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Abstract

Located on the 5’ untranslated regions of bacterial messenger RNA, riboswitches are
regulatory structures that are responsible for the modulation of genetic expression through
ligand-dependent binding. Inclusive of two components, the riboswitch will probe its
environment without the aid of an additional protein or DNA structure to sense and attach a
specific metabolite to the region known as the upstream aptamer domain. The downstream
expression platform then endures changes in its folding pattern to adopt one of two secondary
structures, resulting in either the inhibition or continuation of MRNA production. Due to its
smaller size, the B. subtilis pbuE adenine-responsive riboswitch has been the focus of many
previous studies that sought to determine how the tertiary structure of the aptamer domain allows
for tight binding with high specificity. The expression platform, however, is similarly interesting,
as it participates in strand invasion in order to produce a transcription terminating hairpin that is

rho independent.

Through the mutagenic cloning of a novel pbuE variant named NH5, the investigation
into the reduced nucleator Hairpin-Stem library containing 6 randomized nucleotides revealed a
strict preference for genetic base pairing proximal to the L4 loop. Additionally, the data suggests
that weak A-U and G-U interactions or even non-canonical coupling between the nucleobases
furthest from the polyuridine tract is tolerated if supplemented with three strong Watson-Crick
pairs. Paving the way for the creation of additional synthetic riboswitch structures, the robust
screening of the P4 region allows for a more thorough understanding of the fundamental
requirements that promote the formation of the terminator helix and the subsequent mechanism

of strand invasion.



Disclaimer

The following study was, in part, a collaboration between multiple undergraduate
students at CU Boulder under the direction of Dr. Robert Batey. Due to the substantial laboratory
requirements and the immense volume of work necessary to develop an expansive understanding
of the B. subtilis pbuE riboswitch, a collective organization was developed. Subsequently, a
select group of figures that are highly specific to the foundation of the project are identical to
those in previous studies. Each participant fronted an individual investigation into a unique
structural division of the principal riboswitch, and as such, were required to operate under similar
laboratory conditions. While the P4 Hairpin-Stem library has been previously discussed in theses
by Alexandra Brown and Lisa Hansen, the data set was incomplete and thus required a more
intensive inspection. Additional students who have taken part in the mission to better integrate
undergraduates into research laboratories include Mia Kim, Matthew Payne, Peyton Roeder, and

Parker Jules.



|. Introduction
B. subtilis as a Model Organism

The Gram-positive, catalase-positive bacterium Bacillus subtilis is a highly responsive
model organism popularly utilized for research in bacterial chromosomal replication, genetic
regulation, and cellular differentiation. Due to rapid fermentation cycles, genetically stable
expression systems, and a single cell membrane that helps to abridge downstream processes and
assist protein secretion, the bacterium is extremely adaptable and favored in various laboratory
applications®. Containing a single circular chromosome, B. subtilis is replicated bidirectionally
from the origin and develops with overlapping cycles in rich media, much like its Gram-negative
counterpart, Escherichia coli. Using a growth rate-dependent cell cycle model, replication
initiation may occur simultaneously at several origin sites, allowing for a new round to be
prompted before the termination of the previous?. Although similar in rates of propagation, the
Firmicute B. subtilis is evolutionarily distant from the y-Proteobacteria E. Coli, with distinctions

extending far beyond their relative replication initiation complexes.

According to the tenets of the central dogma of molecular biology, the transmission of
genetic information from DNA to RNA to protein is a necessary action for all units of life®.
Genetic regulation of transcriptional and translational processes is therefore heavily controlled to
maintain an organism’s homeostatic equilibrium. Within the DNA-focused Escherichia coli
regulatory system, coupled transcription and translation is a distinguishing characteristic of
genetic expression. RNA polymerase (RNAP) is physically and kinetically united with the
initiating ribosome, forming a signal-integration complex where messenger RNA transcription is
paired with a trailing ribosomal unit. This proximity between RNAP and the pioneering

ribosome allows for transcriptional attenuation at operon leaders and Rho selective suspension



within coding regions®. Conversely, Bacillus subtilis participates in a runaway transcription
model in which RNA polymerase is indifferent to translational regulatory systems (Figure 1).
Similarly controlled by transcriptional attenuators at the operon, fundamental mechanisms within
the Gram-positive bacterium are largely dependent on RNA-binding proteins and riboswitches-
not a lagging ribosome®. The fundamental division of transcription and translation within
Bacillus subtilis therefore allows for simplified biochemical manipulation of genetic expression

and regulation at the transcriptional RNA level.
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Figure 1. Schematic showing systems of translation-coupled transcription, prevalent in E. coli, and
runaway transcription, common in B. subtilis. In Translation-coupled transcription, the Ribosome
physically attatches to RNA Polymerase, allowing translation to initiate without the conclusion of
transcription. The emerging mRNA is bound by the ribosome, producing an ‘RNAP-nascent mRNA-
ribosome’ center that promotes various methods of translation-controlled termination of transcription. In
the runaway transcription model, RNAP outpaces the ribosome, evading imeadiate translation and
allowing for intrinsic transcription terminators to be more widespread. Taken from (4).

Various RNA Regulatory Mechanisms of Genetic Expression

Vital to the transmission of sequence information among nucleic acids, the control of
transcription by non-coding regulatory messenger RNAs through both cis and trans mechanisms
modify nearly all procedures encompassed in the central dogma, including mRNA degradation,
protein function, and protein stability. Possible methods of RNA regulation consist of, but are
not limited to, the targeting of mMRNA by antisense oligonucleotides, interactions with proteins
through allosteric inhibition, RNA interference, and the formation of complex structures, like

Riboswitches, to induce attenuation®. The creation of intrinsic terminators is a consequence of




the current conditions and needs of the cell, with RNA acting as a highly specific biosensor and

forming various local conformations to enable RNA polymerase dissociation.

Rho-Dependent Transcription Attenuation

Requiring both cis and trans transcription elements, Rho-dependent termination is a
genetic regulatory mechanism in which Rho, a homo-hexameric protein, binds to mRNA at the
Rho utilization site (rut). Dependent on the presence of C-rich and G-poor sequences, the rut site
typically lacks an extensive secondary structure. Transcription is terminated in the distal region
at multiple transcription stop points (tsp) using a ribosome free sequence of at least 85-97
nucleotides. After loading onto the mRNA at the binding position, Rho activates the ATP
dependent RNA-DNA helicase to propel itself in the 5’ to 3’ direction towards the polymerase
pause site. Various Rho-dependent termination factors also interact with Rho, such as NusA,
NusB, and NusG, to help release the subsequent terminated transcripts’. Due to its pervasive
runaway transcriptional model, however, the B. subtilis bacterium only allows Rho to selectively

terminate operons and remove antisense RNAs without being influenced by translation®,

Feedback Inhibition and Rho-Independent Transcription Attenuation

Succeeding transcriptional initiation and occurring between the promoter region and
operon, attenuation independent of the accessory protein Rho is contingent on the establishment
of a stable hairpin secondary structure. The G-C rich symmetrical dyad sequence prior to the site
of termination is supplemented by a polyuridine tract at the 3’ terminus that induces the
interruption of RNAP®. In Bacillus subtilis, the tryptophan gene cluster trpEDCFBA is similarly
moderated by the formation of an alternative RNA secondary structure®. As an example of a
negative feedback loop, the activation or inhibition of the trp operon through an attenuation

mechanism is a direct response to the quantity of tryptophan in the immediate environment.



When limited, the transcription and translation of the trp genes is completed in order to
biosynthesize the necessary enzymes for tryptophan production. However, in tryptophan rich
conditions, the 11-subunit RNA-binding protein TRAP (trp RNA-binding attenuation protein)
binds the growing RNA and inhibits the development of the anti-terminator structure. Instead,

the attenuator forms, inducing transcription termination (Figure 2)1%L,
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Figure 2. Facilitated regulation of transcription and negative feedback loop by the trp
RNA-binding attenuation protein (TRAP). When tryptophan is limited in the environment, the
anti-terminator is formed and allows the formation of the trp operon. In the presence of excessive
tryptophan, however, TRAP binds to the emerging RNA and advances the establishment of the
terminator. Displayed as a hairpin loop with a rich G-C stem, the 5’ region of the terminator
highlighted in a dark black box are the residues that overlap between the TRAP binding site and
the terminator. Taken from (10).




The Riboswitch

As essential non-coding regulatory segments, riboswitches modulate gene expression
through the immediate binding of small, intracellular metabolites. Located in the 5’-untranslated
region of bacterial MRNAsS, the structure of a riboswitch is inclusive of two primary regions: the
aptamer domain (where the ligand-binding pocket resides) and the regulatory domain (also
known as the expression platform). The joining of the targeted ligand to the receptor is
successful in the absence of additional protein factors, and the RNA alone utilizes a cis-
mechanism to execute genetic control and chemical recognition with high specificity*2. Among
wide variation, the thiamin pyrophosphate (TPP)-binding riboswitch is the largest class of
molecule-sensing RNAs identified in not only archaea and bacteria, but also in plants, fungi, and
algae®®. Defined by the highly specific nature of the receptor, all other classes of riboswitches are
restricted to the prokaryotic domain with a broad assortment of ligand preference, aiding in the
biosynthesis of various molecules including metabolites like purine, and vitamin derivatives such

as cobalamin.

A vital characteristic of the hypothesized ‘RNA world’, the riboswitch’s ability to
recognize and respond to the surrounding environment without DNA or protein contribution
suggests their evolutionary descension from an ancient regulatory system*?°, The mechanism by
which riboswitches regulate their respective gene expression further depends on a bacteria’s
taxonomy, with Gram-positive firmicute riboswitches acting as attenuators at the transcriptional
level, and Gram-negative y-Proteobacteria controlling translation initiation by exposing or
obstructing the ribosome binding site (also known as the Shine-Dalgarno sequence)**.
Transforming into compact RNA conformations, riboswitches can contain a primary base stem, a

central loop, and several branching hairpin formations. Therefore, they are categorized both by



the type of ligand they bind, and their subsequent secondary structure!’. As roughly 2% of the
genes in the Bacillus subtilis bacterium are modulated by riboswitches, the investigations of
genetic expression in the Gram-positive model organism have examined a wide variety of
riboswitch classes, beginning with those that aid in the repression of the riboflavin operon®.
Although originally thought to be the result of regulator proteins RibC and RibR, both substrates
modulated the rib operon indirectly, as flavokinase activity helped to decrease flavin
mononucleotide concentration. Instead, evidence of both transcriptional attenuation at the 5°-
untranslated region and the conservation of upstream sequences with the ability to fold into

alternative, complex secondary structures were present!4.

With the ability to be exist in either structural region, the incorporation of a switching
sequence into the aptamer domain or the expression platform is highly dependent on ligand
binding, and subsequently determines the mRNA’s expression result (Figure 3). When integrated
into the aptamer domain, the expression platform transforms into a Rho-independent
transcriptional terminator stem-loop that causes RNA polymerase to abort. Conversely, if the
switching sequence is inserted into the expression platform, an anti-terminator stem-loop is
produced, allowing transcription to advance. Although some classes are exclusively conditional
to ligand concentration and operate thermodynamically, a high percentage of riboswitches also
function under kinetic control and fail to reach equilibrium. As such, the ability of the riboswitch
to modulate transcription is contingent on the rate of RNA polymerization and overall ligand

association®®. The genetic outcome made by the riboswitch is therefore irreversible.
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Figure 3. Mechanism of a generalized riboswitch. (A) The domains of the riboswitch are
arranged as overlapping sequences in the mRNA transcript, with the aptamer domain (green)
preceding the expression platform (blue). Nucleotides that may base pair in either structural
element are conveyed by the red bar. (B) Throughout the transcription of the riboswitch, the
binding site may be occupied by the ligand (cyan) or left empty, creating the terminator or anti-
terminator in the expression platform. If the switch turns off, RNAP disconnects from the
MRNA. Taken from (15).

To allow for sufficient binding, the kinetically controlled riboswitch requires a ligand
concentration greater than the dissociation constant (Kp)'®8. When concerning the order of
synthesis throughout transcription, the aptamer domain is the first element of the RNA to be
created and folded, producing a ligand binding pocket. The RNA polymerase is then temporarily
stalled at the pause site, permitting the riboswitch to recognize and respond to the cellular
environment. Dependent on the speed of ligand binding, the switching sequence is integrated

into either the aptamer domain or the expression platform, resulting in the respective terminator
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or anti-terminator stem-loop structure. As RNA polymerase transcribes at approximately 100
nucleotides per second, the concentration of ligand must sufficiently allow for the rapid binding
of the metabolite to the aptamer domain in order to create the Rho-independent attenuating

secondary structure®®.

The pbuE Adenine Responsive Riboswitch

The purine family is a commonly studied binding class of riboswitch that is associated
with various ligands and their analogs, including nucleotide derivatives and coenzymes. Serving
as a model by which the mechanism of ligand recognition can be examined, the three-way
junction seen within the purine responsive aptamer domain is composed of three paired helices
(labeled P1, P2, and P3) that contain scarcely conserved, Watson-Crick base paired sequences?.
On the other hand, the subsequent joining regions (J1/2, J2/3, and J3/1) and capping hairpin
loops (L2 and L3) have a pattern of nucleotide conservation that suggests a functional
importance. Facilitated through the coaxial stacking of the P1 and P3 regions to form an
unbroken helix, the tertiary structure of the binding pocket is created when the L2 and L3 loops
form a pseudoknot. As the structure folds, P2 and P3 are brought together to form the recognition
site, and the various junctional regions are used in stabilizing interactions with the ligand (Figure

4y,

Due to the highly conserved nature of the RNA sequencing and the stringent requirement
of specificity at the binding pocket, the aptamer domain has been the focus of many previous
investigations. In B. subtilis, the xpt-pbuX guanine riboswitch and the pbuE adenine responsive
riboswitch were the foremost members of the purine family to be discovered and extensively
studied?!. Although similar in sequence and secondary structure when concerning their

respective binding pockets, the adenine responsive riboswitch exhibits a cytidine (C74) to
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uridine (U74) mutation in the J3/1 joining region that proposes its involvement in ligand

recognition?’. Many elements of the expression platform, however, remain misunderstood, as

wide variability within the RNA sequence can lead to similar results in regulation. Consequently,

this study focuses specifically on the expression platform of the pbuE adenine responsive

riboswitch in order to further investigate various structural interactions between either domain

that allow for successful transcriptional modulation.
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Figure 4. ON and OFF conformations of the wildtype pbuE adenine responsive riboswitch.
(A) The ON secondary structure includes the adenine ligand bound to the aptamer domain to
promote the formation of the anti-terminator. (B) When there is a lack of adenine in the
environment, strand invasion occurs and the terminator hairpin-loop (P5) is formed. RNA
polymerase then disengages with the sequence and transcription is repressed. Taken from (22).

Advantages of utilizing the pbuE adenine responsive riboswitch as a model system are

abundant. Like others in the purine family, pbuk

contains a simple structural design that results

in predictive behavior and a resistance to misfolding®2. Furthermore, the riboswitch is highly

tolerable to adenine analogs, such as 2-aminopurine (2AP), that are less metabolically utilized

and not as harmful to an organism in higher intracellular concentrations. Finally, the pbukE
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riboswitch, in encoding for the removal of excess toxic adenine through the genetic modulation
of the purine efflux pump, functions as an on switch in the presence of the adenine ligand. Thus,
in the unbound state, the creation of the purine efflux pump is repressed by the premature
attenuation of the transcriptional sequence?. The riboswitch is therefore kinetically contingent
on both the concentration of ligand in the cellular environment and the ability for the aptamer

domain to rapidly fold throughout transcription.

Conformations and Known Mechanisms of the NH5 Variant

While various riboswitches have been commonly explored since their initial 2002
discovery, numerous guestions about what allows successful genetic modulation by the RNA
component remains. An effective riboswitch has an increased difference between expression
observed in the on state versus the off state, and although leaky expression is probabilistic, the
system’s ability to accurately modulate a gene is ultimately restricted by an amplified expression
at the basal level. Hence, an insight into the riboswitch’s sequence, specifically within the
expression platform, is required to understand how the system effectively adjusts transcription

with or without the binding of a ligand to the aptamer domain.

This study utilizes a previously engineered riboswitch modeled after the structure of the
pbuE adenine responsive riboswitch. Obtained through a mutagenic process, the regulatory
system, referred to as NH5, was created by Batey and Drogalis with the intent of both
simplifying the wildtype and further identifying the regions of the pbuE expression platform that
directly influence an effective secondary structure (Figure 5)?2. Exhibiting far greater ligand-

control mechanisms than the original model, the shortening of the pre-aptamer sequence to
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reduce mis-folding and the alteration of the P1 and P4 regions allowed for an overall improved

riboswitch.

clUc Figure 5. The Anti-Terminator loop
| G A- of the NH5 Variant. In contrast to the
GA GG c original pbukE wildtype, the NH5
e ﬁ Adenine g AGg, . CC variant contains a minimized
A LEC S T expression platform and shortened
A, A nucleator helix that lacks an internal
hexa-uridine tract bulge. As the focus of this study, the
Nucleator Helix hairpin stem-loop, P1
AAaucAGG,  Helix, and hexa-uridine tract are
labeled. The P4 region also includes
v four canonical GC base pairs at the
I stem and six uridines within the loop.
LU 1 MNucleator Designed in the Batey Lab based on
Helix Drogalis and Batey (22).

I
2
@

coc»
>>0»
—

P1 Helix

0
1
OZD
=1
QO0®
OOO0

3-

Structure

In comparison to the 4.5-fold induction value of the pbuE wildtype found in Bacillus
subtilis, the NH5 variant presents a dramatic increase to 120-fold induction when transformed
into Escherichia coli. Inclusive of an unchanged aptamer domain, NH5 also contains a simplified
“nucleator helix” that truncates the original P4/L4 region of the wildtype to only include 4 GC
base pairs. The hexa-uridine tract was also decoupled from both P4 and P1 and moved to expose
L4, thus eliminating the internal bulge. Finally, the 11 nucleotides of the pre-aptamer sequence
were deleted to improve the overall expression of the purine efflux pump in the presence of a

2AP ligand?.

Strand Invasion

The course by which both the pbuE wildtype and the minimized NH5 design disrupts
base pairing and forms the competing intrinsic terminator is a process called strand invasion.

Throughout transcription, a hexa-uridine tract (found at the 3’-end of the P4/L4 or nucleator
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stem-loop region and present within both on and off conformations) is formed as the aptamer
domain simultaneously folds into the recognition site. However, without the binding of the
ligand, the sequence on the 3’ side of the P4/Nucleator element begins to “invade” the P1 helix.
The J3/1 and P3 regions are rapidly penetrated, and as a result, the terminator helix is formed.
Conversely, if the ligand is present, strand invasion is blocked by the arrangement of a ligand-
dependent “gate” that prevents disruption of J3/1 and P3 by forming base triples. The RNA
polymerase is provided additional time to continue transcription and pass the hexa-uridine tract,

officially avoiding disengagement by the riboswitch (Figure 6)%.
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Figure 6. Structural Role of the P4 helix toe-hold in promoting strand invasion in the NH5
variant. The nucleation of the terminator helix is dependent on the base pairing of P4, or the
nucleator element. In NH5, four GC pairs create the toe hold that influences successful genetic
repression in the absence of the adenine ligand. The 3’ end of the switch invades into P1,
allowing for both the formation of new base pairs and the proliferation of P4. P1 is completely
displaced, the aptamer domain becomes disconnected at the P3/L3 regions, and the terminator
helix is formed. Made with BioRender.
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Strand invasion is heavily dependent on the successful nucleation of the P4 region, or the
toehold, that permits the continued propagation into P3. Both occurrences require complex,
unknown conditions of base pair stability throughout various regions of the riboswitch’s
secondary off structure, prompting an investigation into the physical and kinetic necessities that
promote successful repression with minimized leaky expression. Previous studies investigating
whether or not the expression platform would tolerate changes in base pairing showed that
specific sequences of nucleotides- like the site of stand invasion initiation (three base pairs of P1
distal to the junction)- display meaningful impacts on the effectiveness of a switch. Structures
with weak canonical base pairs (-AU or -GU), within either P1 or the invading strand, fail to
form the terminator, while those with stabilizing pairs (-GC) demonstrated expression
measurements similar to that of the wildtype. However, the riboswitch’s acceptance of variations
in the length of the P1 helix also produced two suggestions: that the mechanism of invasion was
governed by Kinetics rather than thermodynamic stability, and that the P4 Hairpin-Stem and L4
Loop structures are significant in dictating the regulatory response of the expression

platform?224,

Genetic Screening of the P4 Hairpin-Stem Library

Originally divided into 4 nucleotide regions of interest, the NH5 expression platform has
been the focus of an extensive collaborative project within the Batey laboratory. This study,
however, will be specifically analyzing the modified Hairpin-Stem library (located in the P4
region) under the assumption of previous findings from the P4 Hairpin-Loop. The rapid initiation
of strand invasion in all riboswitches is usually coupled with a section of the aptamer domain and
includes a hairpin element that is formed in both the on and off conformational states. In the

pbuE adenine-responsive wildtype and the NH5 variant, this hairpin element is the P4/L4 region.
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Diverging from the structure of pbuE, the Hairpin-Stem of the NH5 variant contains four G-C
pairs that, due to a substantial increase in fold induction, were thought to aid in nucleating the P4
helix and generally stabilizing strand invasion. While an investigation on base pairing in the P4
Hairpin-Stem was previously conducted by a fellow Batey lab member, Lisa Hansen, the size of
the sequence tested (8 nucleotides) prevented a clear result. Utilizing an equation quantifying the
percent completion of each library (detailed in section Il of this study), the randomization of 8
nucleotides would require approximately 350,000 colonies to be screened to approach a 95%
confidence that all unique sequences were observed. Though the investigation only reached
13.2% (9,245 colonies), flexibility of the region was suggested due to the variety of successful
riboswitches found with unpredictable base pairs. However, because of the diverse nature of the
selected switchers, the most effective sequences failed be identified despite the stem region

displaying a preference for stability.
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Figure 7. Base pairing within the P4 Hairpin Stem Library of the NH5 variant riboswitch.
The secondary structure of the NH5 riboswitch expression platform includes various
organizational elements, such as the P1 and P3 regions (purple) that are invaded during
transcriptional termination. The stem of the nucleator helix contains four strong Watson-Crick
G-C base pairs, although only the three most distal to the polyuridine loop (labeled BP for base
pair and numbered 1 through 3) are selectively examined throughout this study. Highlighted in
green, the six nucleotides of focus are numbered 1 to 6 starting at the 5* end of the sequence.
Adapted from the NH5 structure created by Robert T. Batey PhD.
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To obtain a further understanding of how specific base pairs encourage genetic repression
in the absence of ligand, the following mutagenic screening of the NH5 sequence was performed.
Involving the randomization of 6 nucleotides within the hairpin stem, the stabilizing GC pair
proximal to the polyuridine loop was maintained in order to truncate the selected library, thus
reducing the amount of colonies necessary to screen in order to reach a 95% confidence of
observation (Figure 7). Prior reports have determined that the functional ability of the riboswitch
is not contingent on the sequence specificity of the polyuridine loop. Therefore, the effectiveness
of the region relies heavily on canonical base pairing within the P4 helical stem?>2¢, Coupled
with a fluorescence based assay, the following muti-step examination revealed sequences that
repressed expression in the absence of ligand in similar manner to or even better than the NH5
variant due to a preference for weaker stability in the randomized base pair closest to both the P1
region and the hexa-uridine tract. Additionally, further evidence is provided towards the
hypothesis that canonical base pairing is a required element of the P4 library within Bacillus
subtilis s pbuE adenine-responsive riboswitch, allowing for the formation of a toehold that

promotes strand invasion.
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1. Methods
Cloning of the P4 Hairpin Stem-Loop Library

The schematic illustrated below (Figure 8) establishes the protocol in which the various
libraries of the B. subtilis pbuE riboswitch, including the P4 Hairpin Stem-Loop, were initially
cloned, screened, sequenced, and activity assayed. Each step following the initial Polymerase
Chain reaction, Restriction Enzyme Digest, Polynucleotide Kinase Treatment, and ligation into
the pRR5-gfpUV plasmid was repeatedly performed in 10 separate rounds to maximize the
amount of colonies observed. The percent completion of the Hairpin Stem-Loop was quantified
by the following equation, where n is the number of nucleotides randomized (in this case, 6) and

P is the probability of observing every possible colony:
Colonies screened = -4"In (1-P)

For this study, a 96.83% probability was met, with a total of 14,145 colonies screened on

primary plates.
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3. Ligate into pRR5-gfpUV plasmid

insert

Figure 8. Graphic detailing the workflow
of cloning and screening the P4 Hairpin-
Stem library. Synthesized through a
Polymerase Chain Reaction, the nucleator
element of the NH5 riboswitch was then
annealed and ligated into the pRR5-gfpUV
reporter plasmid. The library was

transformed into E. coli (BW25113) to allow
for a primary screen on CSB carbicellin
plates without 2-Aminopurine. Colonies
were then chosen based on visible
fluorescence, with the dimmest “winners”
moving forward to a secondary gridded plate
screen in both the prescence and absence of
ligand. Finally, those elected from the
secondary screen based on successful
repression and expression (once again,
through the visual analysis of fluorescence)
moved on to sequencing and the liquid
culture activity assay. Colonies with
mutations outside of the randomized library
(the 6 nucleotides surrounded by a green box
distal to the Hairpin-Loop) were not
considered viable and removed from the
study.

fpUV
PRR5-gfpUV e

‘ transform library into E. coli BW25113

e (I s (N Yty

primary screen plates

‘ pick dark colonies

-2AP
secondary screen plates
‘ pick colonies with 2AP-dependent

fluorescence

sequencing and quantitative
liquid cuture activity assays

Polymerase Chain Reaction
The double-stranded DNA used within the genetic screen was constructed, copied, and

amplified through a standard in vitro polymerase chain reaction, or PCR (Figure 9)%.
Manufactured by Integrated DNA Technologies (IDT), the single stranded oligonucleotide
sequences and various primers utilized throughout the PCR process included the isolated
Hairpin-Stem library, the specially designed outer DNA primers “5’Gblock Nsil” and
“3°Gblock HindIII”, and two inner Ultramers (detailed within Table 1). In preparation, the
oligonucleotide was suspended in ddH20 to create a concentration of 100 uM. Each insert was

then synthesized by a 50 uL reaction consisting of 36.5 uL ddH.O, 10 puL 5X Q5 buffer, 1 uL




20

dNTPs, 0.5 uL Nsil 5" primer, 0.5 uL HindIII 3’ primer, 1 uL of a 1:100 solution of adaptor and

Hairpin-Stem library insert (1 uL 3’ Spel HindIIl pRR adaptor, 1 pL insert, and 98 pL of ddH-

20) and 0.5 pL Q5 polymerase. The mixture was then subjected to 12 rounds of amplification in

a PCR thermocycler, with each round including 30 seconds at 95 °C for denaturing, 30 seconds at

60 °C for the primer to anneal, and 45 seconds at 72 °C for the primer to extend. A 10 minute

period at 72 °C was then conducted to confirm that the resulting product was double stranded.

Altogether, the final dsSDNA consisted of 228 base pairs. The length of the product was

confirmed by running the reaction in a 2% agarose gel, as seen in figure 10. Once verified, the

PCR product was cleaned with the Omega Biotek EZNA Cycle Pure Kit according to the

manufacturer’s recommendations?’.
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Figure 9: Generalized process of a Polymerase
Chain Reaction. While a typical PCR utilizes a
series of 20-40 rounds, the Hairpin-Stem library
was synthesized from 12 thermocycles to reduce
biases that occurred throughout the amplification
process. After denaturation, the temperature of the
reaction is lowered, and two oligonucleotide
primers flank the DNA on opposite ends. The
primers are annealed to their complementary
sequences, and once temperature increases, the
DNA polymerase in the solution begins extending
the region between each primer. This process is
then repeated in each individual cycle. In
comparison to the figure, primer extension within
the study was shortened from 1.5 minutes to 45
seconds as the precise time required for elongation
is highly dependent on the DNA polymerase
utilized and the length of the target region. After
the finishing cycle, a 10 minute period at 72 °C
confirmed that any remaining single-stranded DNA
was fully elongated. Taken from (28).
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T 33
Molecular Figure 10: 2% agarose gel containing the
Weight (ng) PCR product. After 12 rounds of
amplification, the length of the resulting
3000 dsDNA was verified through processing 200
i ng of DNA in an agarose gel. Lanes 2 and 3
contain 200 ng of the product mixed with a
500 6X purple loading dye from New England
400 Biolabs (NEB). Lane 1, conversely, contains
;gg the 5 L of the NEB Quick-Load 2-Log DNA
ladder (0.1-10kb). The gel was run for 50
100 minutes at 110 VV/400 mA.

Table 1: Oligonucleotides utilized for the creation of the Hairpin-Stem dsDNA

The randomized nucleotides in the NH5 Hairpin-Stem Library are denoted by the letter N below.

Name Sequence (5’ to 3°)

Del27_NH5_lib_stem TTTACGGGCATGCATAAGGCTCGTATAATATATTCCAC
TTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACC
AGGAACCGTAAAATCCTGATTACAANNNNTTTTTTNNN
NTTGTAATCAGGATTTTTTTTATTTACTAGTACATTTA
AGTAAAGGAGTT

3> Spel HindIll pRRadaptor | GCATGCAAGCTTGGCGTAATCATGGTCATAACAAACTC
CTTTACTTAAATGTACTAGTA

5’GEN-Gblock_Nsil TTTACGGGCATGCATAAGGCTCGTATA
3’GEN-Gblock_HindllI AGGCATGCAAGCTTGGCGTAATCATGG
pRR_Forward GCGCTAGCCACAGCTAACAC

Restriction Enzyme Digest

A digest with 1 uL Nsil-HF and 1 uL Hindll1-HF restriction enzymes (constructed by
New England Biolabs) was performed in order to anneal the insert with the reporter plasmid. The

50 uL reaction, also consisting of 5 uL of the 1X CutSmart buffer and 43 uL of the PCR product,
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was conducted through a 1 hour incubation at 37 °C. Moreover, the reporter vector was similarly
digested in a 100 uL reaction which contained 85 uL of the vector (pPRR-gfpUV), 10 uL of 1X
CutSmart buffer, 2 uL of Nsil-HF, 2 uL of HindllI-HF, and 1 uL calf intestinal alkaline
phosphatase (CIP). The inclusion of CIP permitted the dephosphorylation of any cleaved
terminal phosphate groups within the plasmid prior to the polynucleotide kinase treatment. Both
products were once again purified with the Omega Biotek EZNA Cycle Pure Kit following the

instructions given by the manufacturer?”

Polynucleotide Kinase (PNK) Treatment

The restriction enzyme insert (15 uL) was treated with 1 uL of T4 polynucleotide kinase,
2 uL PNK buffer, and 2 uL. 10mM ATP for 30 minutes at 37 °C and heat activated for 20
minutes at 65 °C. Originally utilized to remove phosphatase contamination present in the
Hindlll-HF enzyme, the PNK treatment also allows for improved efficiency and a higher yield of

the following ligation procedure.

Ligation of Vector and Insert

According to molecular cloning protocol, the PNK treated PCR Hairpin-Stem insert
products were ligated with the digested vector. The 20 uL reaction, containing 14.5 puL ddH-0, 2
uL of the pRR-gfpUVvector (close to 80 ng/uL), 0.5 uL of the insert (about 40 ng/ pL), 2 uL of

10X T4 ligase buffer, and 1 uL ligase T4, sat at room temperature for 45 minutes.

Transformation of Ligated Plasmids

To complete the replication process, both the ligated plasmids and various control inserts
(pBR322, NH5, and gfpUV) were transformed into KEIO parental cells that were descended
from E. coli K-12 BW25113 and made chemically competent by the rubidium chloride method.

3 uL of the nucleator ligation plasmid and inserts were added to a 100 uL KEIO cell tube, while
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1 uL of each control were pipetted into separate collections of 30 uL KEIO cells. Each sample
was subsequently allowed to rest on ice for 15 minutes, heat shocked in a 37 °C water bath for
90 seconds, placed back on ice for another 5 minutes, and injected into 700 uL (350 uL for the
controls) of 2xYT media following a sterile technique. The cells were then incubated in the 37
°C water bath for a shortened length of 30 minutes to allow for proliferation but prevent over
replication. Once removed from the bath, the samples were centrifuged at 5000 rpm for 5
minutes and resuspended in 400 uL (100 uL for controls) fresh 2xYT media. Finally, the
randomized library and transformed pBR322, NH5, and gfpUV were plated onto separate CSB

carbenicillin agar plates and left to grow overnight at 37 °C.

The procedure of plating the Hairpin-Stem library onto media without the addition of 500
uM 2-Aminopurine ligand diverges from other examinations of the NH5 riboswitch variant as it
reduces the selection of false positive colonies within the primary screening process. In order to
determine what type of primary plate was necessary for each library, the cells were initially
transformed onto both CSB+ and CSB- plates (in which + refers the presence of 2AP and —
denotes its absence). As the Hairpin-Stem library prevents the riboswitch from forming a
terminator helix in environments with high concentrations of the ligand, colonies that were able
to effectively repress transcription in the absence of 2AP were more easily selected (dim colonies

on CSB - plates).

Primary and Secondary Colony Screening

The transformed colonies on the CSB carbenicillin plates were analyzed under a long-
wave 365 nm UV light in order to elect the most effective riboswitches based on noticeable

fluorescence (Figure 11). For the Hairpin-Stem library, colonies that appeared the dimmest were
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chosen for a secondary gridded plate screening under the assumption that they were successful in

repressing expression.

Figure 11. Primary screening of
the NH5 Hairpin-Stem Library.
After being transformed onto CSB-
plates, dim colonies (circled in
white) were chosen to proceed based
on visual fluorescence and assumed
to form a successful terminator
helix.

Those selected for the secondary screening were plated in both the presence and absence of the
2AP ligand and, once again, incubated overnight at 37 °C. As seen in figure 12, the pairs were
subsequently observed under the long-wave UV light to isolate efficient riboswitches that were
capable of turning off when placed on the negative plate (dim) and on when placed on the
positive (bright). Colonies that were considered “winners”, or functional, were then permitted to

be sequenced and activity assayed.

Figure 12. Secondary Screen Grid Plates for the NH5 Hairpin-Stem Library. Colonies were
plated on both CSB- (left) and CSB+
(right) plates and left to grow overnight.
Based on the repression and expression
ability of the riboswitch, functionality

(I)OO was determined by observations of
fluorescence. If a switch was dim in the

O absence and bright in the presence of
080 2AP, they were considered “winners”

(circled in white) and proceeded on to
both sequencing and the activity assay.
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Sequencing

The colonies selected from the secondary screen were grown overnight in 3 mL of 2xYT
and 3 pL of ampicillin. Utilizing the Omega Biotek EZNA Plasmid DNA Mini Kit I, the
plasmids were subsequently isolated and eluted in 50 pL of ddH20. After being archived, 10 pL
of the plasmid was combined with 5 uL of the pRR_Forward primer (detailed in Table 1) so that
a final primer concentration of 1.67 uM was reached. These primers were then sent to the
QuintaraBio Lab for Sanger sequencing and finally compiled into a FASTA file (located in the
Appendix). However, sequences with mutations outside of the 6 nucleotides randomized were

ultimately removed from the screen.

Activity Assay

To determine the fold induction of each riboswitch, an activity assay was performed and
consequently compared with the respective sequences to measure effectiveness. Each assay
utilized three separate controls that are detailed as follows: pBR322 (a negative control that does
not contain the gfpUV gene and fails to exhibit activity in the presence of 2AP), pRR5_gfpUV
(the positive control that continuously expresses the gfpUV gene at an increased level), and the
NH5 riboswitch plasmid. The colonies that were able to pass both secondary screening and the
sequencing analysis (as well as the pBR322, NH5, and gfpUV controls) were once again grown
overnight (about 14-18 hours) at 37 °C in a rotating drum using 3 mL of 2xYT and 3 uL of
ampicillin. The following morning, each culture was then transferred into two separate tubes: a
negative sample (containing 3 mL of defined CSB media, 3 pL of the cell culture, and 3 pL of
ampicillin) and a positive sample (containing 3 mL of defined CSB media, 3 uL of the cell

culture, 3 uL of ampicillin, and 15 pL, or 500 of uM, 2AP).
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The selected cultures were allowed to mature for 6 hours to reach an optical density
(ODsoonm) range of 0.4-0.6. Once achieved, 200 pL of each culture was pipetted in triplicate into
a Costar® 96 well plate- along with a single sample of 5 pg/mL fluorescein to set gain- and
analyzed by a Tecan Infinite M200® PRO plate reader. The program, using an excitation
wavelength of 395 nm and an emission wavelength of 510 nm, determined both the fluorescence
and ODeoonm Of each culture. Each assay was also performed at least three times in biological
conditions (resulting in a total of 9 data points), with some samples needing additional screens

due to either large variations in fold induction value or increased interest.

Data Analysis

In order to quantify fold induction, measurements of optical density (OD) corrected
fluorescence of each colony was calculated by the following formula:

total fluorescence
0D (600nm)

0D corrected fluorescence =

Using the subsequent normalized value, the background corrected fluorescence was found by
subtracting the median of the three pBR322 corrected fluorescence from the OD corrected
fluorescence:

background corrected fluorescence

= (0D corrected fluorescence) — (median background fluorescence)

Finally, the fold induction for each colony was acquired by dividing the background corrected
fluorescence in the presence of ligand by the background corrected fluorescence in the absence

of ligand.

background corrected fluorescence in the presence of ligand

fold induction = background corrected fluorescence in the absense of ligand
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It is important to once again note that since each culture was observed in both technical
and biological triplicate, at least nine data points exist for all colonies that expressed a fold
induction above the value of 2 and had no mutations outside of the randomized library. After
compiling all of the calculated data into an organized excel (Microsoft) document, the file was
formatted into a csv and analyzed within R studio so that the library would be consistent with the
standards set by previous studies within the Batey collaborative project. Colonies were removed
if they exceeded a factor of 1.5 with respect to the interquartile range, and various plots were
created to observe the relationship between repression value and fold induction. The code
utilized within the study was created by Lisa Hansen and is freely available at the following link:

https://github.com/bateyLab/ExpressionPlatform purineRiboswitch/blob/main/expression platfo

rm_files/analysis/n6_p4stem_analysis.Rmd. A t-test was also performed on select colonies to

determine if a significant difference existed between their -2AP OD corrected fluorescence and

pBR322.

Although the calculations used to quantify switching ability successfully provide a ratio
between maximal and minimal measures of expression, the correction of background cellular
fluorescence has its constraints. Certain variants within the study, in the absence of 2AP, were
able to exhibit a smaller amount activity than that of pPBR322. As a result, colonies with less
fluorescence per cell density than the control had a negative fold induction. In order to include
highly repressive colonies in the analysis and correct this limitation, switches that presented
nonsensical fold inductions were manually adjusted so that the value of fluorescence in the
absence of ligand is equal to 50. This quantity remains lower than the 340 average of the parental
NHS5, but ultimately allows for a reasonable comparison between variants. The reported standard

error from the original data set was also retained.


https://github.com/bateyLab/ExpressionPlatform_purineRiboswitch/blob/main/expression_platform_files/analysis/n6_p4stem_analysis.Rmd
https://github.com/bateyLab/ExpressionPlatform_purineRiboswitch/blob/main/expression_platform_files/analysis/n6_p4stem_analysis.Rmd

I11. Results
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Investigations into the P4 Hairpin-Stem library has, in the past, failed to reach a strong

conclusion due to the original size and inability to observe over 95% of all possible variants

within a shortened time period® %, By reducing the focus to 6 randomized nucleotides rather

than 8, 96.83% of all possible sequences (14,145 colonies) were able to be detected on primary

plates. After the initial screen, 395 colonies were subsequently surveyed on a secondary grid

plate, and of those, 191 were collectively assayed and sent to the QuintaraBio Lab for Sanger

sequencing. Of the final selection, 127 functional switches (about 66.5% of the samples

nominated from the grid plate) exhibited a fold induction greater than 2 and conserved

sequencing outside of the selected randomized nucleotides (Table 2).

Table 2: Hairpin-Stem library Colony Selection

Number of colonies observed on primary 14145
screen plate

Number of colonies picked for secondary 395
screen

Number of colonies picked from secondary 191
screen

Number of colonies that exhibited at least 127
two-fold switching

Fraction of variants observed 96.83%

With the intent of determining the structural requirements of an effective switch, each

colony was categorized into three separate bins based on both repression value and fold

induction (Figure 13). Those that have a repression value greater than 9 are considered

inefficient and were sorted into the “Bottom” class. The “Middle” bin is inclusive of both

measurements, containing colonies that have a repressions less than or equal to 9 and a fold
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induction below 0.5. Finally, those in the “Top” division retained a fold induction above 0.5 and

are considered the most successful riboswitches.

N=6 P4 Stem Library Repression vs Activity
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Figure 13. Graph, seperated by bins, depicticng the P4 Hairpin-Stem Library Background
Corrected Flourescence in the Absence of 2AP vs Fold Induction. (A) Each item on the graph
corresponds to a unique sequence that has at least 9 data points and a corrected fold induction
above the value of 0.20. The NH5 variant is highlighted in blue, and each bin is separated by
color, as detailed in the legend. The “Top” division (purple, 19 total colonies) requires a fold
induction value above 0.5, while the “Bottom” division (coral, 71 total colonies) contains
cultures with a repression value above 9. The “Middle” bin (green, 37 total colonies) is,
therefore, inclusive of the remaining switches falling outside of either parameter. It is important
to note that if evaluated against comparable graphs of the other libraries of the NH5 variant, the
P4 Hairpin-Stem exhibits a similar negative exponential function. (B) Corresponding to the data
points numbered on supplement graph A, the various sequences detailed are those that exhibited
a Fold Induction higher than that of the NH5 variant. Adapted from the original graph made by
Lisa Hansen.

As the original pbuE riboswitch lacks a GC-rich base within the P4 region, the NH5
parental sequence of the Hairpin-Stem was thought to prefer strong canonical base pairing.

Grounded in both the improved fold induction of NH5 from the initial wildtype and the common
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inclusion of a GC abundant hairpin element within intrinsic transcriptional attenuators, the
nucleation of the P4 helix was assumed to be primarily dependent on increased helical stability?*
2526 However, initial observations of successful switchers within the screened pool of variants
displayed several deviations from the usual NH5 base pair arrangement. Although a considerable
majority of the sequences selected demonstrated both a repression value above and fold
induction below the NH5 switch, 8 colonies were able to out perform the parental variant in both
measurements (Figure 13). Out of this highly select group, all 8 switches contained either a weak
or non-canonical couple within the first base pair position (furthest from the polyuridine loop).
Furthermore, Base Pair 2 (located in the center of the randomized region) exhibited 3 weak AU
or GU combinations, while Base Pair 3 (proximal to L4) only displayed 2. Further scrutiny

therefore became warented.

To determine if the OD corrected repression values without the subtraction of the
background measurement were significantly different (P< 0.05) than that of pBR322, a t-test was
preformed with the subjects of the “Top” bin (Figure 14). The original motivation of this analysis
was to examine the two colonies (R10N’1B1 and R3N’2D4) that, over multiple rounds of
screeing, produced negative OD corrected flourescent values in the absence of ligand and thus, a
negative fold induction. As a result, over half of the 19 sequences within the upper division were
deemed significant, including R10N’1B1 and the NH5 variant. While some colonies, despite
enduring additional rounds of screening, retained a large standard error value, they failed to be
identified as an outlier within the R-Studio assessment and remained in the pool of viable

colonies.
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Figure 14. Graph representing the OD corrected repression values of the P4 Hairpin-Stem
library “Top” bin (without the subtraction of pBR322). The various box and whisker plots
each denote the specific sequences of the “Top” bin. The NH5 variant and pBR322 negative
control are also included, and a t-test was executed for each colony (including NH5) against the
pBR322 values. Switches denoted by a red star are those that have a repression that is considered
significantly different (P-value < 0.05) from the control. A total of 13 colonies in the “Top” bin
exhibited OD corrected repression measurements below that of NH5, and two colonies
(R10N’1B1, R3N’2D4) continuously expressed negative fold inductions due to repression values
below pBR322. To correct this limitation of the data analysis calculation, any switch that
exhibited these negative measurements had its repression changed to a value of 50. However, the
parameters seen in the figure above are created by the original OD corrected repression

measurements. Adapted from the orginal graph made by Lisa Hansen.
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Preferences for Base Pairing

The proposed mechanism for the creation of the terminator helix originally called for the
assumed polyuridine loop “pause site” at the end of the P4 stem to allow for the aptamer domain
to the rapidly inspect the concentration of ligand within the environment. However, the results of
preceding papers proposed that the switch does not directly rely on the L4 region and physical
stopping of the RNA polymerase due to a lack of sequence preference, and thus the ability to
form base pairs within the stem was deemed more significant?®2®, With a total of 127 unique
sequences, the large pool of subjects derived from mutagenic cloning exhibited varied switching
efficiency that allowed for a comprehensive analysis of the Hairpin-Stem structure. Each base
within the randomized library was numbered 1 through 6 in the 5° to 3’ direction, and the
nucleotide identities of the respective positions were examined through three distinctive percent

composition diagrams specified by bin type (Figure 15).
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Figure 15. Diagram illustrating the percent composition of each nucleotide in the P4
Hairpin-Stem library, divided by each bin. Extending in the 5’ to 3” direction. (A) The “Top”
bin of the data set is inclusive of 18 unique sequences and the NH5 variant. The N1 position is
highly preferential for thymine, or uracil in RNA. Furthermore, the N4 position is shown to
equally favor either a guanine or cytosine nucleobase. (B) The “Middle” bin displays a reduction
of preference for a specific nucleotide with the decline of performace of the riboswitch. (C) The
plot exhibiting the “Bottom” division demonstrates a lack of sequence conservation and an
overall absence of preference for specific nucleobases as efficiency decreases. Created using the
WebLogo 3 server (http://weblogo.threeplusone.com/create.cai).
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Within the “Top” class, a preference for either guanine or cytosine is present throughout
positions 2 through 4 (or the nucleobases most proximal to the polyuridine loop). In position 6,
however, there is an equal partiality for the purine derivatives guanine and adenine, while
position 1 heavily favors the pyrimidine thymine (or uracil in the RNA sequence). It is also
important to note that all position 1 nucleobases have a competing pairing interaction with a
cytosine located in the P1 region .When considering the “Middle” division of riboswitches,
preferences decrease in all nucleotide sites other than 3 and 6, where thymine then rises in
popularity. Finally, in the “Bottom” bin, a lack of sequence conservation is evident, with

positions 1, 4, and 6 changing allegiances, and 2, 3, and 5 dramatically reducing alltogether.

Furthermore, preferences for nucleobase identities become more apparent when
comparing the base pair attributes themselves. Categorized by both the nucelotide couple and
their specific arrangement, Figures 16 through 18 detail the structure of the hairpin-stem element
as well as the various percent compositions at each pair site. Figure 16 focuses specicifically on
Base Pair 1, located near the hexa-uridine tract and closest to the initiation site of strand
invasion. As a strucutal component integral to the formation of the nucleator site, the
stabilization of the the hairpin element was proposed to serve as propellant in the terminator
mechanism. While support for this suggestion is evident within the Base Pair 2 and 3 locations,
Base Pair 1 unequivocally holds a strong preference for unstable combinations of nucleotides
despite originally composed of a G-C unit in the NH5 variant. With uracil favoring the N1
position, the UG wobble and UA canonical combinations equally dominate the “Top” bin of the
data set, with non-canonical, GC, and AU arrangements fighting for a majority within the

“Middle” and “Bottom” classifications.
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Figure 16. Structure of the NH5 riboswitch Hairpin-Stem library and pie charts displaying
preference within the Base Pair 1 (BP1) position across bins. Within each pie chart, “NC” is
the classification for non-canonical, representing any base pairs outside of GC, AU, or GU
interactions. (A) Most distal from the polyuridine loop, Base Pair 1 encompasses the N1 and N6
randomized nucleotide positions. BP1 also neighbors the hexa-uridine tract and has competing
interactions with cytosine in the P1 region. (B) Pie chart displaying Base Pair 1 compositions of
every colony within the data set. (C) Pie chart displaying Base Pair 1 compositions of every
colony within the “Bottom” bin data set. Non-canonical base pairs are highly preferred within
inefficient riboswitches. (D) Pie chart displaying Base Pair 1 compositions of every colony
within the “Middle” bin data set. Although an inclination towards a UA arrangement within BP1
increases, non-canonical base pairs remain the majority. (E) Pie chart displaying Base Pair 1
compositions of every colony within the “Top” bin data set. Between the “Middle” and “Top”
bins, weak canonical and wobble base pair arrangements (UA/AU and UG/GU) become highly
preferred, with a proclivity towards having a uracil nucleotide in the N1 position.
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Figure 17. Structure of the NH5 riboswitch Hairpin-Stem library and pie charts displaying
preference within the Base Pair 2 (BP2) position across bins. Within each pie chart, “NC” is
the classification for non-canonical, representing any base pairs outside of GC, AU, or GU
interactions. (A) As the central base pair in the randomized library, Base Pair 2 encompasses the
N2 and N5 positions. BP2 does not exhibit competing interactions within the P1 region. (B) Pie
chart displaying Base Pair 2 compositions of every colony within the data set. (C) Pie chart
displaying Base Pair 2 compositions of every colony within the “Bottom” bin data set. A strong
affinity for non-canonical base pairing is exhibited. (D) Pie chart displaying Base Pair 2
compositions of every colony within the “Middle” bin data set. Non-canonical base pairing
begins to reduce, while CG base interactions increase. (E) Pie chart displaying Base Pair 2
compositions of every colony within the “Top” bin data set. Non-canonical base pairing, once
again, decreases, and GC base interactions expand.

Base Pair 2, central within the randomized region, displayed a more expected result, with
an almost equal disposition for GC and CG coupling in the upper division of colonies (Figure
17). In the lowest tier, non-canonical base pairing is evident within over 50% of the sequences,
and with increased efficiency, strong preference for strong Watson-Crick couples grows

dramatically.
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Finally, Base Pair 3, in the closest position to the conserved GC stem and L4 region, once
again show a decline in repression values and an increase in fold induction with stable canonical
pairs. When linked with cytosine, a slight preference towards guanine in the N3 location also
exists. However, this characteristic is not required (Figure 18). Overall, the percentage
compositions of weak canonical and wobble couples within Base Pair 2 and 3 are relatively

consistent across all bins, with only non-canonical and GC arrangements changing in dilution.

5 All Colonies: Base Pair Three
A CCA B
cuU
2 1 |
Thahac] 5 T
U | 1 | |
Uu C Ccu
4 5 6
BP3 BP2 BP1
Bottom Bin: Base Pair Three Middle Bin: Base Pair Three Top Bin: Base Pair Three

C D

Figure 18. Structure of the NH5 riboswitch Hairpin-Stem library and pie charts displaying
preference within the Base Pair 3 position across bins. Within each pie chart, “NC” is the
classification for non-canonical, representing any base pairs outside of GC, AU, or GU
interactions. (A) Base Pair 3 is proximal to the polyuridine loop and encompasses the N3 and N4
randomized nucleotide positions. BP3 does not exhibit competing interactions within the P1
region. (B) Pie chart displaying Base Pair 3 compositions of every colony within the data set. (C)
Pie chart displaying Base Pair 3 compositions of every colony within the “Bottom” bin data set.
A strong affinity for non-canonical base pairing and GC/CG is exhibited. (D) Pie chart
displaying Base Pair 3 compositions of every colony within the “Middle” bin data set. GC base
pairing increases. (E) Pie chart displaying Base Pair 3 compositions of every colony within the
“Top” bin data set. Preferences for strong Watson-Crick pairs (GC/CG) grow, with a slight
inclination towards G in the N1 position.
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With the intent of further relating stability to the minimal expression values in the
absence of the 2-Aminopurine ligand, the stacking energies throughout the randomized region
were examined and contrasted to NH5 (Figure 19). Although base pairing is often considered the
dominant force in the nucleic acid structure, coaxial base stacking interactions among adjacent
nucleotide pairs can either restrict or allow folding mechanisms?°. Obtained by utilizing the
UNAFold Web Server’s Two State Melting Hybridization calculator

(http://www.unafold.org/Dinamelt/applications/two-state-melting-hybridization.php), the

changes in Gibbs free energy between each nucleotide unit of all 127 sequences were found.

All Colonies By Bin: ddGSUM vs (-2AP)
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Figure 19. Graph investigating base pair stacking energies by the comparison of AAG
summation values vs repression in the absence of 2AP. The stacking energies between three
base pairs of the randomized region and two additional conserved neighboring couples were
totaled and assessed against the minimal expression values in a negative culture. A preference
for stability within the efficient switches in the “Top” bin was suggested as a result.



http://www.unafold.org/Dinamelt/applications/two-state-melting-hybridization.php
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Summations of AAG were inclusive of not only the 3 original randomized base pairs, but
also of the “nearest neighbor”. Therefore, the G-C pair proximal and the A-U pair distal to the
polyuridine loop were also considered in the determination of helical stability. Divided by each
bin, the decrease in -2AP repression values and increase in the -AAG measurement (indicating an
increase in bond strength) shows a correlation to riboswitch efficiency. However, only one
colony was able to surpass the -AAG value of NH5, and because of a high repression value, this
sequence was sorted into the “Bottom” bin. Similar outliers within the “Top” divison that display
low readings of stability may allude to the presence of alternative interactions between
nucleotides within the RNA sequence, including asymmetrical internal bulging. Overall, the
toehold of P4, although tolerant of various combinations of base pairing, highly prefers stable

stacking interactions throughout the stem.
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V. Discussion

Of the 127 unique sequences discovered throughout the examination of the Hairpin-Stem
Library, three offer insights into favored organizational patterns (Figure 20). Two, taken from the
“Top” bin of switchers, exhibit repression values lower and fold inductions higher than that of
the NH5 variant. The third, however, holds one of the highest expression measurements in the
absence of 2AP, and thus retains a fold induction of only 2.5. This assessment of both high
performing and low performing colonies allows for a better understanding of the Hairpin-Stem

region’s flexibility and overall tolerance of certain mutations.

A «--CCA
uu CU--»

U G[CCG|A--e
U CleGClu--»
UU  NH5

FI=110
Repression= 340 au

B *-CCA C «-CCA D «-CCA
C C

uu U--» uu U--» Uuu CU--»
U GIGGCA--» u GICCU[A--» u GIGAUA--»
U CICCClU--= u CIGGAU--» u CICAU|U--=
UU R10N2B2 UU R3N‘2D4 UU RIN1AT
FI=310 Altered FI= 180 FI=2.5
Repression= 120 au Original FI=-140 Repression= 24000 au
Altered
Repression= 50 au
Original

Repression= -64

Figure 20. Selected functional switchers from the P4 Hairpin-Stem Library data set. The
colors highlighting the entire structure of each selected sequence correspond to their particular
bin, with NH5 highlighted in blue, the “Top” bin switchers (R10N°2B2 and R3N’2D4) in purple,
and the “Bottom” bin colony (RIN’1A1) in red. (A) Original schematic of the NH5 variant,
including elements of the pre-aptamer sequence and the P1 region. The fold induction and OD
corrected repression values (without the subtraction of pBR322) averaged throughout the study
are displayed below the diagram. (B) The secondary structure of the colony that exhibited the
highest fold induction value, R10N’2B2. (C) Schematic for R3N’2D4, the sequence that
exhibited the lowest original repression value without the subtraction of pBR322. Due to its
original negative value, the repression measurement was altered to a standardized value of 50.
(D) Structure for RIN’1A1, the sequence that exhibited the highest original repression value and
one of the lowest fold inductions.
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In considering sequences that promote repression without ligand binding, encourage the
formation of the anti-terminator helix in the presence of the metabolite, and display an unusual
base pairing preference, the colony labeled R10N’2B2 becomes a subject of interest. As the most
efficient riboswitch pulled from the data set, the general allowance of a cytosine-cytosine
mismatch in base pair position 1 alludes to an extreme acceptance of weak couplings in the distal
region of P4. While able to be naturally present in differing RNA elements taking the structure of
hairpin-stem, a CC mismatch commonly avoids the adoption of a perfect helix and forms an
internal symmetrical loop°. However, the existence of a competing cytosine nucleotide in the P1
region that also forms pairing interactions with nucleotide 1 causes further obstacles.

Nonetheless, the proclivity for strong GC coupling in Base Pair 2 and 3 is demonstrated.

As an example of a high performance riboswitch that continuously exhibited repression
values below the pBR322 background, R3N’2D4 conserved the identity of nucleotides 2 through
5 from the original NH5 variant. Further supporting the notion that a GC rich base of the hairpin-
stem promotes the nucleation of the P4 region, increased stability closer to the L4 loop allows for
the successful formation of the terminator helix. Base Pair 1, however, is once more altered to
the weak Watson-Crick base pair conformation of U-A, presenting the common preference of

“Top” bin switches for a pyrimidine, specifically uracil, in the N1 position.

Finally, the poor behavior of the “bottom” bin colony labeled R1IN’1A1 portrays the
importance of retaining canonical pairs in the central coupled position. Although holding a GC
identity in the randomized site closest to the L4 loop, the AA and UU mismatches present in the
respective BP1 and BP2 locations completely destabilize the invasion of the 3> RNA strand into
the P3 region. By retaining a fold induction above the value of 1, the riboswitch proves its ability

to, nonetheless, form an anti-terminator helix in the presence of ligand. However, the high
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repression measurement alludes to the sequence’s failure to nucleate a stable P4 region to

support the general process of strand invasion.

Concurrent with previous examinations of the pbuE adenine-responsive riboswitch
variant NH5, the ability to form a competent terminator helix in an environment without a
sufficient concentration of ligand is highly dependent on Watson-Crick nucleotide pairing
preferences at the base of the Hairpin-Loop. Therefore, a higher measure of stability is exhibited,
promoting a stable toehold region to support the complete nucleation of P4 and the subsequent
invasive terminator mechanism. However, through a more intensive screening of the N=6
nucleator region, a proclivity in efficient switches for weaker nucleotide pairs in the position
furthest from the L4 sequence is revealed. Often exhibiting repression values lower that of NH5,
the motivations behind why this unstable addition to a kinetically driven riboswitch are
unknown. Ultimately, the results of this study not only provide further evidence that the
formation of a toehold is crucial for the act of strand invasion, but also gave potential methods of
adjustment to further improve the activity of the NH5 riboswitch. Without a proper combination
of nucleotide interactions within the nucleator component, the terminator helix cannot

successfully be formed in the absence of the ligand, and genetic expression is poorly regulated.
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V. Conclusion

Subjects of Future Investigations into the P4 Hairpin-Stem
Library

As an introduction into the development of a highly efficient novel riboswitch, the
examination of NH5’s P4 region allows for a better understanding of the mechanism by which an
RNA sequence alone can successfully modulate genetic expression at the transcriptional level.
While only a single part in the effort to advance future design principles of synthetic
riboswitches, a more thorough comprehension of the Hairpin-Stem component would foster
insights into the process of strand invasion. Despite this study investigating the various elements
contributing to effective P4 nucleation (including stacking energies, base pair preferences, and
strong relationships between repression value and fold induction), questions about possible
interactions between the P4 region and other elements of the NH5 riboswitch remain. The strong
proclivity for weaker nucleobase interactions at the Base Pair 1 position is still not widely

understood, providing reason for a further review of the Hairpin-Stem section.

With the potential to improve the performance of NH5, forthcoming studies of the P4
library may focus on how competition between nucleotide 6 and the cytosine in the P1 region
encourages specific base pair partiality. Through a similar mutagenic process of cloning and
screening, this prospective experiment would once again center on the randomization of the 6
nucleotides in the P4 Hairpin-Stem distal to the polyuridine loop. However, the mutation of the
P1 cytosine to the purine derivative adenine, as seen in the altered NH5 structure in figure 21,
would reveal how additional components of the expression platform contribute to the mechanism

of strand invasion.



43

aptamer
domain

P1 P3

SI
CCA
., AUUGUU X EAGGAA“CG

UUUGCCGAACAUUAGUCCUA

7 A AA
CGGCUUGUC CUCAGGA
UU™ 56 Uuuuuuu

BP3 BP2 BP1

Figure 21. Structure of a possible NH5 P4 expression platform for the focus of a future
study. To test whether or not unstable base pair preferences in the BP1 position is due to
competing interactions with N1 in the P1 region, the cytosine nucleotide can be adjusted to an
adenine. Altered from the original figure created by Robert T. Batey, PhD.

Applications of the Riboswitch

In the creation of a functional riboswitch that exhibits a proficient intrinsic transcriptional
attenuator, the possibilities of both biological and synthetic applications expand. The ability to
produce an artificial expression platform that holds the capacity to function both within cells and
in vitro will allow for the enhancement of studies focusing on the aptamer domain. Used as a
“parental” strain, the standardization of a high performance regulatory region may permit the
development of aptamers that respond to specific metabolites, therefore creating novel
biosensors. However, without extensive knowledge and control over the region that physically
transforms between ON and OFF conformations, the ability to target specific molecules in order

to cease or induce genetic expression would be futile.

A complete understanding of the strand invasion mechanism is therefore necessary in
manipulating the expression platform element, and while this research has direct implications on

the riboswitch, the modulation of other systems is also applicable. For example, antisense
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oligonucleotides (ASOs) and the CRISPR-Cas9 genome editing technology both have flaws in
terms of application that may be corrected with a better understanding of the process of
displacement. When regarding CRISPR, the invasion of DNA is highly dependent on the perfect
pairing of the target sequence. Strand invasion occurs to form the guide DNA duplex, and
depending on the efficiency of this mechanism, off target effects may occur. Aptamers have also
been exploited to improve CRISPR productivity by regulating the Single-guide RNA function,
grafting control elements into the SgRNA sequence that are contingent on the binding of a ligand

to create an ON secondary conformation®.,

The research of riboswitches, although a strong focus of recent biochemical study,
remains a developing field. As an outstanding example of genetic regulation without the
intervention of additional DNA or protein elements, the riboswitch is an exclusive structural
component of MRNA that could also aid in the development of nucleic acid-based therapeutics.
For instance, studies focusing on the deliverance of gene therapies by vectors developed from the
adeno-associated virus (AAV) require a safe and efficient method of controlling expression
during and after transport. Due to their small genomic footprints, flexible structures, and non-
immunogenic nature, riboswitches appeared as the perfect candidate®. Although successful in
modulating some biological processes in mammalian cells, like antibody expression, further
progress in the isolation of a standardized expression platform must occur to permit clinical

application.
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Appendix: P4 Hairpin Library Stem FASTA File

>NHS

U,
GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMBEGTTTTTTCEBET TGTARTC,
>RIN'1A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMEGTTTTTTCHBlT TGTAAT
>RIN’ 1A3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARBNGTTTTTTCHMBT TGTAAT
>RIN’1B1

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAABEEGTTTTTTCHBBI TGTARTC,
>RIN’1B3

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMENGTTTTTTCHEET TGTARTC,
>RIN'1C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANBEGTTTTTTCHMlT TGTAAT
>RIN’1D2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMBRGTTTTTTCEIBT TGTAAT
>RIN’1D4

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMElGTTTT T TCB@I TGTARTC,
>RIN’ 222

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMENGTTTTTTCHlBT TGTARTC,
>RIN 2R3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARBNGTTTTTTCHMET TGTAAT
>R1N’ 2B1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMBRGTTTTTTCEMET TGTAAT
>R1N’ 2B2

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMERGTTTTTTCHBlT TGTARTC,
>RIN’ 2B4

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMBEGTTTTTTCElEI TGTARTC,
>RIN’2C1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARMGTTTTTTCEMET TGTAAT
>RIN'2C2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMBEGTTTTTTCHB@TI TGTAAT
>RIN’2D3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCHlMlT TGTAATC,
>RIN’ 343

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMBEGTTTTTTCHlBT TGTAAT
>RIN’3B1

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANBRGTTTTTTCHllT TGTAAT
>RIN’ 3B2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHMlT TGTAATC,
>R1N’3B4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHMlI TGTAATC,
>RIN’3C1

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMIBGTTTTTTCEMBT TGTAAT
>RIN’3C3

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMINGTTTTTTCHBMT TGTAAT
>RIN’ 3C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMMGTTTTTTCIlMlTTGTAATC,
>R1N’3D2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHlMlTTGTAATC,
>RIN’3D3

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMINGTTTTTTCHBET 16T AAT
>RIN’ 423

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMEEGTTTTTTCHBET TGTAAT
>RIN’ 424

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCHMlT TGTAATC,
>RIN' 4B2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHMlT TGTAATC,
>RIN’ 4B3

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMMEGTTTTTTCHllT TGTAAT
>RIN’4C2

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANBEGTTTTTTCEMET TGTAAT
>RIN’4C3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARMGTTTTTTCHMT TGTAATC,
>RIN’4D1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHMlTTGTAATC,
>RIN’4D3

GGCTCGTATAATATATTCCACTTGTATAACCTCARTARTATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMINGTTTTTTCHBET TGTAAT
>RIN’5A1

ARGGCTCGTAT.
>RIN’ 543

TATATTCCACTTGTAT. TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANBEGTTTTTTCEMETTGTAAT!

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTClT TGTAATC,
>R2N’1C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTClT TGTAATC,
>R2N’1D1

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT GGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMMEGTTTTTTCEMET TGTAAT! TTTTTTTTATT
>R2N’ 1D2

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANEEGTTTTTTCEM T TGTAAT! TTTTTTTTATT
>R2N’ 1D4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTClT TGTAATC,
>R2N' 222

EFGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANMGTTTTTTCllTTGTAATC
>R2N' 23

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARMGTTTTTTClT TGTAATC,
>R2N’ 2B1

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTARRATCCTGATTACAANIBGTTTTTTCERETTGTAAT! TTTTTTTTATT
>R2N’ 2B2
BECEATAAGGCTCGTATAATATATTCCACTTGTAT. TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANBEGTTTTTTCEB T TGTAAT! TTTTTTTTATT
>R2N’ 2C1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARMGTTTTTTClT TGTAATC,
>R2N'2C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTClT TGTAATC,
>R2N’ 2D2

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANEEGTTTTTTCEENTTGTAAT! TTTTTTTTATT
>R2N’ 2D4

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANBEGTTTTTTCM@TTGTAAT! TTTTTTTTATT
>R2N’ 3A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTClT TGTAATC,
>R2N' 324

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCIlT TGTAATC,
>R2N’3C2

AAGGCTCGTATAATATATTCCACTTGTAT. TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAAFENGTTTTTTCHEETTGTAAT! TTTTTTTTATT
>R2N’3C3

ARGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANIBGTTTTTTC T TGTAAT! TTTTTTTTATT
>R2N’ 3C4
EFGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAJEGTTTTTTCEMlTTGTAATC TTTTTTTTATTT
>R2N’ 3D1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R2N’3D2

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAARIGTTTTTTCMTTGTAAT!
>R2N’ 3D3

TTTTTTTT

TTT.

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAREGTTTTTTCEMETTGTAAT!
>R2N’ 3D4

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R2N' 421

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R2N’ 4B1

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAARGTTTTTTCMTTGTAAT!
>R2N’4C1

TTTTTTTT

TTT.

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAFREGTTTTTTCTTGTAAT!
>R2N’ 4C2

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliTTGTAATC,
>R2N’ 4C3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJlGTTTTTTCliTTGTAATC,
>R2N’4C4

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAREEGTTTTTTCIMTTGTAAT!
>R2N’ 4D1

TTTTTTTT

TTT.

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAREIGTTTTTTCHMTTGTAAT!
>R3N’ 1A2

TTTTTTTT

TTT.

AAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANEMGTTTTTTC@TTGTAAT!
>R3N' 124

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R3N’ 1B2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R3N’ 1B3

REGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCllTTGTAAT
>R3N’1C3

TTTTTTTT

TTT.

TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGAT TACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCEEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCEEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGET
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGAT TACGCCAAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGET
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGET
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGET
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRAGETH



EFEEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAA NG T TT 1T Tl T TGTAATC
>R3N’1C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMEGTTTTTTCHMET TGTART
>R3N’1D3

REEEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCIMllTTGTAAT TTTTTTTTATTT
>R3N’1D4

GGCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT: TeCTGATTACAAEEEGTTTTTTCEEETTGTAATC TTTTTTTTATTT
>R3N’ 2A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT: recTGATTACAAFIBGTTTTTTCEI@TTGTARTC TTTTTTTTATTT
>R3N’ 233

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMBNGTTTTTTCEEMT TGTAAT
>R3N’ 2B3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARMEGTTTTTTCHBET TGTAAT
>R3N’ 2B4

GCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT.

G TeCTGATTACAAREGTTTTTTCEEETTGTAATC
>R3N’ 2C1

GGCTCGTAT,
>R3N’2C2

TATATTCCACTTGTATAACCTCAAT; T CTACCAGGAACCGTAAAATCCTGATTACAANINGTTTTTTCEMlTTGTAATC

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANBGTTTTTTCHEET TGTAAT
>R3N’ 2C3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMBNGTTTTTTCHMETI TGTAAT
>R3N’ 2D3

GGCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT! TeCTGATTACAAFERGTTTTTTCEM@TTGTARTC TTTTTTTTATTT
>R3N’ 2D4

GGCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGTAARATCCTGATTACAAJEBGTTTTTTCEEETTGTAATC TTTTTTTTATTT
>R3N’ 3A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT: recrarTacafElcTTTTTTC BT TG TARTC TTTTTTTTATTT
>R3N’ 382
REEEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANMGTTTTTTCHMllTTGTAAT TTTTTTTTATTT
>R3N’ 384

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMMGTTTTTTCEIT TGTAAT
>R3N’3B1

GGCTCGTAT,
>R3N’ 3B4

TATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT.

TeCTGATTACAAFERGTTTTTTCEEETTGTAATC:

GCTCGTATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT.

G recTGATTACAANERGTTTTTTCEETTGTARTC
>R3N’ 303

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANBEGTTTTTTCHIET TGTAAT
>R4N' 122

BEGERATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAGTTTTTTC T TGTAATC TTTTTTTTATTT
>RAN’1C2

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANBGTTTTTTCEMTTGTAAT: TTTTTTTTATT
>RAN’ 1D2

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANERGTTTTTTCEMETTGTAAT: TTTTTTTTATT
>RAN’ 1D4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMMGTTTTTTCHMlT TGTAATC,
>SRN’ 224

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHlMlTTGTAATC,
>R4N’ 2B2

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANEEGTTTTTTCTTGTAAT:

>RAN’ 2B4

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAAFERGTTTTTTCEMETTGTAAT!

>RAN’ 2D1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMEGTTTTTTCHMlT TGTAATC,
>RSN’ 2C1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCMlT TGTAATC,
>RSN’ 2D2

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANIBGTTTTTTCHMTTGTAAT:

>R5N’ 2D4

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAAFEEGTTTTTTCEMlTTGTAAT:

>REN’ 1A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCIMlT TGTAATC,
>REN' 122

BEEEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAGTTTTTTC T TGTAATC TTTTTTTTATTT
>REN’ 143

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANEMGTTTTTTCHEETTGTAAT: TTTTTTTTATT
>R6N’ 1A4

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAAFEEGTTTTTTCHEEETTGTAAT: TTTTTTTTATT
>R6N’ 1B3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCIMlT TGTAATC,
>REN’1C2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMGTTTTTTCHMlT TGTAATC,
>REN’ 1C4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTCHMlTTGTAATC,
>R6N’1D1

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGAT TACGCCHEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCARGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCEEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCEEGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCHAGETT

TAGTACATTTAAGT. TTGT

TCGTATAATATATT TTGTATAACCTCAAT: TTT TGTCTACCAGGAACCGTARRATCCTGATTACAANEEGTTTTTTCEITTGTAAT: TTTTTTTTATT
>R6N’ 1D2
BEEEATAAGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAARIEGTTTTTTCETTGTAAT! TTTTTTTTATT
>REN’ 2C2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAIGTTTTTTC T TGTAATC,
>REN’ 2C3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTClT TGTAATC,
>RIN’ 1AL

TACGCCRAGETH
TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETS

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETH

AAGGCTCGTATAATATATTCCACTTGTAT; TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTARRATCCTGATTACAAFEEGTTTTTTCMTTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCEAGETH
>RTN’ 1A2

AAGGCTCGTATAATATATTCCACTTGTAT; TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAARIBGTTTTTTCBTTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCRAGETH
>R7N’ 1B1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAGTTTTTTCliT TGTAATC,
>RIN’ 1B3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMGTTTTTTClT TGTAATC,
>RTN’1C1

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETH

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETH

AAGGCTCGTATAATATATTCCACTTGTAT; TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAATIBGTTTTTTCETTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCRAGETH
>R7N’1C2
BEEGATAAGGCTCGTATAATATATTCCACTTGTAT, TCAAT; GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAAFERGTTTTTTCEETTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCRAGETH
>SRN’ 1C3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTClT TGTAATC,
>RIN’1D2

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETH

EFGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANMGTTTTT Tl TTGTAATC TTTTTTTTATTTACTAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGAT TACGCCEAGETT
>RTN’ 282

ARGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMEEGTTTTTTCEBETTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT: TTGT TACGCCHAGETT
>RTN’ 274

AAGGCTCGTATAATATATTCCACTTGTAT; TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAATIGTTTTTTCE T TGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCRAGETH
>R7N’ 2B3

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARNMGTTTTTTC T TGTAATC,
>RTN' 2B4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTCliT TGTAATC,
>SRN’ 2C4

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETS

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETS

ARGGCTCGTATAATATATTCCACTTGTAT. TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMMGTTTTTTCEMETTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT: TTGT TACGCCHAGETT
>RTN’ 2D3

AAGGCTCGTATAATATATTCCACTTGTAT; TCAAT: GGTTTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAAFEBGTTTTTTCBETTGTAAT! TTTTTTTTATTTACTAGTACATTTAAGT. TTGT TACGCCHAGETH
>R7N’ 2D4

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAARGTTTTTTC T TGTAATC,
>REN' 11

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliTTGTAATC,

>RBN’ 143
TTACAAMEEGTTTTTTCEEETTGTART

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTT TGTCTACCAGGAACCGTARRATCCT
>R8N’ 1B1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMBNGTTTTTTCHBMT TGTART
>R8N’ 1C4

TTTTTTTT

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJlGTTTTTTCliT TGTAATC,
>REN’ 1D2

EFGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAANEEGTTTTTTClTTGTAATC
>RBN’ 232

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R8N’ 2B2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAMMEGTTTTTTCHBMT TGTART
>R8N’ 2B3

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMBEGTTTTTTCHB@T TGTART
>RON’ 1B1

TTTTTTTT

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliTTGTAATC,
>RON’1C3

EFGEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTARARTCCTGATTACAANEGTTTTT Tl TTGTAATC
>RON’ 2A1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMMBGTTTTTTCHMET TGTART
>RON’ 224

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAANMNGTTTTTTCHElT TGTART
>R10N’ 1B1

TTTTTTTT

TTT.

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTC T TGTAATC,
>R1O0N’1C2

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTAAAATCCTGATTACAAJGTTTTTTCliT TGTAATC,
>R10N 2B1

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCGTARAATCCTGATTACAAMIBGTTTTTTCHMBT TGTART

TTTTTTTT

>R10N’ 2B2
RTECCATAA TTACAAEEEGTTTTTTCBlTTGTAAT

GGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGTTT TGTCTACCAGGAACCGTARRATCCT

TTTTTTTT

TTT.

TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCHAGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHEGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGTTATGACCATGATTACGCCHRGETT
TAGTACATTTAAGTARAGGAGTTTGT TATGACCATGATTACGCCAAGETT

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRAGETH
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>R10N2C3

TATAATATATTCCACTTGTATAACCTCAAT. T CTACCAGGAACCGT: TeCTGATTACAANERGTTTTTTCEETTGTAATC:

GGC
>R10N’ 2C4
REEEATAAGGCTCGTATAATATATTCCACTTGTATAACCTCAATAATATGGT TTGAGGGTGTCTACCAGGAACCGTAARATCCTGATTACAANGTTTTTTCHMllTTGTAAT

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCEAGETH

TAGTACATTTAAGTAAAGGAGTTTGTTATGACCATGATTACGCCRAGETT
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