridylation findings in yeast
and humans, subsequent transcriptawie investigations have been conducted on the
singlecelled eukaryotic parasifBoxoplasma gondiand in the widely used plant el
organismArabidopsis thaliangTable 3). In T. gondii the PSiIseq protocol was adapted
from Lovejoy et al. and used to search for pseudouridylation sites in the mRNAs of this
parasite. Consequently, 1669 and 394 sites of mRNA pseudouridylation sgeetiely
located in the tachyzoite and bradyzoite form3 ofjondii thus increasing the repertoire
of eukaryotic species observed to possess pseudouridines in iflRINK 3) (80). In T.
gondii, pseudouridines&wvr e di stri buted t hr oQDphathotght he 5
3a UTR p s e ud o uundedepresarnted cmmesponding to the similar
underrepresentation of 3a UTR pseudouridy
MRNAs. Furthermore, within ehc region of the transcripts, the density of
pseudouridylation was shown to be virtually constant and pseudoundaresnot found
to be clstered around start or stop codons or any other sites within each transcript region.
Finally, with respect to codoposition, uridine residues at position 1 were statistically
determined to be pseudouridylated more frequently than uridines at positioBsviZhich
supports the finding by Carlile et al. that in the phenylalanine UUU codon the first two
positions are m@ commonly modified than the third. Therefore,TingondiimRNAs,
pseudouridines were found to be distributed nonrandomly in the transcript and corroborate
similar findings for mMRNA pseudouridylation patterns in yeast.

In A. thaliang the Pseudseq mé&hod developed by Carlile et al. was employed to

detect mMRNApseudouridylation in fully expanded young leaf cells grown under normal
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conditions(Table 3) (53). Using this approach, 451 pseudouridines were idethtifiehin

332 transcripts, which accounted for 1.21% of all mMRNAs detected in the experiment.

Similar to the findings for yeast aiid gondii pseudouridylation wgsredominantly found

in the &da

thaliana UUC, UCU, CUU, and UUU codons were the most frequently modified wherein
the first uridine residue out of two consecutive uridine residues was pseudouridybaeed

often excepfor UUU, where the second position was the most commonly modified and

CI Rwhainl e being | ess

the third position the least modified.

Table 3: mMRNA pseudouridylation events reported inl. gondiiand A. thaliana

abund®ant

Reporting publication
and high throuput
sequencing
methodology utilized

Psendouridines
discovered in mRNA

Cell types and growth
conditions analvzed

Pseudouridine
svnthases identified

as mRNA modifiers

Method used for
pseudouridine
validation

D&I-seq (80)

1669%s (tachyzoite form)
394%s (bradyzoite form)
parasite strains C32 (W.T. with
GFEP fused to a bradyzoite-
specific LDH? promoter) and
TBDS (mutant C32 strain with
insertion in PL7S] gene)
transfected into human foreskin
fibroblast cells (HEFs)

Pusl

insertional-inactivation of Pusl
coupled with resequencing

Psendo-seq (33)

451%s

young leaf samples from wild-
type A. thaliana (WT, Col-0)

Pusd, H'ACA snoRNPs

recognition motif analysis for
psendouridine svathase
assigment; CMCT/RT coupled
with qPCR for site-specific
pseudouridine validation
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1.4.47 RegulatedmRNA pseudouridylation

Pseudouridylation of mMRNAs has besmggestedo be a dynamally regulated
process, wherein modification sites are induced in response to different growth states or
environmental stimul(7, 47. However, unlke for other RNA modificationghusfar no
evidence is available demonstrating the removal/erasing of pseudouridines from RNA
besides degrading the entire modified RNiA\the pseudaeq investigation of Carlile et
al, eviderce for regulatednRNA pseudoudylation wascollected by comparing the
modification topographies of leghase and postiauxic growth phase yeastherein
between the two growth phases, 42% of the modification sites identified in theignoat
growth ondition were not detected log-phase yeast. Furthermorg286 in CDC33
MRNA (which was also identified as a pseudouridylation target by Lovejoy et al.) was
found to be present in both growth conditioget more extensively modified during
exponential growth. Of 150 mRNA pseudoutation sites present in both lgghase and
postdiauxic growth yeast, 62 sites exhibited afoll changein relative stoichiometry
between these two conditions. Overall, théiadings support a grovdphase dependent
pattern ofregulatednRNA pseudouridiation (6). Notably, Carlileet al.also established
the conservation of regulated mRNA pseudouridylation in mammalian cells using a HelLa
cell model systemcomparison ofpseudeseq analyss of this cellline grown in either
normal proliferation or serum starvation conditions produpedtially overlapping
pseudouridylation topogra@s wherein modification sites unique to each condition were
observed6).

Regulated mRNA pseudouridylation in yeast is further attested to b{]-&eq

analysis of Schwartz et al. wherein the authors compared-tes profiles of Ig-phase,
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growth saturated, cold shock, and heat shock exposed yeast. Although only a few mRNA
psewouridine modifications were acquired in the stationary phase and cold shock
conditions, a wealth of 265 putative mRNA pseudouridylations were induced WBider 4
heatshock when compared to lgdpase yeast cultured at B0 Some of these
modifications occrred in heasshock induced genes suchH#SP6Q HSP104 MDJ1, and
SSA4yet a greater amoustill were induced in transcripts expressed at similar levels at
both temperatures, once again suggesting differential pseudouridylation patterns in
response to efronmental stimulus as observed by Carlile e(@&l-7).

Investigating the effect of various stimuli baman cds, Li et al. found through
mass spectrometry analysis that heat shock, poly (I:C) treatment, 2@hdekposure
increased the pseudouridine content of the total MRNA population b$0%0whereas
other conditions such as starvation lowered theugsuridne level ~16015% (47). By
analyzing the maps of MRNA pseudouridylation from cells eithersteatked oexposed
to oxidative stress in the form of28, nonoverlapping patterns of transcriptome
pseudouridylatiorwere observed. Of the induced pseudouridylation targets und#r H
stress, transcripts encoding proteins involved in telomere maintenance andathr
remodeling were among those targeted. Conversely,-sheak exposure induced
pseudouridylation in targe encoding proteins for transport and localization path@eds
Of final note is that the pseudouridine profiles of mouse brain and liver were also analyzed
by Li et al. using CelkBeq to see if mMRNA pseudouridyfion exhibis tissue specificity.
Indeed, the authors found that the brain and biv@nicepossess tisstgpecific transcripts
that are modified including targeted genes involved in nervous system development and

signal transduction for the brain, andiin transpd and macromolecule localization for
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the liver. Additionally, many genes expressed in both the brain and liveicefwere
found to beselectively modified in only one of the two tissue types. Altogether, Li et al.
corroborated and expandedpon the stimulusspecific patterns of MRNA
pseudouridylation in human mRMNANd revealed the existence of tissue specificity for
MRNA pseudouridylation targets in a mouse model system.
1.4.5i Pseudouridine synthasemodifying mRNA

Having determined thahRNA pseudoudylation occurs in a variety of species
ranging from parasites, to yeast, to plants, to humans anddigtaict patterns of
pseudouridylation are induced under certain conditions, the pseudouridine synthases
responsible for these modificatis have beguro be identified. In yeast, there is
experimental evidence for mRNA pseudouridylation by 8 of the 10 pseudouridine
synthases present in this organism (P4&17, and 9 and Cbf5)lable 1). In the PSiseq
study of Lovejoy et al, the author@nalyzed the sequences flanking two mMRNA
modification sites that they identified: site 68RIPL11aand site 239 ITEF1/2(48). By
doing so, the enzymes responsible for modification were identified based onqukace
motifs in which these targeted uridines occurredRfL.11a uridine 68 was found within
a UCUQUJU motif (where the underlined U residue is pseudouridylated). This recognition
sequence is shared with uridine 44 in U2 snRNA, which is targeted byatidakbne
pseudouridine synthase PugBi). The uridine at position 239 iREF1/2was found to
occur within a GWCGA motif (where the underlined U residue is modified). This motif
is also presenih the TQC loop d tRNAs, where the eponymous pseudouridine in this
region is catalyzed by the standalone enzyme P(83pThe assignment of Puslp and

Pus4p to the modification dRPL1laand TEF1/2 mRNAs, respectively, was furthe
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verified in vivo through knockout strains lacking genes for these pseudouridylasés and
vitro through biochemical assays with cell extracts and purified pseudouridine synthases
(48). Thus, the investigation lyovejoy et al. suggesthat, at least in the case of two target
substrates, the pseudouridine synthases responsible for modification are not exclusive to
MRNAs, and rather have muttairget specificities that include mRNAn addition to non

coding RNA tagets.

The majority of mRNA pseudouridyl-ati on
seq inquiry were assigned to standalone pseudouridine synthases by first generating viable
yeast deletion strains each lacking oheight nonessential pseudouridrsynthase genes
(Pust7 and 9) before performing Pseusleq analysis on these strains, thus assigning an
enzyme to a specific site if its CM&J RT signature present in a wild type yeast control
sample was lost in a cosgonding deletion strain. Usingishmethodology, Pusl, known
to constitutively modify various tRNA positions and position 44 in U2 snRNA, was found
to pseudouridylate the most mRNA substrates, with Bu$2 7, and 9 also being found to
recognize mRNA tagets. Furthermore, some mRNA miichtion sites were putatively
assigned to H/ACA snoRNPs based on perfect matches of their sequence context with
known targets of snoRNAguided pseudouridylation in ncRNAs. Intriguingly, many of the
Pusl sites were found be modified to a greater extentpostdiauxic growth relative to
logogphase growth, suggesting this enzymeds a-
state dependent manner. Moreover, throughdeglanalysis of a Pusl defici@ntgondii
strainin the work of Nakamoto et althis pgudouridine synthase was found responsible
for 364 mMRNA pseudouridines in the tachyzoite form and 33 mRNA pseudouridines in the

bradyzoite form of the parasi(80).
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In the g-seqgstudy of Schwartz et al, 41 mRNA sites were assigned to specific
pseudouridine synthases by apply@ixgeq to deletion strains of the eight nonessential Pus
enzymes (vide supra) in addition to a Cbf5 knockdown strain. Of these 41 sites, 34 were
therdoy atributed to H/ACA snoRNPs with the remaining 7 assigned to either the Puslp,
Pus4p, or Pus7p standalone pseudouridine synthases. Furthermore, of the-866dkeat
induced sites identified by Schwartz et al., 159 of them were attributed to Pus#ghthrou
knockout analysis of gpP U §éast strain in 3« and45°C conditions, suggesting that
Pus7 is a critical protein in the hesitock induced pseudouridylation response. These heat
shock induced mRNA sites were found to occur in the establisheédABGecognition
motif of Pus7 (whee the underlined U is the modified residue and R = G > A) which is
also present in U2 snRNA, cytoplasmic tRNAs,-IR&NA™", and 5S rRNA(Figure 3)

(83). Moreover, the modification extent at these Pdsidiced des was comparable to
sites in rRNA, suggesting that hesitock induced pseudouridylation in mRNA is present
at high stoichiometries. Of the human mRNA modification sites ascertainedJreeq)
analysis of HEK293 cells and fibroblastSRUB1 (human Pus4 homolgglPus7, and
dyskerin (Cbf5 in yeast) were responsible for the vast majority of them. These
pseudouridine synthase assignments are supportedAntthedianainvestigation, wherein

a varigy of mRNA pseudouridines were found to occur within the recognition motifs of
Pus4 and specific HHACA snoRNPs,

Through knockdown and overexpression studies, Li et al. assigned many of the
HEK293 mRNA modification sites identified through G&8gdqto human Pusl, TRUBI,
and human Pus7, thus corroborating the finding of Schwartz et al RB1 and Pus7

play a significant role in human mRNA pseudouridylatién47. Indeed, the importance
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of TRUB1 and Pus7in mRNA pseudouridylation has been further attested to by
computational analysis of human transcriptome pseudouridine maps wherein these two
enzymes have been deemed responsible for ~60% of the high coefidedification sites
identified in humang84). In summation, the pseudouridine synthases that have been found
respomsible for modification of yeast, human, plant, and parasite mMRNAs are enzymes that
also commonly modify ncRNA species, and thus exhibit rsulkstrate specificities.
However, it is not fully understood how these enzymes are able to discriminate between
constitutively modifying ncRNA substrates while being induced to modify specific
MRNAs under certain conditions. For example, Pusl constitutivedjfies tRNAs yeis

shown by Carlile et al. to increase the modification extent of mMRNAs undedipoic

growth (6). BecausemRNA pseudouridylatiorpatternschange in response growth
conditionor cell statethe pseudouridine synthases responsible for these modifications are
likely subject to a mode of regulation that at this time remains largely unkidwertopic

will be addressed in the following section.
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cytoplasmic
tRNAs

pre-tRNAUT (GPA)
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[TTJIIC]

Figure 3. Structure of the Pus7 homolog TruD and the substrates of PugA) Crystal

structure of the standalone pseudouridine synttiaseoli TruD which is homologous to

Pus7 in yeast (PDB ID 1SB7(85)). The bluecoloured regions of the cartoon
representation correspond to sequence segments ofPiusiDthat are conserved across

all phyla (86). The catalytic aspartate residue found in all pseudouridine synthases is
highlighted in red and the orange loop regions are where sequence insertions are found in
yeastPus7. TuD/Pus7 is a kshaped molecule consisting of two domains: the catalytic
domain adopts a conserved fold common to other pseudouridine synthases and a second
domain unique to TruD/Pus? hinges over it, possibly functioning to clamp substrate RNAs
andtherebyposi ti on a target uri di n@) Pasir hdsian t he
UNUAR (whereU is the target residue and R = G > A) consensus motif for substrate
recognition and exhibits mi ubst rate specificity: Pus7 1 s
formation in U2 snRNA, with the lattenodificationinduced by nutrient deprivation and

heat shoclstressnyeastt denoted by an (@Bt erdls3k inne xcty ttoop
t RNAs, Q®RIAM(NGPA)e, Q50 in 5S rRNA in addit
MRNAs. Moreover, Pus7 mRNA modification has been shown to be upregulated in
response to heat shock strégs
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1.5f Emerging roles for pseudouridine in gene expressiaregulation

Because pseudouridylatiafi mRNA isgenerallyconserved from yeast to humans
and shown to bducedin response to environmental stimulus, it is tempting to postulate
a hitherto unknownrole for pseudouridine in gene expressioggulation Since
pseudouridine confers structural stability to ncRNAs, it has been proposed that
pseudouridine in mMRNA could edulate the local secondary structure of the transcript,
thus effecting interactionsith RNA binding proteins and altering gene expression. A
precedent for this phenomenon exist$Arswitches have been discovered in mRNA
wherein this modification altettie accessibility of an RNA binding motif recognized by
heterogeneous nuclear riboremprotein C (hnRNP C), thus increasing the affinity of the
protein. In turn, hnRNP C affects mRNA abundance and influences alternative splicing
patterns, thus demonstragia direct role for pogtanscriptional RNA modification in gene
expression(88). Furthermore, in yeast U2 snRNAA42 and(44 have been found to
increase the affinity and activity tfie ATPase Prp5, an essential spliceosome assembly
factor responsible for catalyzing a conformational change impteasplicing complex,
possibly alluding to a similar factor recruitment role for pseudouridine in mBOA
Notably, in a recent study that applied hitjnoughput pseudouridine sequencing to the
snRNAs in Tryparosoma brucei pseudouridines were identified in snRNA domains
responsible for RNARNA and RNAprotein interactions. Through follow up microfluidics
analysis of synthesizell bruceiU2 snRNA that was either completely pseudouridylated
or unpseudouridylate , the binding affinities of u?z2
(U2Baa)smand W2ucl ear ri bonucl eoprotein Aaq

were determined. Here, it was discovered that a tempedpendent reduction in the
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dissociation costants (k) was exhibited by these two proteins for fully pseudouridylated
U2 snRM at 37C (but not 27C), suggesting that pseudouridine can increase the binding
affinity of these two proteins to U2 snRNA at an elevated temperature and may also have
a similar effect on protein binding to mMRNASQ).

Pseudouridylatiorhas been proposed be irreversible, unlike A which can be
removed from mMRNAs by eraser protei8l, ). Therefore, regulated mMRNA
pseudouridylation is thought to arise mainly from the production or degradation of
modified transcripts rather than through a hitherto undiscovered mechanism for reverting
pseudouridine to uridine. Alteatively, hypemodification of pseudouridine (by N1
methylation for instance) has been proposed as a mechanism that could modulate any
RNA-RNA or RNA-protein interaction effects conferred by pseudouridine in mRNA, thus
serving in place of a conventionabser mechanisn(93).

Within the coding sequences of mMRNA, it has been suggested that pseudouridine
could recode sense codons. This recoding potential has been attested ia wit@n
reconstitutedE. coli translation system whare pseudouridylated UUU phenylalanine
codon \ariants were shown to direct the incorporation of different amino acids with
reasonable efficiencig94). The recoding potential of pseudouridine can also be found in
echinoderm mitochondrial tRNA, where@35 in the anticodon of mt tRNA" (GQU) is
responsible for decoding the AAA codon as asparagine instead of lysine as specified by
the universal genetic cod@5). In addition to recoding, sense codon pseudoutiidyldas
been observed to alténe kinetics of decoding, with pseudouridine lowering the rate of
translation elongation and EFu GTPase activatio94). There is also evidence that

pseudouridine can influence gphg: Pseudeseq analysis of human preRNAs found an
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eniichment of pseudouridines near alternative splice sites and RNA binding protein sites
(96). Furthermore, knockout of human Pusl and depletion of the human Pus7 and Rpusd4
pseudouridine syntisas results in widespread changes to alternative splicing patierns
vivo and single intronic pseudouridylation events have been demonstrated to enhance
splicingin vitro (96). Intriguingly, pseudouridylation of stop codons in engineered systems
has been demonstrated to cause translationatheadgh (vide infraf97). Although there

are curently no known stop codons targeted for pseudouridylation in nature, pseudouridine
might possibly facilitate the aglthrough of stop codons in a few instances that have yet to
be discovered. Finally, pseudouridine could potentially alter mRNA stabilitys t
increasing the longevity of the transcript in the cell. The investigations of Schwartz et al.
perhaps attested this when they quantified the expression levels of genes identified as
pseudouridylation targets for Pus7 in VEhd qpP U §é&ast. During hat shock, genes
known to be targeted by Pus7 were expressed approximately 25% more in WT yeast than
in P U $east, suggesting a stabilizing role for pseudouridine in mRNLAAlItogether,

a variety of theories have been offered to explain the functional significance of
pseudouridine in MRNA, often drawing comparisons to the better understdgdum as

of this time pseudouridine remains a largely enigmatic mRNA modification.

In addition tothe downstream consequences of pseudouridine in mRNA, the
upstream regulatory networks that govern the enzymes responsible for these modifications
have yet to be comprehsively elucidated98). What is known is tit many mRNA
pseudouridine modifications are directed by the standalone pseudouridine synthases which
were previously understood to only target ncRNAs. In yeast, there are 9 standalone

pseudouridine synthases (Pt#1belonging to four families. PusLbebng to the TrA
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family, Pus4 belongs to the TruB family, and R@s&re found in the RIUA family. Of these
9 enzymes, all except for one (Pus8 which has only been demonstrated to target tRNAS)
modify mRNAs.

To account foinduciblemRNA pseudouridylatiomn responsea growth state or
environmental stress, the Pus enzymedilkely subject to a mode of regulation that could
consist of altering enzyme expression, localization, interactions with other proteins, or
posttranslational modificatiorf98). In regards to variable expression of enzymyeast
stress expression database reveals that Pusl, Pus3, Pus4, and Pus9 are differentially
transcribed under different growth conditio(®9). Therefore, modulation of enzyme
abundance could possibly influence the mRNA rficdiion extent. On the localization
level, the 9 Pus enzymes are found within distinct organelles in the cell, with Pusl, 3, 4, 7,
and 9 present in the nucle#ss3, 6, 7, 8, and 9 in the cytoplasm, and Pus2, 4, 5, 6, and 9
localized to mitochondria(98). This compartmentalizationf oenzymes thus offers
spatiotemporal control over target RNA modification, which in tuula be used to exert
control over gene expression. Notably, when studying-$featk inducible mRNA
pseudouridylatioy Pus7in yeast it was discovered that thevigds of Pus7 transcript and
protein, respectively, were found to slightly decrease. Homwaveotential mechanism for
heatshock induced pseudouridylation was revealed by fluorescence microscopy of yeast
harbouring GFRagged Pus7. Whereas the majorityPois7 is localized to the nucleus at
30°C, at 45C the bulk of this enzyme migrates to ttyoplasm where it presumably
modifies its mMRNA targetg7). In addition to considering the expression level and
localization of the Pus enzymes, the interaction of these pseudouridine synthases with other

proteirs may possibly affect their funoh. A review of the 9 Pus enzymes has noted that
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7 yeast proteins interact with more than one of the enzymes: Pho85, Tanl, SBP1, SBAL,
NAB2, SSB2, and NAM798). Furthermore, a pthora of otherproteins associate with
individual Pus enzymgd.00). Thus, the Pus enzymes could possibly form complexes that
alter their modifying activity. Pho85, for instance, is a cyaependent kinase that
participates in cell cycle regulation, raising the possibility that phosphorylation of its Pus
enzyme binding partners could coordinate pseudouridylation to the cell @&@le

Indeed, postranslational modificatioonf the Pus enzymes is another means through which
their activity could be regulated. Currently, Pusl, 2, and 7 are known to be ubiquitinated,
Pusl sumoylated, Pusl, 3, 4a6d 9 phosphorylated, and Pus7 succinylg8d Of final

note is that pseudouridine synthases may also regulate gene expression through
mechanisms that do not depend on their modifying activity. For instance, human Pus10,
which pseudouridylates cytoplasmic tRNASs, is also involved in micro RNARNA)
processing in the nucleus wherein Pusl10 binds ten@piRNAs and interacts with the
DROSHA-DGCR8 microprocessor complex to promote miRNA biogenesis in a process
independent o f t he €102 yakendogetheratheadeanismsc act |
through which mRNA isnducibly pseudouridylated are largely speculative at this point in
time, as are the downstream consequences of pseudouridine in mRNA. However, the
exciting possibility exists that mMRNA pseudmiytation constitutes a hith@rtunknown

mode of gene expression regulation occurring on thé&rapscriptomic level.
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1.6i Nonsense suppression of stop codons

Protein synthesis is terminated when one of three canonical stop codons in mMRNA
(UGA, UAG, a UAA) is present in theéibosomal A site. When this occurs, instead of
tRNA recruitment, eukaryotic release factors 1 and 3 (eRF1 and eRF3) are recruited to the
ribosome in a eRF1eRF3GTP-Mg?* complex whereupon peptidylRNA hydrolysis is
coupled to GThhydrolysis, thus releasj the translated peptid&03). This termination
process is not perfectly efficient, and in some cases, eRF1 and eRF3 must compete for stop
codon recognition with a near cognate tRNA inichhtwo of three anticodon positions
base pair with the stop sign@dl04). Thus, a low level of natural nonsense suppression
occurs during translation. When this happens, an amino acid residue iated into
the nascent peptide and translation continues past the stop signal until terminating
downstream at the next available in frame stop codon. The resulting protein product
therefore possesses a&minal extension.
1.6.1i Nonsensesuppression of pseudouridyléed stop codons

Surprisingly, it was discovered that pseudouridylation of the first U residue in each
of the three stop codons significantly enhances nonsense suppressionvitothandin
vivo (97). Specificaly, when assessing readthrough withiarvitro translation assay, a
pseudouridylated UAA stop codo@AA) was found to manifest a ~75% readthrough
efficiency compared to an unmodified UAA signal, which had ~0.5% natural readthrough
efficiency. Next, whera yeast reporter system was created wherein the pseudouridylation
pocket of an H/ACA guide RNA was chged to target a premature stop codon within a
reporter gendn vivostop codon readthrough could be detected by quantifying expression

of the fultHlengh reporter gene: ~6.4% of reporter gene expression was restored compared
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to the ~0.1% expression leweith a UAA stop codon not targeted by a H/ACA guide
RNA. Mass spectrometry analysis of readthrough products from the reporter system
revealed thaQJAA and JAG result in serine and threonine incorporation, whe@@s

results in tyrosine and phenylalanin@corporation (97). Notably, stop codon
pseudouridylation has only been performed in engineered systemns;are currently no
established instances of pseudouridylated stop codons in nature.

The structural basis for pseudouridylated stop codon readthrough has been
invedigated by determining the crystal structure of the-emtion stem loop (ASL) of
tRNAS? (IGA anticodon) bound to @AG codon in the A site of the bacterial 30S subunit
(105. In this structure, an expect€tA WatsonrCrick basepair is formed at the first
position. At the second and third positions, respectively, unusuapbasey between the
Hoogsteeredges of the codon bases with the WatSaick edges of the anticodon bases
allow normally forbidden AG and Gl purine-purine basgoairs Figure 4). Although this
unusual baseairing accounts for decoding of a pseudouridgat®p codon, it is still rto
understood how exactly pseudouridine facilitates the binding of aogmate tRNA, as
the additional NH group gbseudouridings exposed to the solvent and not observed to
hydrogen bond with the ribosome or tRNA in the gatest crystal structure. One
hypothesis is that pseudouridine could stabilize the two noncanonical base pairs in the
codonranticodon helix formed by the pseudouridylated stop codon and the ASL of the non
cognate tRNA, thus facilitating nonsense suppresditowever, further biochemita
inquiries will be required to test this hypothegif5. Further studies have investigated
the mechanistic basis of readthrbugamely, if pseudouridylated stop codons just increase

the efficiency of codon recognition by neargnate tRNAs, or instead achieve readthrough
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by also decreasing the efficiency of translation termination. To address this question, a
crystal structure ds been obtained @t thermophilu¥0S ribosome bound QAA in the

A site and tRNA" in the P site, in complex with. colirelease factor 1 (RF1) in the A

site. This structure reveals that the conformations of RF1 domains Il and Ill which are
critical for stop codon recognition and peptidRINA bond hydrolgis, respectively, are
virtually identical to those of RF1 in a cancal 70S termination complexl106).
Furthermore, kineti@nalysis of peptide release from a termination complex formed on
both a pseudouridylateand unmodified stop codon demonstrates comparable rates of
termination by RF1, thus showing that RF1 does not discriminate between
pseudouridylated and ngseudouridiated stop codons. Therefore, experimental
evidence suggests that pseudouridine doedirattly disrupt release factor function, and
rather facilitates nonsense suppression via competition with release factors through

enhancingstopcodon recognitioby near cognate tRNAE.06).
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Figure 4. Pseudouridyl ated stop codon ( QAC
loop of tRNASe" (IGA). (A) Stick representation of the anticodon stem loop (pale cyan) of
tRNAS®" (IGA anticodon, blue) base ai r i ng vsiog dodora(ordhgeBwithin the

decoding site of th&hermus thermophilu30S ribosomal subunit (PDB 1D 4JV&;05)).

(B) Individualg-A, A-G, and GI basepairs formed at the first (top), second (middle), and

third (bottom) positions of the antidoncodon interaction shown i(A). The purple

sphere participating in the-Gbasepair at the third position is a magnesium ion that
alleviates electrostatiepulsion between the O6 atoms of G3 and 134.
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During rare translational readthrough eventsafpseudouridylated stop codons
(i.e. regular stop codons), the upstream and downstream sequence context of the stop signal
has been found to drastically impahe efficiency of termination, with the nucleotides
i mmedi ately 5aqg andnga partitularly timpatanscontriputiqdd@'d on h a
108). In contrast to these rare stop codon readthrough eventsgtiemnse context of an
in-frame pseudouridylated stop codon has been shown to have little to no impact on the
efficiency of nonsense suppress{@09.
1.6.2 Premature termination codons: genetic diseases and therapeutic treatments

Nonsense mutations occur when a sifgleleotide base change converts a sense
codon into an ifframe premature terimation codon (PTC). A metanalysis of the Human
Gene Mutation Rtabase (HGMD) estimates that approximately 11% of all described gene
lesions responsible for inherited human diseases arise from nonsense niLi&idNith
respect to translation, a PTC in an mRNA can lead tarecated, notiunctional protein
product, thus leading to a disease phenotype. Additionally, transcripts harbouring PTCs
can be targeted by the nonsense mediated decay pathway (NMD), aogokgulity
control mechanism that degrades Pd@hitaining mRNAsthus preventing expression of
an aberrant gene product, leaving the cell without a functional pfateih To remediate
the effects of nonsense mutations causing genetic disease, nonsense suppression strategies
have been developed asethpeutic treatment§ll1?). For instance, aminoglycoside
antibiotics have been shown to suppressnpature translation termination by binding to
the ribosome decoding center, thus increasing the occurrence of misincorporation events
during translation of PT€ontaining transcripts(113. In patients, short term

administration of the aminoglycoside gentamicin could restore a significant level of protein
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expression in some cases, but toxicityoassted with long term dosages and a tendency to
preferentially bind mitochondrial ribosomes hinders the efficacy of this @riig). Efforts

are being made to advance nonsense suppression therapy, including synthesizing
aminoglycoside derivatives with lower toxicity and conducting Hilglbbughput screens of

other compounds with promising nonsense suppressi@ctsff Thus, from a clinical
perspective, pseudouridiimmsed recoding of premature stop codons could constitute a

novel therapeutic approach to remediate genetic dig&@de Specifically, the sequence
ofanH/ACA gui de RNAG6s pseudouridylation pocket
of an inframe premature termination codon, thus facilitating nonsense supprégsion
reprogramming the cell 6s endogenous pseudo
substrée (Figure 5) (114).

truncated peptide

Nonsense mutation

— T T
Premature translation \ @
termination and
concomitant disease
phenotype
Full-length peptide
\/‘\/\/\_’_
—_—
Therapeutically-engineered premature Translational readthrough of
stop codon pseudouridylation pseudouridylated lesion and recovery of

gene expression

Figure 5. Proposed therapeutic applicabn of targeted stop codon pseudouridylation.

In genetic diseases arising from nonsense mutations;ragitge termination codon in a
critical gene prevents translation of a fidhgth peptide. Instead, the premature stop signal
will either produce a trocated peptideluring translatioror trigger he NMD pathway
resulting in the thusardisease iplpehofymesultsagertatieat i on .
absence of a functional protein produstiministration of a customized H/ACA guide
RNA specifying pseudaidylation ofthe diseaseausingoremature stp codon in a target
transcript has been proposed as a novel nonsense suppressioy (hérhp Once
pseudouridylated, themodified premature stop codomvould facilitae translational
readthrough, thus restorimgpression of &ull-lengthprotein product and remediating the
disease phenotype.
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As described previously in stdhapter 1.6.1, a proaff principle yeast reporter
system has been developed in which a design&81 H/ACA guide RNA variant
containing a customized pseudouridylation pocket was used to successfully target a
premature st codon in a reporter gend97). Although artificially guided
pseudouridylation is anxeiting therapeutic prospect, a number of barriers must be
overmme prior to clinical application, including the relative inefficiency of PTC
modification observed in the custom guide RNA system (~4% of target transcripts were
successfully modified) and ¢hdevelopment of a delivery mechanism allowing for
administratm of a potent custom guide RNA dose i

does not trigger an innate immune system respdrids.
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Chapter 2i Research objectives angignificance

The objective of my thesis is the development aficwel fluorescenceébased
reporter system it$. cerevisiag¢o allow forin vivo detection of pseudouridine synthase
activity on mRNA. The mtivation behind this research is felald. First, in what has been
descri bed as a f p o stranscnmigngd RNAgnodifipadon resedrchj N p o
a multiplicity of modification sites he been putatively identified across a host of
transcripts, gt insight into the function of specific mMRNA modifications, including
pseudouridine, as well as knowledge pertaining to the regulation of the modifying enzymes
remains forthcoming(78). Consequently, it is of greanterest to create an RNA
modification detection platform that is able to analyze the modifying activity of specific
enzymes and how they behave under various cellular conditions. Second, the
transcriptomewide studies of pselouridine occurrence usinggh-throughput sequencing
have generated data sets exhibiting little overlap, in part due to stringent bioinformatic cut
offs, issues with sequencing depth, and the possibility of-faisdive eventg50).
Therebre, pseudouridine sites found with high throughput sequencing analysis should be
regarded with caiond it has been asserted that any sites identified in this manner be
treated strictly as putative until verified with an independent methdd With this in
mind, the ability to probe specific sites of mMRNA modification in a yeast model system
would be a highly useful validation method for previously identified pseudouridine sites
found throughhigh throughput sequencingiethodologies. Third, the mechams of
substrate recognition by pseudouridine synthases are only partially understood. In nature,
the number and continuity of base pairs between H/ACA guide RNAs and their substrates

is variable, with internal mismatches between guide and substratetadlataring
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pseudouridylatioril16, 117. Therefore, predictmthe substrate preferences of an H/ACA
snoRNPa priori based solely on sequence complementarity between guide and substrate
is often challenging. Moreey, the structural elements and sequence motifs used by many
of the standalone pseudouridine synthdeesubstrate recognition are also incompletely
defined (6). Thus, a reporter system allowing for vivo detection of endogenous
pseudouridine synthaseetivity would be ideally pasoned to interrogate the substrate
preferences of these enzymes. Fourth, the discovery that pseudouridylated stop codons
facilitate nonsense suppression raises the exciting possibility of using directed
pseudouridylation as a nowekerapy for certaingnetic diseasd97, 104, 11p Therefore,
a reporter system in which fluorescence expression is dirdoltgd to nonsense
suppression could serve as an experimental toolint@stigate the viability of
pseudoudine-based reprogramming of stop codons as a therapeutic approach.

The fluorescencbased yeast reporter system developed in this thesis is adapted
from a previous construct used to identify-@gulatory elements in RNAit consists of
a dual reporter awstruct containing both red (RFP) and green fluorescent protein (GFP)
genes under the control of a galactose inducible pror(ii&. A premature termination
codon (PTC) located upstream of GFP prevents translation of this reporter genegesulti
in a lone red signal upon flow cytometry analysis of the yeast system. Expression of GFP
is restored by embedding the premature termination catbim the recognition sequence
of a pseudouridine synthase, thus allowing for translational readthrotighk efop signal
upon recoding by targeted pseudouridylation. Therefore, this yeast system detects the
activity of endogenous pseudouridine synézabased on their ability to recogniaed

modify a substrate sequence inserted upstream of an EGFP rémseript. By changing
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the recognition sequence surrounding the PTC, this system can be readily programmed to
detect the activity of a wide vanebf standalone pseudouridine synthases and H/ACA
SNoRNPs.

To test the viability of this novel assay tpogt onin vivopseudouridylation events,
prototype yeast reporter systems will be programmed to detect the modifying activities of
standalone pseodridine synthases and H/ACA snoRNP complexes. Furthermore, | plan
to assess whether the system can detdgfdrehtial pseudouridylation activity under
different cellular stress conditions following reports of Pus7 being vital for the heat shock
induciblemRNA pseudouridylation respongg 998. Finally, in addition tgpseudouridine
based reprogramming of stop codons, suppressor tRNA®iIininganticodon mutations
allowing them to decode stop codons will be used in the fluorestarsesl yeaseporter

system as a positive control for nonsense suppre€kl@n 120.
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Chapter 3i Materials and Methods
3.1i Molecular biology in E. coli

Construction of the dudluorescingyeast systenbegan with pFA6gomRuby2
pGatEGFP plasmid (henceforth referred topipG), which wa cloned by inserting a
yomRuby2pGal gene fragmensynthesized byGenewizinto a pFA6aink-yoEGFR
CaURAS plasmid121). Cloning of the pRp®lasmid was performed by Genewiz and
map of the entire pRpG plasmid is given #ppendix 1. The pRpG plasmid was
transformedvia 42°C heat shock iw E. coliDH5U pri or to sel ection p
containingampicillin. A single colony from this pta was used to inoculate a 5 mL 1B
ampicillin culture. After overnight shakiAgcubation at37°C, pRpG wasminiprepped
from this culture with the EZA0 spin colummplasmid DNA miniprep kit fronBIO BASIC
INC according t o t he ma rfrerh dhis t plasmédrtednplate i n st r u
pFA6a_link_Metb _homology forward and reverse priraa@escribed inTable 4 were
used to amplify thgomRuby2-pGatEGFRURA3 (RpG)sequene withMET15sequence
homology arms on theoand iends of the PCR product, thus allowing for homologous
recombination of this reporter construct into MET15locus ofS. cerevisiadocated on
chromosome XIlI(122). For this amplificationa 50 uL PCRwas formulatedwith final
concentrations1x Q5 reaction buffer, 1 mM Mgg| 200 pM dNTPs, 0.5 pM of each
respective pmer, and templatetitrated between 24 and 75 ng. One Unit@8 DNA
polymerasegNEB) was used for the reactiomhermocyclingconsisted ofinitial 98°C
denaturation for 30 seconds followed by 98°C denaturation for 10 seconds, 65.9°C
annealing for 30 secds, and 72°C extension for 2 minutes, 30 secomdenty-five

amplification cycleoccurred intotal beforeafinal extensiorat 72°C for 2min.
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The presence of a single band between 4000 and 5000 bp (corresponding to an
anticipatedampliconof 4336 bp) was checked by electrophoresing 5 yL of the completed
PCR on a 1% agarose gel at MGor 1 hour prior to ethidium bromide staining and
visualizaton with transilluminationFrom the remaining 4fL of reactionmixture, the
RpG ampliconwas PCR purified using aBIO BASIC INC EZ-10 spin columnDNA
cleanup miniprep kif ol | owi ng t he mamsuThisaRPCRuwrifiedrRpG i nst
amplicon waalltimately elutedin 30 pL room temperaturddH0O. The final purity and
concentration of thBNA samplewas determined via absorbance spectroscopy at 260 nm

with a bioedrop instrumen{Montreal Biotech Incorporated Lab Equipment)

Sequence and ligatiendependent cloning (SLIC) was used to generpRpG
constructsontainingsequenceapstream of the EGFP coding sequefi@8). ThepRpG
plasmid was restricted at its unique Xhol site (10 pug of plasmidstidein a 100 pL
volume of X buffer R and 15 U Xhol frorRisher Scientificincubaedat 37°C for 2 hours)
before DNA purification aspreviously described. T4 DNA polymerasediated @
chewback was undertaken by incubating 1 pg XtigestedoRpG plasmid with 0.3 U T4
DNA polymerase from NEB in a 20 ulxINEBuffer reaction under nucleo@dstarvation
conditions. After 45 minutes of incubatien37°C, ichewback from the Xhol cut st
was halted by spiken with 2 uL 10 mM dCTP and transfef the reactiorto an ice bath
The restricted and chewdxhck vector was subsequently PP®&ified as previously

described.

The oligonucleotides for insertion infIRpG were synthesized by IDT crare
described inTable 4. Sense bgos were diluted to 100 nM prior to annealing with an

identicalamountof corresponding antisense oligoa 10uL mixture which was heateat
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95°C for 5 minutegollowed bycooling to room temperaturérom the resultat double
stranded inserfwith ~30 nt 5aoverhangs complementary to the chevbedk pRpG
plasmid) a 10-fold dilution was prepared to yield anM solutionof dsDNA readyfor
SLIC assembly with restricted and chewlgsick pRpG plasmidEach insert was asebled
with 11.25 ng chewebtackpRpG plasmid4:1 molar insert:plasmidatio) within a 15nL
total volumeof 1x Fermentadigation buffer. Theesultant SLIC assembly reactionsre
incubated at 37°C for 10 minutes.

TwentyuL high efficiencyE. coliD H 5 (NEB)weresubsequently transformed via
42°C heat shock with 1.8 pL of each SLIC reactiofiowed by selegbn plating on LB
Ampicillin media. After miniprep isolation of plasmid from transformed colonies and
subsequent restriction screening with Xheudcessful SLIGnsertion is expected to
abolish pRpGG6s u mopey msertio bf @dch otigaair intsa finighgd, p
pRpG construcwvas confirmed througiBanger sequencing conducted by GENEWIZ,
using the SLIC_RpG_confirm_seq primer specifiedable 4. All pRpG plasmid variants
generated for this research are detailed’able 5. For yeast transformatiorMET15
homology armcontainingRpG ampliconswith sequencensert upstream of thEGFP
CDS were prepared in PCR reacti@sspreviously desibed and checked g6 agarose

gel electrophoresigrior to PCRpurification of the remaining reaction mixture.

Two constructs, designated pRS32ip53and pRS3275up4 were created to
express suppressor tRNAEaple 5). Synthesized by IDT, suppressBNA genesSUP53
and SUP4(described inTable 4) were subcloned into Smagstricted pUC19 via blunt
end ligation. Using M13 forward and reverse prim&gP53and SUP4were amplified

from pUC19Sup53 and pUC1Supd After Dpnl digestion and subsequent PCR
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purification, theSUP53and SUP4amplicons were EcoRI digested and ligated into 50 ng

pRS327 at its unique EcoRl site at a 10:1 mol excess over pRE3B7These constructs

were Sangesequence verified using the M18iRiversal primer.

Table 4. Oligonucleotides used in this study

OligoName |58 Sequence Description
pFA6a_link_ | TAA CAT AAT AAC CGA AGT GTC | Forward primer used to
Metl5 Hom_ | GAA AAG GTG GCA CCT TGT CCA | amplify RubypGatEGFP
Fwd ATT GAA CAC GCT CGA TGA AAT | from its pFAGa_link
GTA TCA TAC ACA TAC GAT TTA | plasmid backbone.
GG Underlinedregion denotes
59 nt of sequence
homology to a region
upstream of the METR
locus, situated on
chromosome X in S.
cerevisiae
pFA6a_link | TTT TAT AAA AGT ATAGTACTT Reverse primer used to
Metl5 Hom_ | GTG AGA GAA AGT AGG TTT ATA | amplify RubypGatEGFP
Rev CAT AAT TTT ACA ACT CAT CGA | from its pFA6a_link
TGA ATT CGA GCT CG backboneUnderlined
region denotes 59 nt of
sequence homology to a
region downstream of the
MET15 locus situated on
chromosome XII irf.
cerevisiae
Pus7_Sense | TAAGTT TTAATT ACA AAATGG | Sense oligo paired with
Test GTC TCG AAG AAA AGA TAC TGC | Pus7 Antisense Testfor
TGT AGA AGA ATG ATT CTG SLIC assembly
Pus7_Antisen| AAC AAA ACG TTA ATG TGA GAC | Antisense oligo paired wit
se_Test TTC TCG ACAGAATCATTCTTC | Pus7 Sense_Tedor SLIC
TAC AGC AGTATC TTT TCT assembly
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Pus?U2-Test | ATC TAAGTT TTA ATT ACA AAA | Sense oligo pairedith
sense TGG GTC TCG ATC AAG TGT AGT | Pus?U2-Test antisense fo
ATC TGT TCT TTT CAG TGT TAC | SLIC assembly
AAC TGA AAT GGC CTC AAC GAG
GCT CAT TACCTT TTAATT TGT
Pus?7U2-Test | TCA ACA AAA CGT TAATGT GAG | Antisense oligo paired wit
antisense ACT TCT CGA ACA AAT TAA AAG | Pus?U2-Test sens for
GTA ATG AGC CTC GTT GAG GCC | SLIC assembly
ATT TCA GTT GTA ACA CTG AAA
AGA ACA GAT ACT ACACTT GA
PUS7 _Sense| TAAGTT TTAATT ACA AAATGG | Sense oligo paired with
Ser_Positive | GTC TCG AAG AAA AGA TAC TGC | Pus7_
TGT CGA AGAATG ATT CTG Antisense_Ser_Positive fq
SLIC assembly
PUS7_Antise | AAC AAA ACG TTA ATG TGA GAC | Antisense oligo paired wit

nse_Ser_Posi
ive

TTC TCG ACAGAATCATTCTTC
GAC AGC AGT ATCTTT TCT

Pus7 Sense_Ser_Positive
for SLIC assembly

PUS7_Sense,
Negative

TAAGTT TTAATT ACA AAATGG
GTC TCG AAG AAAAGATAC TGC
TCT AGA AGAATG ATT CTG

Sense oligo paired with
Pus7_Autisense_Negative
for SLIC assembly

PUS7_Antise
nse_Negative

AAC AAA ACG TTA ATG TGA GAC
TTCTCG ACAGAATCATTCTTC
TAG AGC AGT ATC TTT TCT

Antisense oligo paired wit
Pus7 Sense_Negative for
SLIC assembly

snR5_Sense |
Test

TAAGTT TTAATT ACA AAATGG
GTC TCG AAG AAA GCG AAT GAT
TAG AGG TTC CGG GGT CGG

Senseligo paired with
snR5 AntisenseTeshtive
for SLIC assembly

snR5_Antisen
se_Test

AAC AAA ACG TTA ATG TGA GAC
TTC TCG ACC GAC CCC GGA ACC
TCT AAT CAT TCG CTT TCT

Antisense oligo paired wit
snR5 Sense Testfor SLIC
assembly

snR5_Sense |
Tyr_Positive

TAA GTT TTAATT ACA AAATGG
GTC TCG AAG AAA GCG AAT ACT
TAG AGG TTC CGG GGT CGG

Sense oligo paired with
snR5 Antisense_Tyr_Posi
ive for SLIC assembly
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snR5_Antisen
se_Tyr_Positi
ve

AAC AAA ACG TTA ATG TGA GAC
TTC TCG ACC GAC CCG5GA ACC
TCT AAG TAT TCG CTT TCT

Antisense oligo paired wit
snR5 Sense_Tyr_Positive
for SLIC assembly

snR5_Sense |
Negative

TAAGTT TTAATT ACA AAATGG
GTC TCG AAG AAA GTG AGT GAT
TGG AGG TTC CGG GGT CGG

Sense oligo paired with
snR5 Antisense_Negative
for SLIC assembly

snR5_Antisen
se_Negative

AAC AAA ACG TTA ATG TGA GAC
TTC TCG ACC GAC CCC GGA ACC
TCC AAT CTCTCACTT TCT

Antisense oligo paired wit
snR5 Sense_Negative for
SLIC assembly

snR81_Sense
_Test

TAA GTT TTA ATT ACA AAA TGG
GTC TCG AAG TCAAACTTT AAA
TAT GTA AGA AGT CCT TGG

Sense oligo paired with
snR81_Antisense_Test fo
SLIC assembly

snR81_Antise
nse_Test

AAC AAA ACG TTA ATG TGA GAC
TTCTCG ACC AAGGACTTCTTA
CAT ATT TAAAGT TTG ACT

Antisense oligo paired wit
snR81 Sense_Test for
SLIC assembly

snR81_Sense|
_Ser_Positive

TAAGTT TTAATT ACA AAATGG
GTC TCG AAG TCAAACTTT CAA
TAT GTA AGA AGT CCT TGG

Sense oligo paired with
snR81 Antisense_Ser_Po
tive for SLIC assembly

snR81_Antise
nse_Ser_Post
ve

AAC AAA ACG TTAATG TGA GAC
TTC TCG ACC AAG GACTTC TTA
CAT ATT GAAAGT TTG ACT

Antisense oligo paired wit
snR81 Sense_Ser_Positiv
for SLIC assembly

snR81_Sense
_Negative

TAAGTT TTAATT ACA AAATGG
GTC TCG AAG TCA AGC TCT AAA
TCT GCA AGA AGT CCT TGG

Sense oligo paired with
snR81 Antisense_Negativ
e for SLIC assembly

snR81_Antise
nse_Negative

AAC AAA ACG TTA ATG TGA GAC
TTCTCG ACC AAG GACTTCTTG
CAG ATT TAG AGC TTG ACT

Antisense oligo paired wit
snR81 Sense_Negative fo
SLIC assembly

SLIC_RpG_c
onfirm_seq

GCT TTT ATG GTT ATG AAG AGG

Sequencing primer for
validation of all Ruby
pGalEGFP construct
variantscreated with SLIC
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UPF1_KO L
EU2 F

GAC CGAATATACTTT TTA TAT
TAC ATC AAT CAT TGT CAT TAT
CAA ATG TCT GCC CCT AAG AAG
ATC

Forward primer used to
amplify the LEU2 marker
from its pFL46L backbone
Underlined region denotes
45 nt of sequence
homology to a region
upstream of the UPF1
locus situated on
chromosome XIlII irS.
cerevisiae

UPF1_KO L
EU2 R

ATC ACA AGC CAA GTT TAA CAT
TTTATT TTAACA GGG TTC ACC
GAA TTAAGC AAG GATTTT CTT
AACTTC TTC GGC

Reverse primer used to
amplify the LEU2 marker
from its pFL46L backbone
Underlined region denotes
45 nt of sequence
homology to a region
downstream of the UPF1
locus situated on
chronosome Xl inS.
cerevisiae

UPF1_KO_C
onfirm_F

CAG GAA AGA AGG AAG GGC

Forward primer designed
to anneal upstream of the
UPF1 locus situated on
chromosome XIlII irS.
cerevisiae

UPF1_KO C
onfirm_R

CAT TTC ACG GTT GAG CCG

Reverse primer designed
annealdownstream of the
UPF1 locus situated on
chromosore Xlll is S.
cerevisiae

SUP53 tl-
CaaC amber
suppressor

tgcatgatctacgtgcgtcacatgcagtacGAAT
CCAATTGTCCTGTACTTCCTTGTT
CATGTGTGTTCAAAAACGTTATAT
TTATAGGATAATTATACTCTATTT
CTCAACAAGTAATTGGTTGTTTGG
CCGAGCGGTCTAAGGCGCCTGAT
TCTAGAAATATCTTGACCGCAGTT
AACTGTGGGAATACTCAGGTATC
GTAAGATGCAAGAGTTCGAATCT
CTTAGCAACCATTATTTTTTTCCTC
AACATAA CGAGAACACAGAATTC
cactagctcagattcagtagaccgctgttg

G-Block encoding SUP53
amber suppresstRNA.
Lower case letters denote
adaptor sequences
necessary for gene
synthesis yet ultimately
removed by EcoRI
restriction.
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SUP4 tY-
GUA-J2
ochre
suppressor

tgcatgatctagtgcgtcacatgcagtacGAATT
CGTATATGTGTTATGTAGTATACT
CTTTCTTCAACAATTAAATACTCT
CGGTAGCCAAGTTGGTTTAAGGC
GCAAGACTTTAATTTATCACTACG
AAATCTTGAGATCGGGCGTTCGA
CTCGCCCCCGGGAGATTTTTTTGT
TTTTTATGTCTCCATTCACTTCCCA
GACTTGCAAGTTGAAATATTTCTT
TCAAGCTCTTAACGAAGAGGAAT
TCcactagctcagattcémpgaccgctgttg

G-block encoding SUP4
ochre suppressdaRNA.
Lower case letters denote
adaptor sequences
necessary for gene
synthesis yet ultimately
removed by EcoRl
restriction.

Table 5: Plasmidsused in this study. Plasmids created in this study are denoted with an

Asterix (*) whereas the source of other plasmids is indicated.

Plasmid

Description

Oligonucleotides usedor
creation (see Tabled)

(PRPG) *

pFA6a_yomRuby2 pGal_yoEGH GFRRuby?2

reporter, no insert
upstream of GFP.
URAS3 and ampR
markers.

PRpGPus?Test *

pRpGvariant with a
stop codon
containing Pus7
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

Pus7_Sense_TeahdPus7
Antisense_Tegffor SLIC
insertion upstream d&&FP)

pRpGPus?Pos*

pPRpG variant
without a stop
codon in the Pus7
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

PUS7_Sense_Ser_ Positi
and PUS7_Antisense_
Ser_Positivdfor SLIC
insertion upstream of GFF
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pRpGPus?ZNeg *

pPRpG variantwith a
mutated Pus7
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

PUS7_Sense_Negative
and
PUS7_Antisense_Negativ
(for SLIC insertion
upstream of GFP)

PRpGPus?U2-Test* pPRpG varianwith a | Pus7U2-Testsenseand
U2 snRNA Pus7 Pus?U2-Testantisense
recognition element (for SLIC insertion
upstream of GFP. | upstream of GFP)

URA3 and ampR
markers.

PRpGsnR5Test * pRpG variant with a| sSnR5 SenseTest and
stop codon snR5_Antisense_Test (fo
containing snR5 SLIC insertion upstream ¢
H/ACA snoRNP GFP)
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

pRpGsnR5Pos* pPRpG variant snR5_Sense_Tyr_Positiv
without a stop and snR5_Antisense_Tyr|
codonin thesnR5 | postive (for SLIC
H/ACA snoRNP insertion upstream of GFF
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

pPRpGsnR5Neg* pPRPG variant with a8 snR5_Sense_Negatiaad
mutated snR5 snR5_Antisense_Negativ
H/ACA snoRNP (for SLIC insertion
recognition upstream of GFP)
sequence upeam
of GFP. URA3 and
ampR markers

pRpGsnR81Test* pPRpG variant with a snR81_Sense_Teahd
stop codon snR81_Antisense_Test
containing snB1 (for SLIC insertion
H/ACA snoRNP upstream of GFP)
recognition
sequence upstream
of GFP. URA3 and
ampR markers.

pPRpGsnR81Pos* pPRpG variant snR81 Sense_Ser_Positi

without a stop

codonin thesnR31

and
snR81 Antisense Ser
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H/ACA snoRNP
recognition
sequence upstream
of GFP.URA3 and
ampR markers.

Positive(for SLIC
insertion upstream of GFFR

pPRpGsnR81Neg *

PRpG variant with a
mutated snB1
H/ACA snoR\P
recognition
sequence upstream
of GFP. URA3 and
ampR markers

snR81_Sense_Negative
and snR81_Antisense_
Negative(for SLIC
insertion upstream of GFR

pFL46L From Bonneauét | UPF1 KO LEU2 Fand
al., 1991. Source off UPF1_KO_LEU2 R (for
LEUZ2 selective amplification of the LEU2
marker. Also selective marker out of
contains an ampR | pFL46L
marker

pRS327Sup4 * Sup4expression SUP4tY-GUA-J2 ochre
construct. LYS2 an¢ suppressofsynthesized
ampR markers. Sup4 gene)

pPRS327Sup53 * Sup53expression | SUP53 tl-=CaaC amber

construct. yS2 and
ampR markers.

suppressofsynthesized
Sup53 gene)

3.2i Preparation of competentyeastcells for transformation

Haploid BY4742S. cerevisiaesupplied byDharmacon (subsidiary of Horizon
Inspired Cell Solutionsyvas made compent for transformation by first inoculating a 5

mL YPD culture (2%w/v glucose) with a single colony. After 30°C incubation with

shaking overight, cell concentration of this culture was determimedhemacytometric

count usingan Olympus CH2 compound ight microscope(CAPSEN Medical &

Scientific Co. Ltd). A volume of overnight culture ostaining2.5 x 10® yeast cells was

combined with YPD media in a 50 mL final volume (204 glucose). The growth of this

culture at 30°C with shaking was monitored viantacytometercell-count at a

concentration of X 10’ cells/mL, the yeastulturewasharvested by cenftigation at 3000
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x g for 5 minutes in a 4°C preooledSorval Legend XTRentrifuge(Thermo Scientific)

The YPD supernatant was decaraéeér initid pelleting. The harvested yeasterewashed
oncein 25 mL sterile ddHO prior to another round of centiiation at 3000 x g for 5
minutes, discarding the wash water after this step. Sorbitol buffer (1 M sorbitol, 100 mM
LiOAc, 10 mM TrisHCI pH 8.0, andL. mM EDTA pH 8.0) was used to wash the yeast
cells once (by cell resuspension in a 10 mL sorbitol buff&rnae, centrifugation at 3000

x g for 5 minutes followed by supernatant discard) before final pellet resuspension in 360
ML sorbitol buffer and 4QL carrier DNA (10 mg salmesperm DNA in 1 mL ddkD,

boiled for 10 min at 10T, allowed to cool to room tgmerature beforeombination with

yeas). The resulting, competent BY4742 yeast cells were split intpL5@liquots and

stored at80°C without liquidnitrogen shock freezing.

3.3i Creation of aqJPF1 yeast strain

Competent BY4742 yeast cells were usedenerate giJPF1yeast strain via homologous
recombination of aEU2 marker into tha&JPF1locus LEU2 was amplified from pFL46L
kindly gifted by L. Mnvielle-Sebastia and described in Bonneaud et al., {98lle 5)
(125. Primers flanking theLEU2 marker in pFL46L UPF1_KO LEU2 F and
UPF1_KO_LEUZ2_ R described rable 4) were usedn a 50 uL PCR reaction consisting
of 1x Q5 reactionbuffer, 1 mM MgCt, 0.2 mM dNTPs, 0.5 uM of respective forward and
reverse primer, 24, 50, or 75 ng pFL46L plasmid, &nd Q5 DNA polymerase with
cycling conditionsof 98°C initial denaturation for 30 seconds, followed by 98°C
denaturation for 10 seconds, 65°C annealing3fd seconds, and 72°C extension for 45
secondsTwentyfive amplification cycle®ccurred irtotal before 72°Ginal extension for

2 min. The presence of a single band between 1000 and 1500 bp (corresponding to an
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anticipatedLEUZ2 fragment size ofL094 bp was checked by electrophoresing a 5 L
sample of the completed PEBn a 1% agarose gel at 100V for 1 houopto ethidium
bromide staiing and visualization with transillumination. The amplicons from 3 respective
50 pL reactions (containing 24, 50, or 75 ng template) were pooled and PCRdintdi

a 50 pLddH0 final volume.

Following a yeast transformat protocol adapted from Kpeet al., 8 puL of PCR
purified LEU2 marker was mixed into 50 pL competent BY4742 yeast thawed on ice prior
to transformation(126). In parallel, 8 pL dd:O was mixed with two respective 50 pL
competent BY4742 yeast aliqgads cell viability controls. Each sample was mixed with a
6-fold volume of PEG solution (40% w/v polyethylene glycol molecular weight 3350, 100
mM LiOAc, 10 mM Tris HCI pH 8.0, and 1 mMIETA pH 8.0) before vortex mixing and
room temperature incubation farhour, 15 minutes. A 1/9 volume of DMSO was added
to each sample prior to heat shock. During this heat shock proceduréEtHz
transformation sample and one of the dOHransformatedcontrols were subjected to
42°C heat shock for 15 minutes while tb#her ddHO-transformated control was left at
room temperature for the duration of the heat shock treatment as a shd@atontrol.
After cell pelleting with an IEC MICROCL 17 centre (Thermo electron corporation),
both the LEU2 transformant and themocktransformed heat shock controls were
resuspended in 200 pL-I8oth (synthetic media of yeast nitrogen base lacking amino
acids). All 200uL of the transformation mixture was spreadSD-LEU medium and the
+/- heat shock controls were first dilut&#@ 00Gfold in S-broth before spread plating 200
uL of thesel0* dilutions on solid YPD medium. These plates were incubated for 48 hours

at 30°C. Cell viability was calculated from the atient of colony forming units on the-+/
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heat shock control plateBrom the SBLEU transformation plates, 5 mL SCEU liquid
medium (2% w/v glucose) was inoculated with single colonies and incubated overnight at

30°C with shaking The resultant culturewere used forglJPF1 yeast glycerol stock

preservation.

To validate the putativgp U P stain, transformantsom the aforementioned SD
LEU plate were restreaked on new SDEU medium and incubated for 48 hours atG0
to ensure stable integration of thEU2 marker inb theUPF1locus on yeast chromosome
XIll. Confirming growth for a second time on the SEBU selective medium, single
colonies from the rstreak were inoculated into respective 5 mL-ISEJ cultures (2%
w/v glucose) and incubated 80°C for a 48hour perod with shaking. Assessing cell
morphology and sample purity via hemacytometer, the cultuzes grown to a ~1.8 108
cell density. Genomic DNA was extracted from a culture volume containing 2yeaét
cells with a Presto Mini gDNA yeast kit (Geneald)y f ol | owi ng t he ma
instructions. Final concentrations and purities of the etddagDNA from each sample
were assessed with biodrop analysis. Using 250 ng of yeast gDNA, primers flanking the
UPF1 locus (UPF1_KO_Confirm_F and UPF1_KO_ConfifRhdescribed inTable 4)
were usedn 50 pL PCR reactionconsisting of ¥ Q5 reactionbuffer, 1 mM MgC#t, 0.2
mM dNTPs, 0.5 uM of respective forward and reverse primer, Jarld Q5 DNA
polymerase Thermaycling conditionswere as follows98°C initial denatration for 30
seconds98°C denaturation for 10 second<l°6 annealing for 30 seconds, and 72°C
extension fo©®0 seconds witl85 amplification cyclesn total before 72°C final extension
for 2 min. The presenceor absence ofLEU2 marker within theUPF1 locus on

Chromosome XllI of the putativep U P Fydast straingvas determined by fragment length
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polymorphism: 5 pL PCR samples were electrophoresed on a 1% agarose gel at 115 V for
45 minutes prior to EtBr staining and transilluminatiarsingle bangresent at ~300bp

was interpreted as intatiPF1 (expected 3053 b amplicon) whereas a single band
between 1000500 bpwas interpreted as the strain having the smalEd2 marker
present at this locu@xpected 1231 bpmplicor), the latter outcome thus validated as

having an authentiqJPF1 genotype.

3.4i Establishment ofa dual-fluorescingstop codon-readthrough systemin S.

cerevisiae

Using the RpGPCR products described in sabapter 3.1, along withotnpetent
WT BY4742 andydJPF1lyeast cell aliquots prepared with the method inchdpter 3.2,
duakfluorescing stop codereadthrough systems were createl.icerevisiagia the yeast
transformationprocedure described in sgbapter 3.3. To assess the effect of nonsense
mediated decay on the function of the reporter system, RpG constructsamsfermed
into both WT BY4742 andpU P lyelast As aURA3marker was used for RpG selection,
and aLEU2 maker was previously inserted intdPF1 on Chr. Xlll of theqdJPF1 strain
selection plating on SDEU-URA medium was utilized for transformation into the
gJPF1 strain Selection platingpn SDURA was utilized for the reporter constructs
transformed into WT BY4742 yeast. All yeast strains created for this study are described
in Table 6. Glycerol stocks of all recombinant yeast strains were made and ste88dGt
Within the limited scopef this M.Sc. thesis, only single biological replicates of each

described yeast strain were prepared.

Using the yeast transformation protocol described previously, the pREG%H3

and pRS327%5up4 plasmids were respectively transfadrimreo the PUSTU2-TestqdJPF1
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and snR81TestqdlJPF1 strains created in this thesis, thus creating the-BRgest

Sup53 and snR8TIestSup4 suppressor strains describedTable 6. Additionally,
negative control strains were created by transforming pRS8p3%3 into the snR8TIest

JPF1 strain and pRS3ZZ5up4 into the PusW2-TestqdJPF1 strain, wherein the
suppressor tRNAs do not have the correct anticodons to decode the stop signals upstream
of EGFP (Table 6). As the pRS327 plasmids housing the suppressor tRNAs Hav&a
sdectable marker, suppressor strain transformants were selected by platinglWRASD

LEU-LYS medium(124).

Table 6: Yeast strains created for this study.

Yeast strain d-Synthase Enzyme Yeastreporter-strain
recruited by recognition genotype
reporter-strain element

upstream of
EGFP CDS

WT BY4742 N o -Synthase - MATU @HI S3

(WT S. cerevime) recruited (WT pPLYS2 @URA
control)

RpG N o -S§nthase - MATU RpG q
recruited (posive LEU2 @LYS
green and red OMET15
fluorescence
strain)

PUPF1 N o -s¢hthase - MATU @HI S3
recruited (NMD PURA3 @UPF
KO strain)

Pus7ZTestWT Pusr UGUAR-like (R | MAT U -Rus®@est

=G)(d138in pH!I S3 olLEUY

RPB1OMRNA) |(oMET 15
Pus7-PosWT Pus? Sense codon MATU -Ruys®Pos

positive control | pHI S3 oL E U

@oME B 1

Pus7-NegWT Pus7 Mutated MATU -Rys@Bleg

recognition pHI S3 o@LEU

sequence mOMET15

negative control
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Pus%TestqlJPF1 Pus7 UGUAR-like (R | MAT U -Rus®@est
=G)(d138in pHI S3 @LYS
RPB1OMRNA) |oqUPF1 @MET
Pus7-PosqlUPF1 Pus/ Sense codon MATU -Rus®Pos
positive control | HI S3 LY S
UPF1 @MET
Pus7-NegqlUPF1 | Pus7 Mutated MAT U -Rus@Bleg
recognition pHI ®BY S 2
sequence PUPF1 o@MET
negative control
Pus7U2-Test Pus7 UGUAR-like (R |[MATU -Rysb2-
qUPF1 =G)+sterAdoop | Test @HI S3
regionfromU2 |@pUPF1 @MET
sSnRNA(Q35 in
U2 snRNA)
snR5TestWT snR5guided AGCGAAUGA |MATU -&R%Fest
H/ACA snoRNP | UUAGA (1004 | pHI S3 oL EU
in 25SrRNA) (MET15
SNR5PosWT snR5guided Sense codon MATU -8p3Pos
H/ACA snoRNP | positive control | ppHI S3 ®@L EU
MET15
SNR5NegWT snR5guided Mutated MA T RpGsnR5Neg
H/ACA snoRNP | recognition pHI S3 o@LEU
sequence mOMET15
negative control
snR5TestqUPF1 snR5guided AGCGAAUGA |MAT UG-8hR5Test
H/ACA snoRNP | UUAGA (1004 | pHI S3 L YS
in 25S rRNA) UPF1 @MET
snR5PosqilUPF1 snR5guided Sense codon MA TRpGsnR5Pos
H/ACA snoRNP | positive control |pHI S3 @@L Y S
UPF1 @MET
snR5NegqdJPF1 | snR5guided Mutated MATU -8&R3Bleg
H/ACA snoRNP | recognition HI S3 @LYS
sequence UPF1 @MET
negative control
SNR81TestWT snR81guided UCAAACUUU |MATU -8ps3
H/ACA snoRNP | AAAUAUGUA |Test oHI S3
AGAAGUCCU |mpLYS2 oMET
UG (Q1052 in
25S rRNA)
snR81PosWT snR81guided Sense codon MATU -8pS3
H/ACA snoRNP | positive control ([Pos @HIUZ3
PpPLYS2 o@MET]
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SnR8ENegWT snR8Z%guided Mutated MATU -8ps3

H/ACA snoRNP | recognition Neg oHI S3
sequence pLYS2 o@MET,
negative control

snR81TestqJPF1 | snR81guided UCAAACUUU |MATU -8ps3
H/ACA snoRNP | AAAUAUGUA |Test oHI S3

AGAAGUCCU |@pUPF1 oMET
UG (Q1052 in
25S rRNA)

snR81iNegqlJPF1 | snR8guided Mutated MATU -8ps3

H/ACA snoRNP | recognition Neg oHI S3
sequence PUPF1 o@MET,
negative control

Pus?U2-TestSup53 | Sup53UAG UGUAR-like (R | MAT U -Rys@®2-
suppressotRNA | = G) + stemloop | Test pPRS32Bup53
targetingUAG regionfromU2 |pHI S3 @UPF
stop codon snRNA@35in |(oMET 15

U2 snRNA)

snR81TestSup4 Sup4UAA UCAAACUUU |MATU -8ps3
suppressotRNA | AAAUAUGUA | TestpRS327Sup4
targetingUAA AGAAGUCCU | ogpHI S3 oUPF
stop codon UG (Q1052 in PPMET15

25S rRNA)

SnR81TestSup53 | Sup53 UAG UCAAACUUU |MATU -8ps3
suppressor tRNA | AAAUAUGUA | Test pRS32Bup53
targeting an AGAAGUCCU |opHI S3 @UPF
incompatible UG (Q1052 in PPMET15
UAA stop codon | 25S rRNA)

Pus?U2-TestSup4 | Sup4 UAA UGUAR-like (R |[MATU -Rus®@2-
supprasor tRNA | = G) + stemloop | Test pPRS32Bup4
targeting an regionfromU2 | pHI S3 @UPF
incompatible snRNA@35in |(oMET 15
UAG stop codon | U2 shRNA)

3.5i Flow cytometry of yeaststrains

From SDURA (for reporter system variantsa WT BY4742 background) or SD
LEU-URA (for reporter system variants ingaU P Fbdckground) plates, single colonies
were used as inoculum for 5 mL YPD cultures (2% w/v glucose) incubatrdightat
30°C. The fdlowing day, all cultures were centrifugatl 3000x g for 5 minutegrior to
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cell resuspension in 4.8 mL YPD lacking glucose. s@Dmeasurements of each
resuspended cell culture were tak8ubsequentlytheseresuspendedell samples were
re-inoculated intoYPD (lacking glucose)Xo form 5 mL cultures (containing 1% w/v
raffinose) with arODeoo of 0.3.

Thecultures were incubated at“€with shaking for 5 hours prior to induction of
fluorescent reporter gene expression by adding galait@s®.8% w/v concentration. The
induced cultures wereft to grow overnight at 3€C with shakingincubation. Alongside
the yeast strains housing insert upstreamEGFP in the RpG system, a negative
fluorescence strain (either WT BY4742 qrU P Fygéast) and a positivBuorescence
strain, RpG, wer@reparedunder identical conditions. After overnight incubation, each
galactosanduced cell culture was washed three times in cold, phosph#fered saline
(PBS) solution. Yeast strains to be assdpeceatshock induced pseudouridylation by
way of Pus7 (PusTest, Pos7Pos, and PusRleg WT andp U P Btdains detailed iffable
6) were subjected to 1 hour of 45 heatshockwith shakingafter overnight galactose
induction. After this heat shock treagnt, the cells were washed as previously described

The relative green and red fluorescence of Q0D yeast cells from each strain was
evaluatedn flow cytometry assay conductedvith a BD FACS aria fusion instrument
provided bythe SynBridgeSynthetic Biology Marker Space at the University of
Lethbridge For these assays, fluorescein isothiocyaaeta (FITCA) and Phycoerythrin
TexasRedarea (PETexasRedA) filters were used to isolate green and red signal from
each yeast cell after indgti excitation at 488 nm and 561 nm, respectivelye
photomultiplier voltages used for signal detection frira forwardscatterarea, side

scatterarea, FITGA, and PETexasRedA filters are given inTable 7. For the set of test,
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positive, and negativeontrol snR5 reporter strains witlg@PF1yeast background, three
technical replicate assays were carried aftér overnight galactose induction and one
follow-up assay was conducted 3 hours jgadactose induction. For the remaining Pus7
and snR81 repter strains and corresponding controls in wild type@d&®Flyeast, only

a single flow cytometry assay wasntlucted(one technical replicatefFlow cytometry
assays for the Sup53 and Stgebed nonsense suppression control strains were also
conductednly a single time.

Red and green fluorescenrkistograms and red vs. green dot plot analyses were
generated foeach yeast strain using FlowJo software (Tree Staryelect for yeast cells
that only exhibited a high level of Ruby2 signal expression, a gating step was performed
during data analysis. The red fluorescence histogram &iher awT or qoU P Fydast
strainanalyzed on the same day as the reporter stn@ssompared to thed fluorescence
histograms from the test, positive, and negative reporter strain variants. From this
histogram overlay, a data subset was created that excluded BngfdhE test, positive,
and negative strains that overlapped vite WT or pU P Fyle a sed dumrescence
distribution. The cells that passed this Rubgkction stepvere then included in the final
flow cytometry analysigAppendix 2)

To quantify he magnitude of the green fluorescence signals emitted by the snR5
TestqpU P Rethnical replicatesEGFP foldchange values were calculated wherein the
median FITCGA intensity of the snRF estep U P tiainof each replicate was divided by
that of the corrgponding snR#Negg U P FEdntrol strain in each replicate. Additionally,
the percentagef EGFP fluorescence recovered in the siikStqpU P Rardd snRENeg

U P Feporter system=lative to that othesnR5Pos-qpU P Ppdsitive control strain was
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calculated sing the median FIT values for each strain and averaged actiosthree
technical replicates to give the EGFP signal recoxe®p for the snRSestqpU P Farid
snR5NegU P Byktems.

Table 7. Photomultiplier voltage settings for the flow cytometry assg conducted in
this study. The forwardscatterarea (FSEA), sidescatterarea (SSEA), fluorescein
isothiocyanatarea (FITCA: green signal detection), and HExasRedarea (PETexas
RedA: red signal dedction) photomultiplier voltages for each flowtometry assay
conducted in this thesis.

Flow cytometry experiment FSC-A | SSC-A |FITC-A PE-Texas
N ) Red-A
Positive con.trol repor.ter system 274 363 495 1000
(Figure 8C)
Pus7 activity at 30°C and 45°C ina WT
and AUPF1 background 25 175 380 300
(Figures 10 and 12)
s T Tect/
Pus7 actvity m Pus7 LT Test-AUPF1 25 176 519 560
reporter system (Figure 13)
snR81 H/ACA snoRNP activity in a WT
i 25 17 380 500
and AUPF1 background (Figure 14) > ? ?
snRS H/ACA snoRNP activity ina WT
Y 25 <
background (Figure 15) = 175 380 300
snRS H/ACA snoRNP activity in a
AUPF1 background following overnight 25 175 380 500
induction-replicate 1 (Figure 16)
snR3 H/ACA snoRNP activity in a
AUPF1 background following overnight 25 176 519 360
induction-replicate 2 (Figure 16)
snR5 H/ACA snoRNP activity in a
AUPF1 background following overnight 20 150 460 600
induction-replicate 3 (Figure 16)
snRS H/ACA snoRNP activity in a
AUPF1 background 3 hours post- 25 175 380 857
induction (Figure 16)
Stop’ codon readth.roug_h “Tth. Sup4 and 20 150 460 600
Sup53 suppressor tRWNAs (Figure 18)
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3.6 Western blot analysis of EGFP expression

The snR5TestqpU P FshR5PosgpU P FshR5NeggU P FahdgpU P Fydast
strains Table 6) werecultured and induced for fluorescent protein expression as described
in subchapter 3.5. After overnight shakugcubation at 3%C following galactose
induction, cell pellets we harvested from ea&mL culture and resuspended in 1 mL 0.2
M NaOH. Thesamixtures were incubated at room temperature for 45 minutes prior to
centrifugation, pellet resuspension in 150 pL 1x SDS running buffer (16.7 mMHTtis
(pH 6.8), 3.3 mM 2Mercgtoethanol, 2.5 mM EDTA, 1% SDS, 0.03% Bromophenol blue,
10% glycercol), anddiling for 3 minutes. The boiled mixtures were pelleted a final time
before 30 pL of supernatant from each sample were loaded onto aR/SBE gel (6%
stacking layer, 12% resohwy layer) alongside a purified GFP standard in amounts of 19.8
and 79.3 pmoltbe purified GFP sample was kindly provided by Luc Roberts). Four pL of
EZ-Run PrestaineRecProtein Ladder (Fisher Scientific) was loaded onto the gel as a size
control. SDSPAGE was subsequently conducted at 100V for 45 minutes and then at 180V
until the dye front migrated to the bottom of the gel. The protein contents of the gel were
affixed to a nitrocellulose membrane via vixtnsfer at 100V for 1 hour in transfer buffer
(48 mM Tris, 39 mM Glycine, 0.037% SDS, 20% methanol, pH 9.2, cooléttp This
membrane was subsequently incubated at room temperature for 30 minutes in 10 mL
blocking buffer (5% wi/v skim milk, 1x TBS, 0.1% Tween 20) before being washed in 2x
TBS for 2 min. The membrane was incubated in a 1:1000 dilution of@GRE antibay
(10 mL blocking buffer, 10 pL antGFP antibody ab6556 (Abcam)) overnight & 4After
three consecutive washes in 10 mL 1x TBS, 0.1% Tween 20, the membrane was incubated

in a 1:100ilution of secondary antibody (10 mL blocking buffer, 10 puL goait-eatibit
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IgG H&L (HRP) antibody ab205718 (Abcam)) at room temperature for 1 hour.
Subsequently, the membrane was washed twice in 1x TBS, 0.1% Tween 20, and once in
1x TBS prior to chemilminescent development. Development consisted of incubating the
membrae with activated luminol solution: 110 pL of 91 mMcpumeric acid (prepared

in DMSO) added to 25 mL luminol solution (100 mM TFHEI pH 8.5, 11.3 mg luminol
dissolved in 0.25 mL DMSQgnd then combined with 5 mL2B2 solution (100 mM Tris

HCI pH 8.5, 006% v/v RO2). After a Sminute development time at room temperature,

the membrane was visualized by an Amersham Imager 600 instrument (GE Healthcare).
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Chapter 4i Results

4.1i Design of a fluorescencéased yeast reporter system to assay for pseudouridine

synthase activityin vivo

In analogy to the RNAD reporter for RNAcis-regulatory elements designed by
Dean and Grayhack, the pseudouridine reporter system conssts@iomac Ruby?2
gene and a yeast optimized enhanGé&d gene under the control of a galactasaucible,
bidirectional promoterGAL1,10 (118). On the genetic level, the fluoresceii@sed
reporter system exists as a single copy integratedhietgeas 6 s g e n dWBELS at t h «
locus on chromosome XII. ARA3marker is used to select for yeast colonies that have
successfully integrated the reporter constreajyre 6A). Situated between tH@AL1,10
promoter and th&aGFP gene is an intervening seepce consisting of aEF1 gene
fragment and a 2A peptide. ThHEFlgene fr agment encodes the !
terminal amino acids of translation elongation factoAfpendix 3. In the Nterminal
sequence, there is a Lys3 to Leu mutation such thatigque Xhol restriction site is
introduced. Immediately folloing the TEF1 gene fragment is a sequence encoding the
foot-andmouth disease virusFMDV) 2A peptide. This ciacting hydrolase element
possesses a DXExNPGP motif that induces a translatitalbinswhich a peptide bond
fails to form after the incorporian of glycine into the nascent peptide and before the

incorporation of proling127).

The fluorescencbased reporter system is programmed to detgasteudouridine
synthase by insertioof a substrate recognition sequence belonging tpskadouridine
synthasef interestat the Xhol cut siteln the resultant reporter constt, the target uridine

within the recognition sequence occurs in afframe stop codon context. Once the
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reporter system is transformed into yeast and the strain is induced with galactose,
transcription of mRuby2 and EGHRRRNA occurs. While there are mabstructions to
mRuby?2 translationgomplete translationf the EGFP transipt is contingent upon the
recruitment of a pseudouridine synthase to its recognition element and the subsequent
modification of the stop codeembedded uridine to pseudouridirtégure 6B). If this
modification occurs, translational readthrough of theugearidylated stop codon will
allow for green fluorescent protein to be expreg9&d Once translation proceeds past the
modified stop codon, the 2A peptide sequence immediately upstreant=@ firerepater
generesults in nascent peptide release before the ribosome continueE®RRecoding
sequence, thus eliminating aré&rminal tag on thEGFP reporter that could interfere with
protein folding and subsequent fluorescence. The level of green afhgoredcent output

from the reporter system is determined by flow cytometry analysis.
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RUBY2 /7 =Y URA3 [—{METIS|

,- Prevention of EGFP reporter expression by premature termination codon

s cop— 5o AT

ACA
L Stop codon modification by pseudouridine synthase

s cop—{TAA A

A3 . -
* EGFP expression recovered by nonsense suppression

Figure 6. Design of a fluorescencebased yeast reporter system to assay for
pseudouridine synthase activityin vivo. (A) Schematic representatioof the duat
fluorescence reporter construct encoding monomeric Ruby?2 and yeast opemizetted

green fluorescent protein (EGFP) under control of-difgictional, galactoseducible
promoter (pGal 1, 10). A short sequence (TEGpstream of the EGFRRporter contains

a premature stop codon embedded within the recognition element of a pseudouridine
synthase(B) Upon recruitment of a pseudouridine synthase to its cognate recognition
element, modification of the stop codembedeéd uridine will lead taeadthrough during
subsequent translatioA. 2A self-cleaving peptide sequence between the premature stop
codon and EGFP coding sequence causes a ribosome skipping event, releasing the nascent
peptide resulting from stop codogadthrough before EGFP iamslated. EGFP and Ruby?2
expression is detected by green and red fluorescent signal emission by flow cytometry.
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4.2i Workflow to construct yeast reporter system variants to assay for different

pseudouridine synthaseactivities

Construction of a yeast perter system variant begins with pFAlak-
yomRuby2pGalyoEGFP (pRpG) plasmid used feequence antigation-independent
cloning to insert a target sequence. Xhol restriction and subsequent T4 DNA polymerase
mediatek 3 g chew back mrdaweshl|l +B@ant zedi pglas
for sequence antigation-independent cloning123). Annealing of sense and antisense
oligos encoding a recognition sequence for a natural substrate of a pseudouridine synthase
yields a double stranded DNA molecule with ~3®nt over hangs compl e mé
chewed back pRpG plasmid. Inculoatiof this doublestranded insert with the pRpG
vector in a DNA assembly reaction createsranitro recombination intermediate. Upon
transformation intd. coli, t he ¢ el |nérgcompieesathe DNATapaihprocess
thus vyielding a recombinant pBpplasmid encoding a recognition sequence for a
pseudouridine synthase. Using this methodology, the natural substrates of three
pseudouridine synthases were inserted upstredf®G6P in the reporter system: a region
from 25S rRNA recognized by the snR5 KJA snoRNP for( 1 @ @brmation, a region
from 25S rRNA recognized by the snR81 H/ACA snoRNPQdtr @ formation, and a
region fromRPB1OmMRNA recognized by Pus7 for pseudouridine formadibsite 13§87,
25, 12§ (Figure 7). A complete list of the oligonucleotides usedgequence arigyation-

independent cloning is given Table 4.

Using primers wittMET15s e quence homol ogy arms attac
reporter system programmed to a specific pseudouridine synghB€Riamplified using

the pRpG plasmidiariantas template. Transformation of the linear product into yeast
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triggers the homologous recombination pathway wherein the reporter system is integrated

into theMET15locus on chromosome XlI of the yeast gendiFigure 7).
- [ ]

pFA6a-link-yomRuby2-pGal-yoEGFP-URA3

l Vector restriction at Xhol cut site
AAAGCGAATGATTAGAGGTTCCGGGGTCG snR5— 25S rRNA
TCAAACTTTAAATATGTAAGAAGTCCTTG snR81— 258 IRNA
AAAAGATACTGCTGTAGAAGAATGATTCT. Pus7— RpB10 mRNA

Sequence and ligatieindependentloning of pseudouridine
synthase recognition sequences

METLS
RUBY2 PGal 1,10 £
METIS

¢ PCR with MET15 homology
primers

Cl. 3l | S | Cha 301

Integration of fluorescent reporter construct
into yeast genome

Figure 7. Workflow to construct yeast reporter system variants to detect different
pseudouridine synthase activitiesUsing sequence andlgation-independent cloning,
short oligo sequences corresponding to natural substrates ofasitR&NR81 H/ACA
snoRNPs as well as standalone pseudouridine synthegenere inserted upstream of
EGFPin the pFA6aink-yomRuby2pGaltEGFRURAS (pRpG) plasnd using a unique

Xhol restriction site. Blue letters indicate the pseudouridine synthase rtBmogequence

and the gold letter indicates the targeted uridine (T in DNA) in a stop codon context. From
the resultant plasmids, the dilorescent reportesystem is PCR amplified with primers
containingMET15sequence homologyrmsappended to thelr @ €Suabdesgjuently, these
PCR products are transformed into yedséretheyarei nt egr at ed i nto t he
DNA by homologous recombinatiatthe MET15locus on Chr. XiII.
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4.3i Red and green fluorescence detection from a positive control yeastporter

system

Prior to creating a yeast reporter strain attuned to the activity of a pseudouridine
synthase, a positive control strain lacking insert upstreaBGFP was generated to
characterize the red and green fluorescent output of the repormsydsing primers
containingMET15s equence homol ogy arms on their 5aqa
system lacking insert upstream BGFP from the pRpG plasmidsiexpected to yield a
PCR product of 4336 bp. 1% agarose gel electrophoresis reveals the presence of a single
band betweerl000 and 5000 bp after thermocycling, corresponding to the amplified
reporter construct. This band persists after a PCR purificstigprto clean up the amplified
product Eigure 8A). Transformation of the PCR purified reporter construct into yeast
resuts in its homologous recombination into M&T15locus on chromosome XlI of the
y east 0 sFigyre 88bh Toechalacterize the fluescent output of the reporter system,

a BY4742 wild type yeast strain, uninduced reporter strain, and gakucths®d reorter

strain were cultured and subjected to flow cytometry analysis.

During flow cytometry analysis, yeast cells in suspension @resed through a
nozzle whereupon they pass through a laser beam one cell at a time. As a single cell
intercepts the lasgtt is simultaneously excited by 488 and 561 nm light, corresponding to
the excitation maxima of EGFP and mRuby2. A series of chaumehe flow cytometer
each composed of a filter and photomultiplier tube (PMT) subsequently detect light of
specific waelengthsemittedfrom the cell. The FITEA channel detects the light emitted
by EGFP (emission max. of 507 nm) and theTe&asRedA channel detects the light

emitted by mRuby2 (emission max. of 600 nm). The EGFP and mRuby?2 signal intensity
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from an analyed yeast cell population is then visualized in the form of a fluorescence
histogram wherein cell count is plotted against the EGFRRarby?2 signal intensity, given

in arbitrary units, of each cell analyzed. Furthermore, the relationship between the mRuby2
and EGFP signals of the yeast population can be observed via dot plot analysis wherein the
mRuby?2 signal from each cell is plottedaatst the corresponding EGFP signal from the

same cell.

The BY4742 wild type yeast distributions in the EGFP and mRlbg2escence
histogram overlays establish bdses values for zero green and red fluorescence, with a
median EGFP signal of 168 amaity units (a.u.) and a median mRuby?2 signal of 1165 a.u.,
respectively Figure 8C). Relative to the wild type strain, tlielorescence distributions
for the uninduced reporter strain are shifted to slightly higher fluorescence intensities in
both the EGFRand mRuby?2 fluorescence histogram ovedajise median EGFP signal
for the uninduced reporter system is 302 a.u. and #dian mRuby?2 signal is 3395 a.u.
Although this strain was not deliberately induced with galactose, a low level of induction
likely ocaurs from a residual amount of galactose present inrlkefinedYPD media in
which the cells were cultured, resultingimme uni nduced reporter st
red and green signal above béise. Compared to the wild type and uninduced regyor
strain controls, the induced yeast reporter strain exhibits a distinct fluorescence shift in both
the green and redggial channels. As shown in the EGFP fluorescence histogram overlay,
the induced reporter str ai iménsityaf8d/8lapmpul at
the mRuby2 histogram overlay, the induced
signalintensity of 64764 a.uF{gure 8C). The dot plot analysis reveals a critical feature

of the reporter system. As EGFP and mRuby2 esgion are controlled by the same
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promoter GAL1, 10, the green and red signal intensities observed through flow cytomet
are correlatedl a high level of mRuby?2 signal (hence mRuby?2 expression) is accompanied
by a high level of EGFP signal (henE&FP expression) in the yeast reporter system

(Figure 8C).

Of additional note are the magnitudes of the green and red fluocessiafts from
the induced reporter strain relative to the control strains; the median mRuby?2 signal from
the induced reporteystem is one order of magnitude greater than the uninduced reporter
system (64764 a.u. vs. 3395 a.u.) and the median EGFP sgmathe induced reporter
system is two orders of magnitude greater than the uninduced reporter system (39781 a.u.
vs. 302 a.|. Thus, especially in the case of EGFP reporter expression, there exists a large
dynamic range between no reporter expressioth imduced expression suitable for

detection of changes in fluorescent signal output over two orders of magnitude.
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Figure 8. Red and greerfluorescencedetectionfrom a positive control yeast reporter
system.(A) Using thepRpG plasmidas templatethe bidirectionalRpG fluorescence
construct was PCR amplified with primers containMBT15 sequence homologgrms
appended t olrhaPR praducbivas visualtzed by agarose gel electrophoresis
The expected amplicon size is 4336 [B) Schematic representation BpG reporter
construcintegrationnto theMET15locus on Chr. Xll by homologous recombinatigyon
transformation of th&CR product into yeastC) Flow cytometryof the positive control
yeast strain expressing both mRuby2 and EGfdast cellsvere analzed for red and
green fluorescence in a BD FACS Aria fusion instrument. Thenistibgramdepicts cell
count vs. relativgreenfluorescence detected withFaT C-A filter for wild type, induced,
and uninduced reporter straifhemiddle histogramshowscell count vs. the relativeed
fluorescence detected withP&Texas RedA filter. The rightoverlay presents the red vs.
green signaexpression dot plots for the wild type, inédg and uninduced reporter strains.
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