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ABSTRACT
ENGINEERING OF FUNCTIONALLY ASYMMETRIC SIRNA DUPLEXES
By

Phillip Angart

Short interfering RNAs (siRNAs) are a promising nucleic acid-based therapeutic strat-
egy that offer an alternative to traditional small-molecule based drugs for the treatment
of a variety of otherwise-untreatable diseases. These small, chemically synthesized RNAs
can transiently inhibit the expression of target genes through the use of a native eukary-
otic pathway called RNA interference (RNAi). The design of highly active siRNAs is not
straightforward. Our strategy to improve siRNA design criteria focuses on the idea that
siRNAs enter the RNAi pathway as duplexes but only become functional once one of the
siRNA strands has been selected. Ensuring high selectivity of the intended strand is essen-
tial for proper siRNA functionality. To address this challenge, this research aimed to (1)
understand how features of the siRNA control the relative activities of the two strands of
the siRNA duplex, termed functional asymmetry and (2) better understand the mechanism
of siRNA asymmetric strand selection.

To improve our understanding of the characteristics that drive siRNA strand selection
and strand activity, we began our investigation with two characteristics, relative terminal
hybridization stability (AAG) and 5 terminal nucleotide (TN) Rank. These character-
istics have been previously shown to cooperatively predict siRNA activity. Our analysis
indicates that these characteristics are also predictive of siRNA functional asymmetry. A
comparative analysis between individual strand loading and activity shows that the AAG

reflects a combination of duplex hybridization stabilities (AGs) that are important in the



formation of RISC and its kinetics. The TN was found to influence siRNA strand activity
post-siRNA loading, suggesting a role in maximizing RISC half-life. Taken together, these
results indicate that siRNA activity is influenced by siRNA-protein interactions that occur
both pre- and post-siRNA strand selection.

The mechanism of siRNA loading and the protein-RNA interactions responsible for
driving differential strand loading are not fully understood. Based on evidence from other
systems, we hypothesized that asymmetric strand selection was driven, at least in part, by
preferential binding of different segments of siRNAs by RNAi pathway proteins. Here we
demonstrated that one RNAi protein, PACT, preferentially localizes to one siRNA terminus
of a duplex known to be functionally asymmetric. This indicates that PACT may thereby
influence siRNA asymmetric strand loading during initiation of RNAi.

The work presented here identified characteristics of siRNAs duplexes that were found
to drive siRNA strand selection and activity. Collectively, these results inform siRNA
design and address biological questions about the functional aspects of the RNAi pathway.
Future work in this area will continue to investigate how characteristics of siRNAs impact
their functionality within the RNAi pathway, ultimately leading towards a highly refined
set of rules for siIRNA design. A more guided approach to siRNA design will facilitate the

development of siRNAs as a therapeutic platform.
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Chapter 1

Introduction

1.1 Significance

Biologics are a class of pharmaceuticals that utilize biological macromolecules to achieve
a therapeutic effect. As alternatives to traditional small molecule drugs, biologics have
the potential to provide treatments for previously untreatable conditions. Antisense tech-
nologies are biologics that utilize nucleic acids to target RNA (and occasionally DNA)
within a cell to alter gene expression. One antisense technology, RNA interference (RNA1)
therapeutics, leverages the ability of a native eukaryotic regulatory mechanism to incor-
porate chemically-synthesized, small interfering RNAs (siRNAs) to direct gene silencing
against a therapeutic target. siRNAs provide a transient, highly targeted method of post-
transcriptional gene silencing. siRNAs are routinely used in research studies of eukaryotic
biological processes, though transitioning the technology to the clinic has proven challeng-
ing. Principal among the challenges are the delivery of siRNAs to the cells of interest and,
the focus of this work, the selection of highly active siRNAs with good specificity.
Significant effort has been spent identifying factors that enhance siRNA activity and
specificity. siRNA activity is influenced by, among other factors, strand selection, the struc-
ture of the mRNA target region, base preferences, overall siRNA G/C content, and siRNA

duplex thermodynamics. In comparison, siRNA specificity depends on strand selection,



immunogenicity, and uniqueness of the target sequence. Current siRNA design depends
upon achieving a balance among these factors; siRNA design algorithms typically weight
these factors based upon analyses of siRNA activity data (Naito and Ui-Tei, 2012). As it
stands, the rules for selecting active, specific siRNAs continue to evolve.

siRNAs enter the RNAi pathway as duplexes but must be single-stranded in order to
function, requiring selection of one siRNA strand for incorporation into the active com-
plex. Asymmetric strand selection is critical for proper functionality of siRNAs against
an intended target and occurs by recognition of specific features of the siRNA by the pro-
teins of the RNAi pathway. The work described here focuses on understanding the siRNA
characteristics that lead to a functionally asymmetric and active siRNA duplex. We also in-
vestigated the Protein Kinase R (PKR) Activator (PACT), which is postulated to facilitate

siRNA loading, for its ability to act as an asymmetry sensor in the RNAi pathway.

1.2 Background

RNAI is a central post-transcriptional regulatory and defense mechanism in many eukary-
otic organisms and is essential to understanding the regulatory landscape of eukaryotic
cells. Studies of RNAi have informed mechanisms of developmental disorders, disease
parthenogenesis, and cancer progression. It is also remarkable for the relative ease in which
exogenous siRNAs, once delivered to the cytoplasm, can enter the RNAi pathway and
constitute targeted gene silencing, creating a therapeutic effect.

RNAi was first observed in petunias when the gene that produces anthocyanin (the
compound giving petunias their purple color) was overexpressed, in an attempt to enhance

the flowers’ color (Napoli and Lemieux, 1990). Instead, many flowers turned white instead



of deeper purple. It was later determined that the petunias turned white due to activation
of the RNAi pathway, which recognized the overexpressed gene as non-native and silenced
its expression, concomitantly silencing the native gene (Napoli and Lemieux, 1990). The
discovery of both the RNA trigger and explanation of the post-transcriptional silencing ef-
fect was subsequently published, earning the senior authors the Nobel Prize in Physiology
and Medicine in 2006 (Fire et al., 1998). In 2001, RNAi was characterized in mammals,
with the simultaneous discovery of multiple native, small regulatory RNAs (Elbashir et al.,
2001a; Lagos-Quintana, 2001). Native small RNAs have been found to be central in de-
velopment, cancers, infections, and other diseases and remain an active area of research

(Carthew and Sontheimer, 2009; Wittrup and Lieberman, 2015).

1.2.1 Small RNAs of RNAIi

The RNAi pathway processes and utilizes small RNAs to enact sequence-specific post-
transcriptional gene silencing and translational repression (Carthew and Sontheimer, 2009).
The small RNA trigger confers specificity of the active protein-RNA complex towards a
messenger RNA (mRNA) target with a complementary sequence (Meister et al., 2004). For
enacting RNAi, small RNAs can be grouped into two categories, siIRNAs and microRNAs
(miRNAs). siRNAs are fully base paired ~21 nucleotide (nt) duplexes with 19 internal
base pairs (bp), 5’ phosphates, and 3’ dinucleotide overhangs (Figure 1.1) (Bernstein et al.,
2001; Zamore et al., 2000; Nykéanen et al., 2001; Elbashir et al., 2001c). miRNAs, while
similar in overall architecture, typically contain bulges and mismatches within the duplex
and only partially base pair with their target (Figure 1.1) (Bartel, 2009). The pathway

itself is made up of relatively few proteins, but the diversity in native small RNAs enables



the regulation of > 60% of human genes (Friedman et al., 2008).

siRNA
5-PO, —OH-3'
3-HO = PO,-5
miRNA
5'-PO, e OH-3
3'-HO kel PO,-5

Figure 1.1: Anatomy of siRNAs and miRNAs. (Top) The canonical siRNA structure
with ~19 bp, and 3’ dinucleotide overhangs. (Bottom) Approximate miRNA structure, sim-
ilar to siRNAs, with ~19 internal bases and 3’ dinucleotide overhangs, but also containing
bulges and mismatches within the duplex.

1.2.2 Details of the RNA Interference Pathway

In mammals, miRNA biogenesis begins in the nucleus with the transcription of a primary-
miRNA, which is then processed by the Drosha-DiGeorge syndrome chromosomal region 8
(DGCRS) complex to form a precursor-miRNAs (pre-miRNA) (Gregory et al., 2004; Han
et al., 2004) (Figure 1.2). Pre-miRNAs are exported to the nucleus by exportin-5 (Yi et al.,
2003) where they are further processed into miRNAs by the Dicer complex, composed of
Dicer, and/or TRBP and PACT, by cleavage of the pre-miRNA hairpin (Yoda et al., 2010).
miRNAs are then loaded into one of the 4 Argonaute (Ago) proteins, forming pre-RNA
induced silencing complex (pre-RISC) (Yoda et al., 2010). Once the passenger strand is
removed, either by duplex unwinding or by cleavage and degradation of one of the strands,
mature RISC is formed (Matranga et al., 2005; Yoda et al., 2010; Kawamata et al., 2009).

Strand selection depends on its orientation within Ago, dictating which strand will be

4



loaded (guide strand) and which strand will be degraded (passenger strand) (Matranga
et al., 2005; Rand et al., 2005). The guide RNA-Ago complex composes the minimal RISC,
capable of targeting complementary mRNA for gene knockdown via Watson-Crick base
pairing (Rivas et al., 2005). miRNA programmed RISC bind with partial complementarity
to the 3" UTR of their target mRNA, which, through a variety of mechanisms, causes
either translational repression or transcript decay (Reviewed in Bartel (2009) and Ameres
and Zamore (2013)).

Endogenous siRNA biogenesis begins with long dsRNA or short-hairpin RNA (shRNA),
which directly enter the Dicer complex and are cleaved into siRNA duplexes. While siRNAs
are predominately loaded into Agol and Ago2, only Ago2 is capable of efficiently forming
mature RISC (Su et al., 2009; Gu et al., 2011; Yoda et al., 2010; Meister et al., 2004)
through endonucleolytic cleavage and removal of the fully complementary passenger strand
(Matranga et al., 2005; Rand et al., 2005; Yoda et al., 2010). siRNA programmed RISC
binds to complementary mRNA and, in a similar manner to passenger strand cleavage and
removal, cleaves the mRNA between the nucleotides complementary to the 10" and 11th
bases of the guide strand (Wang et al., 2008; Elbashir et al., 2001b). The cleaved mRNA is
then released and degraded, allowing RISC to target another mRNA (Haley and Zamore,
2004). Ago2 is the only human Ago protein with an active ribonuclease domain making it
essential to siRNA-mediated knockdown (Yoda et al., 2010).

Exogenous siRNAs are typically designed to mimic the mature endogenous siRNA struc-
ture (Elbashir et al., 2001a; Zamore et al., 2000). Once siRNAs are delivered to the
cytoplasm, the 5 termini are rapidly phosphorylated by the protein Clpl (Weitzer and

Martinez, 2007) and are then loaded into a protein complex to form pre-RISC (Yoda et al.,



2010; Sakurai et al., 2011). The only protein required for pre-RISC is one of the Ago pro-
teins (Yoda et al., 2010), although, by itself, Ago2 is unable to form mature RISC (Ye et al.,
2011). It is unclear as to what proteins form pre-RISC in living cells; however, recombinant
protein based assays have shown that pre-RISC activity can be formed in vitro with Ago2
and either TRBP, Dicer, HSP70/HSP90, or C3PO (Willkomm et al., 2016; Bernard et al.,

2015; Iwasaki et al., 2010; Liu et al., 2009; Ye et al., 2011).

\l Transcription
Dicer U '
Complex N ji

N | \
» ; Dicer-TRBP/ ?
R Dicer-TRBP . 5
g. > \ - ) Dicer-PACT g
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Figure 1.2: RNAi Mechanism. Endogenous miRNA biogenesis (blue lines) and siRNA
biogenesis (black lines). Exogenous siRNAs enter the pathway through the pre-RISC (dash
black lines), the components of which are not completely known. Not depicted are pre-
miRNAs that are directly loaded into Ago2 constituting pathway ”cross-talk” (Yang et al.,
2010; Cheloufi et al., 2010), the localization of RNAi proteins (Stalder et al., 2013), reg-
ulatory elements of RNAi (Ha and Kim, 2014), and the mechanisms of miRNA mediated
gene silencing (Bartel, 2009), and mechanisms of siRNA entry into the cell (Malefyt et al.,
2012).



1.2.3 Ago2

Ago?2 is the core catalytic protein of siRNA-mediated RISC (Rivas et al., 2005). It is one
of four human Ago proteins but it is the only one capable of loading siRNAs and cleaving
its mRNA target through its active PIWI domain (Figure 1.3) (Meister et al., 2004; Yoda
et al., 2010). Ago2 interacts directly with the siRNA phosphate backbone, 5" terminal
nucleotide (TN), and the 2 nt of the 3’ end of the guide strand, which, before siRNA
strand separation, composed the 3’ overhang of the guide strand (Frank et al., 2010; Ma
et al., 2004; Parker et al., 2009).

Ago2, as part of RISC, splits the guide RNA into different domains, with each domain
having a different role in RISC function (Figure 1.4). RISC exposes nucleotides 2-4 of the
guide strand to the solvent (1° seed), using these bases to scan for complementary targets.
Once a complementary 3 nt sequence is found, bases 5-8 engage the mRNA target (2° seed)
(Salomon et al., 2015; Chandradoss et al., 2015). Nucleotides 2-8 of the guide strand are
the minimum sequence required to maintain a stable association between RISC and its
target; this region of the guide strand is referred to as the seed region (Parker et al., 2009;
Ameres et al., 2007; Lambert et al., 2011). Ago proteins have an adenine binding pocket,
which, in circumstances where the nucleotide opposite the 15! nucleotide of the guide strand
is an adenine, alters the minimum required seed region to nucleotides 2-7 (Bartel, 2009).
Seed region binding initiates significant conformational changes to allow binding of the
remaining guide strand to the target mRNA followed by cleavage of the mRNA between
the 10t" and 11" bases of the guide strand (part of the central domain) (Elbashir et al.,
2001b; De et al., 2013; Wang et al., 2008; Schirle and MacRae, 2012). Only nucleotides 2-16

are involved in full target recognition, with nucleotides 13-16 acting to stabilize the RISC-



mRNA interaction (3’ supplement) (Wee et al., 2013). The first nucleotide of the guide
RNA interacts directly with the MID domain of Ago2 (Figure 1.3) and does not engage
in base pairing with the target (TN; Figure 1.4) (Frank et al., 2010). The 5" nucleotide
binding pocket interacts directly with the 5’ phosphate and the phosphate backbone of
nucleotides 1-4 (Suzuki et al., 2015; Frank et al., 2010); it also contains a loop structure
that discriminates against the TN sequence, showing preference for uridine and adenine
over guanine and cytidine nucleotides. Functionally, these binding preferences affect the
half-life of RISC (De et al., 2013). This same binding pocket facilitates the loading of
thermodynamically unstable small RNA termini (Suzuki et al., 2015) (See Chapter 2).
The 3’ tail of the guide strand interacts directly with the PAZ and N-terminal domains
(Figure 1.3) and does not engage in target binding (Ma et al., 2004; Lingel et al., 2004;

Kwak and Tomari, 2012).
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Figure 1.3: Domains of RNAi Proteins. Depicted are the domains of the essential
RNAi cytoplasmic proteins with the number on the C-terminus denoting the number of
amino acids in each protein.
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Figure 1.4: Functional Domains of Guide RNA in RISC. Guide RNA-mRNA
interactions vary depending on the region of the guide strand and are modulated by Ago2.
These interactions have been mapped in Drosophila and mouse Ago2.

1.2.4 TRBP and PACT

TRBP and PACT are dsRBPs with similar architectures, containing two double stranded
RNA binding domains (dsRBDs) and a third domain that binds to a number of other pro-

teins (Figure 1.3), including Dicer (Laraki et al., 2008; Daniels et al., 2009). The 2 dsRBDs



of TRBP and PACT act independently of one another, with dsSRBD2 having greater affinity
for dsRNA compared to dsRBD1 (Daviet et al., 2000). Within the context of the Dicer
complex (Figure 1.2), TRBP and PACT act both independently and coordinately to fa-
cilitate the generation of siRNAs and miRNAs, controlling substrate loading and isomiR
generation in (Lee and Doudna, 2012; Wilson et al., 2015; Kim et al., 2014). These pro-
teins also have differences in substrate binding preferences, with PACT showing affinity for
pre-miRNA like structures and TRBP having affinity for both dsRNA and pre-miRNAs
(Lee et al., 2013).

Both TRBP and PACT function in contexts outside of the RNAi, playing a role in
translational control, cell growth and cell cycle, and PKR activation/suppression (Daniels
and Gatignol, 2012). In each case, TRBP and PACT interact with each other, as well as the
proteins PKR and Merlin; collectively these proteins constitute a signaling network between
cellular RNA and transcription (Daniels and Gatignol, 2012). These proteins are also
regulated post-transcriptionally through phosphorylation, ubiquination, and SUMOylation
effecting their function within the RNAi pathway (Paroo et al., 2009; Chen et al., 2015;

Lee et al., 2004, 2005).

1.3 siRNA Design

siRNAs are designed to be fully complementary with their target RNA; still, sequence
selection is not necessarily straightforward. This is due to the number of critical inter- and
intramolecular interactions within the RNAi pathway that determine the eventual activity
of the siRNA in silencing its target. The following sections discuss factors that influence

siRNA sequence selection and additional modifications that can be made to siRNAs to
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improve efficacy.

1.3.1 Functional Asymmetry

For siRNAs to silence the intended target, they must be properly oriented to ensure in-
corporation of the intended guide strand into RISC (Schwarz et al., 2003; Tomari et al.,
2004; Gredell et al., 2010; Noland et al., 2011; Sakurai et al., 2011; Yoda et al., 2010).
Incorporation of the unintended strand (i.e., the intended passenger strand) leads to the
formation of a RISC that cannot cleave the intended target (reducing the activity of the
siRNA therapeutic) and potentially causing off-target effects (reducing the specificity of
the siRNA) (Schwarz et al., 2003; Khvorova et al., 2003; Grimm et al., 2006). Selection
of an siRNA target region largely dictates the sequence of both the guide and passenger
siRNA strands; because of this reduction in the degrees of freedom, it is useful to refer to
siRNA activity both in terms of its absolute activity and relative activity over the passenger
strand. We will refer to the difference in the activity of one siRNA strand relative to the
other as functional asymmetry (Schwarz et al., 2003). Functional asymmetry is a function
of multiple factors, including RISC half-life, RISC turnover rate, and biased incorporation
of one siRNA strand into RISC (Frank et al., 2010; Haley and Zamore, 2004; Tomari et al.,
2004; Suzuki et al., 2015; De et al., 2013).

Two factors hypothesized to influence siRNA functional asymmetry are the relative
terminal thermodynamic hybridization stability (AAG) and the relative 5" terminal nu-
cleotide (TN) sequence (Figure 1.5A), which can be ranked according to their predicted
activity, TN Rank (Figure 1.5A and 1.5B) (Walton et al., 2010; Malefyt et al., 2013). Both

of these characteristics are localized to the termini of the siRNA. The siRNA termini are
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critical for authentication of the siRNA structure not only with the characteristic 2 nt 3/
overhangs and 5" phosphates (Elbashir et al., 2001a; Nykinen et al., 2001), but also be-
cause these are the only regions of the siRNA guide known to interact with Ago2 and Dicer
(Lima et al., 2009; Kini and Walton, 2007) in a manner other than the generic phosphate
backbone interactions (Frank et al., 2010; Lingel et al., 2004; Suzuki et al., 2015; Schirle

and MacRae, 2012).
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Figure 1.5: AAGs3,,,, and TN Rank Definitions. (A)siRNA asymmetry characteristics
marked on an siRNA with the top strand (blue) as the desired guide strand (Antisense)
and the bottom strand (red) as the desired passenger strand (Sense). (B) TN rankings
(from Malefyt et al. (2013)). Arrow denotes TN Ranks predicted to favor greater antisense
(+) strand activity (Blue) or favor greater sense (-) strand activity (Red) (4-/- Notation
described in Figure 2.2).

1.3.1.1 Relative Terminal Hybridization Stability (AAG)

Biased strand incorporation occurs by the recognition of differences in the termini of the

siRNAs by various proteins of the RNAi pathway (Tomari et al., 2004; Schwarz et al., 2003;
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Khvorova et al., 2003; Gredell et al., 2010; Walton et al., 2010; Noland et al., 2011; Betancur
and Tomari, 2012; Koh et al., 2013). Based on early studies of functional asymmetry
in Drosophila, it was concluded that a AAGyy,,, the difference in hybridization energy
between the two ends of the siRNA (similar to Figure 1.5A), was predictive of functional
asymmetry and further attributed to biased strand loading (Tomari et al., 2004). These
studies determined that the strand whose 5’ terminus is less stably hybridized (more positive
hybridization free energy) is preferentially loaded into RISC (Schwarz et al., 2003; Tomari
et al., 2004; Gredell et al., 2010; Noland et al., 2011). More recent analyses have found
that functional asymmetry in mammalian systems is more strongly predicted by the TN,
with the AAGy,,, being a second order effect to TN (Walton et al., 2010; Malefyt et al.,
2013; Suzuki et al., 2015) (See Chapter 2). When both factors are combined, a AAGsy,,

is more informative than a AAGy,, definition (Walton et al., 2010).

1.3.1.2 5’ Terminal Nucleotide Sequence (TN)

The TN strongly predicts siRNA activity, with 5" uridine and adenine nucleotides being
strongly favored over 5 cytidine and guanine nucleotides (Frank et al., 2010; Seitz et al.,
2011). The TN contributes to RISC stability via a direct interaction with the nucleotide
specificity loop within Ago2 (Frank et al., 2010; De et al., 2013). The increased affinity
of some guide strands relative to others may result in an increase in RISC stability, the
half-life of RISC, and subsequently higher strand activity (Frank et al., 2010; De et al.,
2013). TN Rank, an extension of TN, is a measure of siRNA activity based on the TN of
both the passenger and guide strands (Figure 1.5A and 1.5B) (Walton et al., 2010; Gredell
et al., 2010; Malefyt et al., 2013). Despite the partial collinearity between TN Rank and

AAGs,,, these features are independent predictors of siRNA activity (Walton et al., 2010;
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Malefyt et al., 2013; Suzuki et al., 2015).

1.3.2 mRNA Target Region

Strong mRNA secondary structure precludes siRNA binding through steric hindrance of
RISC binding and cleavage (Brown et al., 2005; Ameres et al., 2007). In silico methods
exist to predict, relatively accurately, mRNA secondary structures (Vickers et al., 2003;
Ameres et al., 2007; Bohula et al., 2003; Overhoff et al., 2005; Schubert et al., 2005; Shao
et al., 2007; Yoshinari et al., 2004); however, mRNA structure in a living cell is dynamic and
predictive approaches can only provide partial mRNA structural information. Secondary
structure information can inform siRNA design and, in general, regions of the mRNA with
low overall secondary structure should be targeted. (Ameres et al., 2007; Overhoff et al.,

2005; Shao et al., 2007).

1.3.3 Immunogenicity

siRNAs can cause a number of immunologic and cytotoxic responses, some of which are
sequence-specific and others that arise due to the dsRNA structure (Sledz et al., 2003;
Samuel-Abraham and Leonard, 2010; Jackson and Linsley, 2010; Robbins et al., 2007). In
fact, immunogenic responses can be the cause of the therapeutic effect, rather than specific
silencing mediated by the siRNA (Haussecker, 2012; Schlee et al., 2006). In general, the
recognition of specific sequence motifs that leads to immune activation is mediated by toll-
like receptor (TLR) recognition of pathogen-associated molecular patterns (Heil et al., 2004;
Judge et al., 2005; Jackson et al., 2006a; Diebold et al., 2004, 2006; Goodchild et al., 2009;

Weber et al., 2012; Kleinman et al., 2008; Reynolds et al., 2006; Kariko et al., 2004; Forsbach
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et al., 2008). Immunostimulatory motifs include: GUCCUUCAA (Hornung et al., 2005),
UGUGU (Judge et al., 2005), UGU Judge2005, UCA Jurk2011, GU-rich sequences (Heil
et al., 2004), AU-rich sequences (Forsbach et al., 2008), and U-rich sequences (Goodchild
et al., 2009). UGGC has been shown to be cytotoxic via non-immune mechanisms (Fedorov
et al., 2006). OAS1, PKR, and RIG-I are cytoplasmic receptors that interact with dsRNAs,
like siRNAs, to enact an innate immune response (Kodym et al., 2009; Manche et al., 1992;
Bevilacqua and Cech, 1996; Marques et al., 2006; Kato et al., 2008; Samuel-Abraham
and Leonard, 2010; Gantier and Williams, 2007). These receptors detect RNA structural
features rather than sequence motifs. The only exception is OAS1, which is activated
by a NNWW(N)gWGN motif, where W can be either a A or U nucleotide and N is any

nucleotide (Kodym et al., 2009).

1.3.4 Non-Specific Effects

miRNA-like targeting occurs when siRNAs have unintended seed region complementarity
with the 3’ UTR of an mRNA, resulting in translational repression or transcriptional si-
lencing of an untargeted transcript (Doench et al., 2003; Lambert et al., 2011; Gu et al.,
2011; Bartel, 2009; Lewis et al., 2003; Lin et al., 2005; Lai, 2002). mRNAs that are na-
tively regulated by miRNAs are also more susceptible to miRNA-like off-targeting due
to extended 3’ UTRs and the preexistence of miRNA target sites (Schultz et al., 2011).
Avoiding miRNA-like targeting effects is complicated by an inability to accurately predict
seed sequences (Didiano and Hobert, 2006; Schultz et al., 2011; Lin et al., 2005). miRNA-
like targeting is influenced by the surrounding sequence of the target, the position of the

target in the mRNA, and the repetitiveness of the target sequence (Doench and Sharp,

16



2004; Lin et al., 2005; Broderick et al., 2011; Bartel, 2009). As such, the best way to
account for miRNA-like targeting is to avoid seed sequences that have already been iden-
tified (http://www.mirbase.org) (Kozomara and Griffiths-Jones, 2011). miRNA-mediated
silencing is dose dependent (Bartel, 2009); as siRNA potency increases and lower doses
of siRNAs are required, miRNA-like off-target effects from siRNAs should concomitantly

decrease.

1.3.5 Other siRNA Design Criteria

Other factors shown to influence siRNA activity include the G/C content (i.e., the overall
duplex stability) of the siRNA (Reynolds et al., 2004; Vert et al., 2006; Khvorova et al.,
2003), the secondary structure of the guide strand (Patzel et al., 2005; Koberle et al., 2006),
internal repeats (Reynolds et al., 2004), palindromic sequences (Hossbach et al., 2006), and
positional base preferences along the siRNA (Reynolds et al., 2004; Ui-Tei et al., 2004;
Jagla et al., 2005; Huesken et al., 2005; Ladunga, 2006; Shabalina et al., 2006; Amarzguioui
and Prydz, 2004; Gong et al., 2006; Takasaki et al., 2004; Holen, 2006; Takasaki, 2009;
Katoh and Suzuki, 2007; Vermeulen et al., 2005). More recently, additional structural
criteria, even to the level of tertiary structure (Sciabola et al., 2012), have been identified
as valuable in predicting siRNA activity. While each of these factors may be important
in siRNA design, either their overall influence is thought to be minimal compared to the
other selection criteria or there is a lack of consensus on how to implement the feature as
a selection criterion. As such, the use of the mentioned criteria are generally considered as

a second order set of rules.
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1.3.6 Non-Canonical siRNA Structural Designs

Using non-canonical siRNA structures in large part changes the point of entry into the RNAi
pathway or changes the way in which the RNAi proteins interact with the non-canonical
siRNA (Snead and Rossi, 2012). From the bottom up, ssRNAs are capable of being loaded
by Ago2, albeit inefficiently, to form an active RISC in vitro (Martinez et al., 2002; Holen
et al., 2003; Birmingham et al., 2006; Rivas et al., 2005) and in vivo when chemically
modified (Lima et al., 2012; Haringsma et al., 2012). By only providing one siRNA strand
to enter RISC, proper strand selection is no longer a design characteristic. Other structures
are designed to bias strand incorporation by altering the length of the passenger strand
(asymmetric interfering RNAs and asymmetric short-duplex siRNAs (Chu and Rana, 2008;
Sun et al., 2008; Chang et al., 2009)), the length of the 3’ overhang (fork-siRNAs (Hohjoh,
2004)), or by assembling a duplex with a segmented passenger strand (small internally
segmented interfering RNAs (Bramsen et al., 2007)). A more recently tested structure
utilizes a bulge at the second position of the guide strand, creating a perturbation at the
first base of the seed region (Dua et al., 2011); the use of this modification to the canonical
siRNA structure was shown to decrease off-targeting by miRNA-like activity. Other non-
canonical structures exploit the ability for longer RNAs to enter RISC more efficiently;
these structures are called Dicer substrate RNAs (Amarzguioui et al., 2006; Collingwood

et al., 2008; Tanudji et al., 2010; Foster et al., 2012).

1.3.7 Incorporation of Chemical Modifications

Chemical modifications in siRNAs can increase their stability (specifically with regards

to nuclease degradation), minimize immunogenicity, and, to a certain extent, improve the
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activity of the siRNA (Turner et al., 2006; Volkov et al., 2009; Hong et al., 2010; Robbins
et al., 2007; Hornung et al., 2005; Goodchild et al., 2009; Allerson et al., 2005; Bramsen
et al., 2009; Kenski et al., 2012). Chemical modifications are also necessary for the use of
siRNAs in clinical applications. Chemical modifications of the siRNA focus on changing the
phosphodiester backbone, ribose sugar, nucleotide base, and 2’-OH ribose group. Effective
use of chemical modifications requires the substitution of the new chemical moiety at a
position within the siRNA where the additional group or structural alteration does not
inhibit normal siRNA function. In general, the rationale behind chemical modifications is
to incorporate small perturbations in the siRNA structure to prevent recognition and/or
binding of the siRNA by nucleases and the immune receptors for RNA. The most common
modifications include altering the 2’-OH group to a 2/-O-CHjs or 2/-F to prevent recognition
of the RNA by nucleases and TLR7 and TLRS (Braasch et al., 2003; Chiu and Rana, 2003;
Allerson et al., 2005; Manoharan et al., 2011; Cekaite et al., 2007; Robbins et al., 2007,
Tluk et al., 2009; Fucini et al., 2012). TLR3 interacts with dsRNA, and, while TLR3
activation by canonical unmodified siRNAs has been shown in mice, it may not be an issue
in humans (Reynolds et al., 2006; Kariko et al., 2004; Kleinman et al., 2008; Weber et al.,
2012). Unfortunately, no absolute rules exist defining which chemical modifications are
most useful and how they are best applied.

The 3’ overhangs are also a common location for chemical modifications for two reasons:
i) they may provide a site of attack for endoribonucleases and ii) chemical modifications,
even bulky ones, are typically well tolerated at these positions (Haupenthal et al., 2006).
Phosphorothioate and phosphorodithioate modifications to the backbone of the siRNA

generate siRNAs with nuclease resistance, but the number and positions of modifications
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are important in retaining siRNA activity (Braasch et al., 2003; Amarzguioui, 2003; Yang

et al., 2012).

1.4 Approach and Specific Aims

The work described here aimed to improve the design of siRNAs for both higher activity
and specificity by focusing on the refinement of the features that determine siRNA func-
tional asymmetry. This dissertation details two approaches taken towards understanding
siRNA duplex characteristics and molecular interactions that lead to a highly functional
asymmetric siRNA duplex.

The specific aims addressing the question of siRNA functional asymmetry are outlined
below:

1. Understand the interrelation of TN Rank and AAGs,,,, on siRNA strand loading
and siRNA functional asymmetry.

TN Rank and AAGs,,, are characteristics of siRNA duplexes are effective predictors of
siRNA activity. These characteristics were shown here to also predict of siRNA functional
asymmetry. We further explored how these characteristics impact siRNA strand loading
and found that AAGs,,,, term, while useful for predicting siRNA functional asymmetry, ac-
tually contains predictive information about the siRNA duplex energies that are important
for siRNA loading and for describing siRNA-mRNA interactions. Discrimination of the TN
was also found to occur post-loading. These findings provide a more accurate description
of how duplex thermodynamics influence both siRNA loading and activity.

2. Characterize the extent to which PACT can sense asymmetric characteristics of

siRNA duplexes
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The proteins TRBP and PACT are mammalian homologs of the protein R2D2, a protein
credited with sensing siRNA duplex asymmetry in Drosophila. TRBP has been previously
shown to sense siRNA duplex asymmetry (Gredell et al., 2010). Here we investigated the
asymmetry sensing of the PACT protein, showing that it too can asymmetrically localize to
siRNA termini of functionally asymmetric siIRNA duplexes. Furthermore, we were able to
show that PACT terminus localization was not identical to TRBP for all of the sequences
examined, suggesting that TRBP and PACT do not function in an identical manner. Lastly,

we found that PACT siRNA terminus localization can be predicted by AAGyy,,-
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Chapter 2

Terminal duplex stability and
nucleotide identity differentially
control siRNA loading and activity in

RNA interference

2.1 Abstract

Efficient short interfering RNA (siRNA)-mediated gene silencing requires selection of a se-
quence that is complementary to the intended target and possesses sequence and structural
features that encourage favorable functional interactions with the RNA interference (RNA1)
pathway proteins. Here, we investigated how terminal sequence and structural character-
istics of siRNAs contribute to siRNA strand loading and silencing activity, and how these
characteristics ultimately result in a functionally asymmetric duplex in cultured HeLa cells.
Our results reiterate that the most important characteristic in determining siRNA activity
is the 5’ terminal nucleotide identity. Our findings further suggest that siRNA loading is
controlled principally by the hybridization stability of the 5" terminus (Nucleotides: 1-2)

of each siRNA strand, independent of the opposing terminus. Post-loading, RISC spe-
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cific activity was found to be improved by lower hybridization stability in the 5’ terminus
(Nucleotides: 3-4) of the loaded siRNA strand and greater hybridization stability towards
the 3’ terminus (Nucleotides: 17-18). Concomitantly, specific recognition of the 5 termi-
nal nucleotide sequence by human Ago2 improves RISC half-life. These findings indicate
that careful selection of siRNA sequences can maximize both the loading and the specific

activity of the intended guide strand.

2.2 Introduction

The RNA interference (RNAi) pathway is a central regulatory mechanism in mammalian
cells, where endogenous small RNAs, once incorporated into a ribonucleoprotein complex,
target complementary sequences and cause post-transcriptional gene silencing (Snead and
Rossi, 2010; Carthew and Sontheimer, 2009). Short interfering RNAs (siRNAs), a subset
of small RNAs recognized by the RNAi pathway, are selectively loaded into the Argonaute
2 (Ago2) protein (Yoda et al., 2010), an endoribonuclease (Liu et al., 2004), and enact gene
silencing through binding and cleaving complementary mRNAs (Martinez et al., 2002;
Elbashir et al., 2001c). The ability to design and deliver exogenous siRNAs for targeted
protein knockdown offers an attractive therapeutic strategy (Angart et al., 2013).

RNAI is initiated when the pathway proteins recognize RNA duplexes with the char-
acteristic siRNA structure, ~19 internal base pairs and 2 nt 3’ overhangs (Elbashir et al.,
2001c; Zamore et al., 2000). Either strand from the duplex can be processed and loaded
into Ago2 to form the mature RNA-induced silencing complex (RISC) (Rivas et al., 2005).
The quantity of intended RISC formed and its activity determine the efficacy of an siRNA

in silencing its target. While generally only one siRNA strand (the guide strand) can tar-
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get a specific mRNA | in systems where targets exist for both siRNA strands, both strands
can silence (Yoda et al., 2010; Sakurai et al., 2011). Even in the absence of a specific
target, loading and function of the unintended strand (the passenger strand) can result in
significant non-specific, off-target effects (Jackson et al., 2003, 2006b). Thus, to achieve
maximal activity and specificity of silencing, it is essential to design siRNAs for loading and
activity of only the intended guide strand. To do so requires an understanding of how to
control i) selection and loading of the guide strand and ii) the half-life and activity of RISC.
Concomitantly, these same design rules should be applied to minimizing the loading and
activity of the passenger strand, thereby achieving maximal functional asymmetry, which
we define as the ratio of the silencing activities of the siRNA strands.

The concept of asymmetry has been essential to designing siRNAs since their initial
structure (double-stranded) and their functional form (single-stranded) were determined
(Schwarz et al., 2003). Factors that differentiate between the two siRNA strands have been
investigated, with the objective of determining how the RNAi pathway proteins identify
the guide and passenger strand of each siRNA. The first feature discovered for predict-
ing siRNA asymmetry was relative terminal hybridization stability (AAG) (Figure 1.5A)
(Schwarz et al., 2003), which captures the relative stability of the duplex structures at the
siRNA termini. AAG was shown to predict the functional asymmetry of siRNAs (Schwarz
et al., 2003; Lu and Mathews, 2008) and their asymmetric binding by proteins of the RNAi
pathway (Tomari et al., 2004; Noland et al., 2011). In our prior work, we classified siRNA
asymmetries according to the 5’ terminal nucleotide (TN) on each strand (TN Rank) (Fig-
ure 1.5) (Gredell et al., 2010; Malefyt et al., 2013; Walton et al., 2010), showing this feature

to be more predictive of siRNA activity than AAG.

24



However, using activity as the readout minimizes the degree to which identified features
can be linked to specific steps in the RNAi mechanism. Our goals in the present study were
to understand whether TN Rank and AAG predict siRNA strand selection in addition to
activity and to quantify the degree to which strand selection determines the final activity
of an siRNA strand. Our results showed that both TN Rank and AAG predict asymmetric
strand loading, albeit less accurately than predicting siRNA functional asymmetry. While
the influence of TN on strand activity is principally post-loading, presumably through
interactions between the guide strand and Ago2, hybridization stability, particularly at
the 5 terminus, influences both strand selection and post-loading events (e.g., interactions
with the mRNA target). The findings presented here increase our understanding of siRNA
structure-function relationships and can be useful in the selection of active and specific

siRNAs.

2.3 Results

2.3.1 TN Rank and AAGs3;,, Influence siRNA Functional Asym-
metry in Cultured HeLa Cells

Our previous work described the importance of TN Rank and AAGs;,, (Figure 1.5) in
predicting siRNA activity (Malefyt et al., 2013). The set of siRNAs chosen to investigate
TN Rank and AAGs,,, was selected to possess favorable, neutral, and unfavorable rankings
of the two features, with favorable referring to a characteristic that would be associated
with higher silencing of the siRNA against its target mRNA, in this case PKR (Figure

2.1) (Malefyt et al., 2013). Here, we wished to determine if these parameters could also
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predict siRNA functional asymmetry, as the most highly active and specific siRNAs will

have functional asymmetries highly biased in favor of the intended guide strand.

TN Rank

Rank 1 Rank 9 Rank 16

AAG + Neutral I'

3nn +

>3.4kcal/mol 410 336 440

~2kcal/mol 816 645 1198

~0kcal/mol

952 751 640

Neutral

<-3.4kcal/mol 1129 379 928
A4

Figure 2.1: Characteristics of PKR-targeting siRNAs. Feature predicted to favor
greater antisense (+) strand activity (Blue), feature predicted to favor greater sense (-)
strand activity (Red). siRNAs are named by the 5" position on the PKR mRNA targeted
by the siRNA (+) strand. siRNA sequences are provided in Table A.1.

We initially measured the activity of each siRNA strand using a luciferase reporter as-
say where the full-length coding sequence of PKR (hereafter the (+) target, targeted by
the (+) strand of each siRNA) or the full-length complement sequence of PKR (hereafter
the (-) target, targeted by the (-) strand of each siRNA) was cloned as a fusion product
downstream of the Renilla luciferase gene (Figure 2.2). siRNA strand 1Csy values were
determined by co-transfecting HeLa cells with one of the plasmids and one of the PKR-

targeting siRNAs. Functional asymmetry was calculated as the ratio of ICsq values for
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each pair of complementary strands (Figure 2.3A). Two siRNA strands, PKR816(-) and
PKR928(+), did not display any measurable activity (Figure 2.4); for these siRNAs func-
tional asymmetry was estimated assuming an ICsg of 10 nM, the highest concentration
tested, for the inactive strand. Examining our results for both TN Rank and AAGs,,,, we
find that, as we found with predicting strand activity, TN Rank is a stronger predictor of
functional asymmetry than AAGs,, (Figures 2.3B and 2.3C), with the information pro-
vided by AAGs,,,, improving the correlation but being insufficient to provide a significant
correlation alone (Figures 2.3C and 2.3D). The importance of the AAGs,,, is most evi-
dent for sequences with intermediate TN Rank, where positive AAGs,,,, sequences favor

(4) strand activities while negative AAGs,,,, sequences favor (-) strand activities (Figure

2.3A)
(+) Strand
| |OH-3’
PO,-5'
(-) Strand
+ Target - Target
5,_ g — 5,_ g —

S
Renilla Luciferase PKR Coding Sequence Renilla Lucife;‘ PKR Template Sequence

psi-CHECK2+ psi-CHECK2-

Figure 2.2: Schematic of siRINA Luciferase Assay. Luciferase reporter constructs
were designed with either the PKR coding sequence, (+) target (Blue), or PKR template
sequence, (-) target (Red), cloned downstream of the Renilla luciferase gene. Reporter
constructs were transfected independently with each PKR targeting siRNA to determine
the activity of each siRNA strand.
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Figure 2.3: siRNA Functional Asymmetry. (A) Relative siRNA functional asym-
metry sorted left to right by TN Rank and then by decreasing AAGs,,,,. Shown are the
ratios of siRNA (-) to (+) strand ICsq values determined from curve fitting to 4 biological
replicates. Error bars are & 1 SD. (*) represents values where one siRNA strand ICsq was
not measurable and assumed to be 10 nM (the highest concentration tested) for calculating
functional asymmetry. (B) Distribution of siRNA functional asymmetry with respect to
TN Rank. Horizontal lines represent the mean activity within the TN Rank; overhead
bar marked with (*) represents a statistically different pairwise comparison (p < 0.05) by
one-way ANOVA with Tukey’s post hoc analysis. (C) Correlation of functional asymmetry
with AAGsg,,. (B, C) siRNAs PKR816 and PKR928 had one estimated ICsy and were
marked with (4) and not included in any statistical analysis. (D) Multiple linear regression
of siRNA functional asymmetry with TN Rank and AAGs,,,, where Y is the functional
asymmetry ((-) ICs0:(+) ICyg) and X; are the variables. Coefficients were normalized to
Rank 1.
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To better understand the steps of the mechanism that, on aggregate, result in functional

asymmetry, we measured siRNA strand loading into Ago2 by transfecting HeLa cells with

our siRNA of interest for 24 h, immunoprecipitating Ago2, and then measuring its asso-
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ciated RNA by stem loop RT-qPCR. We observed that TN Rank correlated with siRNA
asymmetric strand loading (Figures 2.5A and 2.5B). AAGs,,, was not correlated with
siRNA asymmetric strand loading (similar to its lack of correlation with functional asym-
metry) (Figure 2.5C). In this case, however, it provided considerably less predictive infor-
mation when combined with TN Rank (Figure 2.5D) than it did for relative strand activity,
as shown by the relative differences in Akaike weights for the combined 2-factor models and
their respective single factor models (i.e., a smaller difference in Akaike weights indicates

a smaller gain in model information content; Table 2.1).
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Figure 2.5: siRNA Asymmetric Strand Loading. (A) Relative siRNA strand loading
into Ago2 sorted left to right by TN Rank and then by decreasing AAGs,,,,. Shown are
the ratios of siRNA (+) strand to (-) strand loading. N = 3, error bars are = 1 SD. (B)
Distribution of siRNA asymmetric loading by TN Rank. Horizontal lines represent the
mean activity within the TN Rank; overhead bars marked with (*) represent statistically
different pairwise comparisons (p < 0.05) by one-way ANOVA with Tukey’s post hoc anal-
ysis. (C) Correlation of siRNA asymmetric strand loading with AAGs,,,,. (D) Multiple
linear regression of asymmetric strand loading with TN Rank and AAGs,,,, where Y is
the relative strand loading ((+) [RISC]:(-) [RISC]) and X; are the variables. Coefficients

were normalized to Rank 1.
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Table 2.1: Akaike Weights for Linear Regression Models. AAICc and Akaike
weight comparisons of 1- and 2- factor linear regressions using TN Rank and AAGs,,),.

(+) 1Cs0:(-) ICs0 (+) [RISC]:(-) [RISC]
Model AAICc Akaike Weight ~AAICc Akaike Weight
TN Rank 14.9 0.001 1.1 0.365
AAG3p, 16.8 0 10.4 0.003
Combined 0 0.999 0 0.632

For a number of siRNAs, we observed differences in the relative loadings and relative
activities. PKR1129, which exhibited symmetrical strand activity (p = 0.24, extra sum-
of-squares F test), had asymmetric strand loading (p = 0.02, two-tailed t-test) in line with
its TN Rank. Interestingly, it is the (-) strand of PKR1129 that has an unexpectedly
high activity compared to the other sequences with a 5 G and similar loading (PKR410(-)
and PKR952(-); Figures 2.6A and 2.6B). This is presumably because this sequence has a
AAGs,, strongly in favor of the (-) siRNA strand, which may partially offset its unfa-
vorable 5 nucleotide. Additionally, sequences PKR336, PKR379, and PKR440 displayed
symmetrical strand loadings and asymmetric activities (Figures 2.3A and 2.5A). As with
PKR1129, these siRNAs have large AAGs,,, values (either highly positive or negative),
suggesting that AAGs,,,, may significantly influence siRNA function only after exceeding

a threshold magnitude.
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Figure 2.6: Individual siRNA Strand Activities and Loading. (A) Individual
siRNA strand 1Csq values (pM); N = 4; error bars are £ 1 SD. Dotted line represents
maximum siRNA concentration assayed, values above the line are extrapolated from ex-
perimental data. No activity was observed for siRNA strand PKR816(-) and PKR928(+);
denoted with (*). (B) Individual siRNA strand loading normalized to an internal stan-
dard; N = 3; error bars are == 1 SD. TN Ranks correspond to nucleotide pairs presented
in Figure 1.5B. siRNA strand activity (C) and loading (D) grouped by TN. Horizontal
lines represent the mean activity within the TN; overhead bars marked with (*) represent
statistically different pairwise comparisons (p < 0.05) by one-way ANOVA with Tukey’s
post hoc analysis

A direct comparison of siRNA strand loading with its activity demonstrates that while
siRNA loading and activity are correlated, multiple strands diverge significantly from the

trend (Figure 2.7). These findings suggest some modulation of activity post-siRNA loading.
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Furthermore, the change in Akaike weights between the individual factors (TN Rank and
AAGs,,,) and the combined model indicates that TN Rank and AAGs,,,, are complemen-
tary predictors of functional asymmetry (Table 2.1). In comparison to activity, AAGsy,,
adds less complementary information to the prediction of asymmetric strand loading (Table
2.1), indicating that AAGs,,, contains information more relevant to post-loading events.
For clarity, as we discuss post-loading events, we will use RISC specific activity to refer
to the enzymatic characteristics of a mature RISC that are independent of the amount of

RISC generated.
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Figure 2.7: Relationship Between siRNA Functional Asymmetry and Asym-
metric Loading. Functional asymmetry values are the same as Figure 2.3A and asym-
metric loading values are the same as Figure 2.5A. Solid black line is a semi-log fit to the
data. Dotted grey lines are the 95% confidence intervals on the fit. Diamonds (PKR816
and PKR928) represent points for which one of the ICsy values could not be fit and was
estimated to be 10 nM, the highest concentration tested.

2.3.3 RISC Specific Activity

Because RISC specific activity is a feature of the siRNA after the separation of the two
siRNA strands, we analyzed the behavior of the individual siRNA strands independent of
their complements (Figure 2.8). Likewise, in lieu of TN Rank and AAGs,,,, we examined
TN (U, A, C, G) and the energies of all nearest-neighbor pairs (AG(z)—(y)nt) along the

length of the duplex (Figure 2.9). While similar, the nucleotide preferences for loading
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(A>U>C>G) (Figure 2.6D) are different from those for activity (U>A>C>G) (Figure
2.6C), indicating that TN impacts RISC specific activity, as others have previously observed
(De et al., 2013). However, TN alone does not account for all of the observed variation in
activities; for instance, siRNAs with 5’ adenines with similar loading varied substantially

in their activities (Figure 2.8).
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Figure 2.8: Correlation of siRNA Strand Activity with Ago2 Loading. X values
are fitted 1C5q values; N = 4; error bars are + 1 SD. Y values are the normalized average
siRNA loading; N = 3; error bars are + 1 SD. Dotted lines represent the median of each
data set.
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Figure 2.9: Evaluation of siRNA Loading and Activity Predictors. 1-factor and
2-factor correlations of siRNA loading and activity with TN and AG(m)—(y)nt along the
length of the duplex. 2-factor correlations use TN as one variable and a AG ;) _(,,,; value
as the other. Significance in these correlations indicates that the variable predicts loading
or activity independent of TN. A Bonferroni correction was applied to correct for multiple
comparisons.

To identify regions of the siRNA duplex important for controlling RISC specific activity,
we correlated loading and activity with the TN and AG’s along the length of the duplex,
looking for regions in the duplex important for siRNA activity but not important for RISC
loading (Figure 2.9). We found that only the nearest-neighbor parameters surrounding
the TN, AG(—Q)—lnt and AG1_9,, correlated with activity (Figure 2.9). To decouple the
effects of the TN sequence from AG, we used multiple linear regression and re-evaluated the
correlation between AG and both siRNA loading and activity. We found that AGg_4,,; and
AG17_18n+ were only predictive of siRNA activity not loading (Figure 2.9). This indicates
that RISC specific activity is improved for sequences with weaker (less negative) AGs_ 4yt
and stronger (more negative) AGi7_18,¢. These AG values are included in the calculation

of AAGs,,, and likely contribute to its utility in predicting siRNA activity.
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2.4 Discussion

Designing siRNAs for maximal function requires the double-stranded structure to efficiently
enter the RNAi pathway such that it can be easily processed to RISC loaded with the cor-
rect single-strand. It is therefore critical to understand how the RNAi pathway proteins
sense specific features of sSiIRNA duplexes that differentiate the two siRNA strands. siRNA
functional asymmetry was first characterized in Drosophila lysates and attributed to the
difference in AAGyy,, (Schwarz et al., 2003). Many Argonaute proteins contain an addi-
tional structure that preferentially binds 5 terminal nucleotides (Frank et al., 2010). Our
previous work sought to explain how these two terminal features contribute to siRNA ac-
tivity (Walton et al., 2010; Malefyt et al., 2013). Here, we showed how TN Rank and
AAGs3y,, contribute to siRNA functional asymmetry and asymmetric strand loading. Fur-
thermore, we have shown that, in cultured HeLa cells, functional asymmetry is modulated
both before and after siRNA loading, with TN Rank and AAGs,,, exerting influence at
different stages of the mechanism.

Functional asymmetry and asymmetric strand loading were not perfectly correlated,
indicating additional modulation of siRNA activity post-siRNA loading (Figure 2.7). Our
top-down analysis identified free energies at two positions, AGg_4,+ and AGi7_18,¢, to
be predictive of siRNA activity but not siRNA loading (Figure 2.9). Mature RISC splits
siRNA-target mRNA interactions into 5 domains, the 5 anchor (Nucleotide: 1), the seed
region (Nucleotides: 2-8), the central region (Nucleotides: 9-12), the 3’ supplemental re-
gion (Nucleotides: 13-16), and the 3’ tail (Nucleotides: 17-21) (Wee et al., 2013). The
preference for weaker thermodynamic stability through nucleotides 1-4 of the siRNAs is

well established (Schwarz et al., 2003; Reynolds et al., 2004; Amarzguioui and Prydz, 2004;
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Hibio et al., 2012); our findings suggest that weaker hybridization in this region leads to
greater RISC specific activity (Figure 2.9), in agreement with findings that high stability in
the seed region decreases RISC turnover (Salomon et al., 2015). RISC-mRNA interactions
beyond the 3/ supplemental region have been shown to be dispensable for target cleavage
or in some cases even deleterious (De et al., 2013; Wee et al., 2013). We contend that the
preference for a stronger AGq7_1g8,¢ is also important in maintaining a stable interaction
between RISC and its target, similar to base pairs in the 3’ supplemental region (Wee et al.,
2013).

After delivery of the siRNA to the cell cytoplasm, efficient guide strand loading requires
nucleotide-independent phosphorylation of the siRNA 5 terminal nucleotides (Weitzer and
Martinez, 2007), outcompeting native miRNAs for binding to Ago2 (Koller et al., 2006;
Tanudji et al., 2010), conformational changes within Ago2 facilitated by HSP90 and po-
tentially other proteins (Iwasaki et al., 2010; Sakurai et al., 2011; Bernard et al., 2015;
Willkomm et al., 2016; Ye et al., 2011), and cleavage and removal of the passenger strand
(Matranga et al., 2005; Leuschner et al., 2006). We observed a large variation in the total
amount of Ago2 loading even among siRNA strands with the same terminal nucleotide
(Figure 2.6B). In analyzing other characteristics for their ability to predict loading, we
found AG(72)71M and AGj_gy; of the 5’ end of the guide strand to be the most predic-
tive features of siRNA strand loading (Figure 2.9). Interestingly, there was no correlation
between siRNA strand loading and the AG values near the 3’ terminus (i.e., Nucleotides
17-21), suggesting that the interactions of Ago2 are primarily with the 5" ends of siRNAs.
Thus, parameters based on relative strand properties (e.g., TN Rank and AAG) are less

useful in predicting absolute siRNA strand loading and activity than in predicting relative
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strand activities and loadings.

The established binding preferences for the Ago2 nucleotide specificity loop (U>A>C>QG)
match the order of siRNA activities in our data (Figure 2.6C) but differ from the load-
ing preferences we observed (A>U>C>G) (Figure 2.6D). This suggests that 5" TN effects
RISC specific activity, presumably through differences in RISC half-life (De et al., 2013),
similar to what was observed in Drosophila Agol (Kawamata et al., 2011). The corre-
lation of siRNA loading with the 5’ terminal AG(72)71M and AGj_g,; indicates that
siRNA loading is controlled in part by the 5" terminal duplex energy (Figure 2.9), though
TN remains a significant predictor of siRNA strand loading because of its collinearity with
the AG(—2)—1nt and AGj_9,; terms. Recently, sensing of siRNA strand thermodynamics
was proposed to occur through Ago2 MID domain interactions with the phosphate back-
bone of the first four nucleotides of the siRNA guide strand (Suzuki et al., 2015), sensing
the accessibility and single-strand character of weakly base paired termini (Suzuki et al.,
2015). Collectively, our findings agree with this model but suggest that the first and second
nucleotide of the siRNA guide strand are the most significant in determining total strand
loading (Figure 2.9). siRNA design algorithms should thus account for relative siRNA fea-
tures (TN Rank and AAG) to ensure correct strand selection and absolute strand features
(TN and AG) to ensure high strand loading and RISC specific activity.

While our experiments and analysis could not cover the entire siRNA feature space,
the number of siRNAs tested was large enough to identify regions of the siRNA that
explain some of the differences between activity and loading. 5 C and 5 G sequences
are underrepresented in our individual siRNA strands; thus, a more comprehensive set

of siRNAs could potentially have provided more insight into how features beyond the 5’
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TN influence siRNA behavior both pre- and post- loading. Nonetheless, the parameters
identified indicate that it is possible to design siRNAs with the goal of high loading, high

activity, or both.

2.5 Conclusion

Taken together, our findings suggest that siRNA loading and activity are partially inde-
pendent, allowing for an additional degree of freedom in siRNA selection and design. The
behavior of siRNA strands is strongly dependent on the 5’ nucleotide, but the duplex
hybridization energies have a second order effect on both siRNA loading and RISC spe-
cific activity. Specifically, AG(—Z)—lnt and AGj_9,; are predictive of siRNA loading, and
AG3_y4pt and AGq7_18y; are predictive of RISC specific activity. Lastly, we have shown
that siRNA functional asymmetry is a result of many competing factors that ultimately
control the activity of each siRNA strand. A more accurate understanding of the interplay

among these factors will lead to better siRNAs.
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Chapter 3

siRNA Asymmetry Sensing of PACT

3.1 Abstract

RNA interference (RNAi) is a post-transcriptional regulatory mechanism found in many
eukaryotes that utilizes a small RNA, such as a miRNA, to direct silencing towards a com-
plementary mRNA target. siRNAs are designed to enter the RNAi pathway immediately
before the formation of the active RNA-induced silencing complex (RISC). The transition
from siRNA to an active siRNA-programmed RISC requires the selection of one strand
of the duplex and the removal of the other strand, allowing the selected strand to base
pair with its target. The proteins involved in siRNA loading are not fully characterized,
specifically, in regards to how proteins of the RNAi pathway contribute to the preferential
selection of one siRNA strand. Previously, we investigated TRBP for its ability to act as
an siRNA asymmetry sensor. Here we investigated PACT, a homologue of TRBP, for its
ability to asymmetrically localize to the siRNA termini, a behavior indicative of siRNA
asymmetry sensing. We found that like TRBP, PACT, also asymmetrically localizes to
siRNA termini but that its pattern of localization to siRNA termini differed from TRBP
for the set of siRNAs studied. PACT was found to localize to the siRNA terminus with

greater hybridization stability, as defined by the AAGyy,,, model for siRNA asymmetry.
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3.2 Introduction

Short interfering RNAs (siRNAs) provide a method of post-transcriptional, targeted gene
knockdown that is of interest as a therapeutic strategy for the treatment of a variety of
diseases (Bobbin and Rossi, 2016). Gene knockdown or silencing occurs through incorpo-
ration of an siRNA into the native eukaryotic RNA interference (RNAi) pathway, enabling
the targeting and degradation of a mRNA sharing complementary to the siRNA sequence
(Elbashir et al., 2001a; Zamore et al., 2000). Before the mature complex is formed, one of
the strands of the siRNA duplex must be removed (Matranga et al., 2005). Selection of
the desired strand is critical to ensure proper transcript targeting (Schwarz et al., 2003).
The initial process of strand selection occurs through the asymmetric binding of the siRNA
duplex by the proteins of the RNAi pathway, which can recognize specific features of the
siRNA (Frank et al., 2010; Noland et al., 2011; Noland and Doudna, 2013; Gredell et al.,
2010; Suzuki et al., 2015).

Loading of siRNAs into one of the Ago proteins was originally proposed to occur by
positioning the siRNA into Dicer’s helicase domain within the Dicer-TRBP complex (Wang
et al., 2009; Ma et al., 2008; Noland et al., 2011), followed by the hand off of the mature
siRNA to an Ago protein (Matranga et al., 2005; MacRae et al., 2008). siRNAs are then
sorted to different Ago proteins based on different structural features (Dueck et al., 2012;
Burroughs et al., 2011; Czech and Hannon, 2010), with the majority of siRNAs ending up
in either Agol or Ago2 (Gu et al., 2011). Ago2 is the only Ago with an active nuclease
domain capable of cleaving an mRNA target (Meister et al., 2004; Yoda et al., 2010),
making it the only Ago protein that can efficiently silence with a small RNA that is highly

complementary to its target, such as an siRNA.
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Evidence has also suggested that siRNA loading into Ago2 can occur without the Dicer
complex (Kok et al., 2007; Betancur and Tomari, 2012; Kim et al., 2014), suggesting a
different mechanism of siRNA loading. The mechanism of siRNA loading remains an area
of debate as different experimental models (i.e., loss of function models using knockout cell
lines (Betancur and Tomari, 2012; Kim et al., 2014) or siRNAs (Takahashi et al., 2014;
Kini and Walton, 2009; Chendrimada et al., 2005) and recombinant protein reconstitution
models (Ye et al., 2011; Willkomm et al., 2016; Bernard et al., 2015; Iwasaki et al., 2010;
Macrae et al., 2007)) produce conflicting results. To date, C3PO, TRBP, PACT, Dicer,
and HSP90 have all been shown to individually constitute RISC activity with Ago2 in
vitro (Ye et al., 2011; Willkomm et al., 2016; Bernard et al., 2015; Iwasaki et al., 2010).
What remains unclear is how, and under what circumstances, each of these proteins may
modulate siRNA function within the complex cellular environment. Of the proteins of
the RNAi pathway, Dicer, TRBP, and Ago2 have been shown to asymmetrically interact
with the termini of siRNA duplexes indicating that these proteins may influence siRNA
(or miRNA) asymmetry (Noland et al., 2011; Gredell et al., 2010; Kini and Walton, 2009;
Frank et al., 2010; Suzuki et al., 2015).

PACT is a protein that shares 44% homology with TRBP (Chendrimada et al., 2005).
PACT, like TRBP, contains 2 dsRBDs and the dsRBD-like Medipal domain, through which,
it interacts with Dicer, in a similar manner to TRBP (Haase et al., 2005; Laraki et al., 2008).
TRBP has been shown to sense siRNA asymmetry by preferentially localizing to the more
stably base-paired siRNA termini (Gredell et al., 2010). Based on the similarities between
PACT and TRBP, we investigated the ability of PACT to sense siRNA asymmetry by

assessing its ability to differentialy localize to siRNA termini. We were able to demonstrate
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that PACT shows differential terminus localization, similar to TRBP.

In general, double-stranded RNA binding proteins (dsRBPs) do not sense differences in
RNA duplex structure through the their double-stranded RNA binding domains. We have
hypothesized that PACT, similar to TRBP, is capable of sensing differences in RNA struc-
ture allowing it to differentially localize to more stably base paired siRNA termini. Our
method for determining terminus localization is with a 4-thiouracil photoreactive cross-
linker incorporated at the 20t" position of the siRNA (Figure 3.1A). Given that the pro-
posed method of RNA recognition is non-canonical, we investigated siRNA terminus lo-
calization with another generic dsRBP, NS3, to confirm that cross-linking patterns were
a result of specific protein-RNA interactions and not a result of differences cross-linker
efficiency. The criteria for the selection of a negative control dsRBP included the ability
to bind to both dsRNA and ssRNA. NS3, a viral suppressor of RNAi from the Rice stripe
virus, specifically binds to siRNA duplexes with high affinity and is also known to bind
to ssRNA, although, with lower affinity (Shen et al., 2010). Our results demonstrate the
efficacy of the photoreactive 4-thiouracil cross-linker by showing that all of the siRNAs in

this study cross-linked with equal efficiency to the Rice stripe virus NS3 protein.
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d m AS 5'- UCGAAGUAUUCCGCGUACGUG-3’

SS 3'-AUAGCUUCAUAAGGCGCAUGC -5'
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*

AS 5'- GUCACAUUGCCCAAGUCUCUU-3’
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* = 32p Unknown siRNA (EGFP#274)
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Figure 3.1: Configuration of siRNAs for Cross-linking Experiments. (A) Place-
ment of photoreactive cross-linkers (4-thiouracil) and radiolabels (3?P) to determine dsRBP
terminus localization (configurations a and b). Configuration ¢ should be the average of the
cross-linking observed for configurations a and b. (B) siRNAs used to determine dsRBP
terminal localization. pp-luc and sodl siRNAs are highly functionally asymmetric and
symmetric, respectively. The functional asymmetry of EGFP#274 is unknown.

3.3 Results

3.3.1 Functional Characterization of Recombinantly Expressed

dsRBPs

We expressed His-tagged NS3 from the Rice stripe virus in Rosetta 2 (DE3) cells, purified
it to homogeneity (assessed by SDS-PAGE gel, Figure 3.2A), and verified immunoreactivity
with an anti-6x His antibody (Figure 3.2B). The apparent size of NS3 by both SDS-PAGE
(Figure 3.2A) and western blotting (Figure 3.2B) was near the theoretical size of 24.6 kDa.
Functionality of NS3 was confirmed by assessing its ability to bind ssRNA and siRNA
(Figures 3.2C and 3.2D) via electrophoretic mobility shift assay (EMSA) with increasing

quantities of NS3. NS3 did bind to siRNAs with high affinity (low nanomolar range),
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however we observed a saturation in the quantity of complex formed with ~60% binding
of labeled siRNA (Figure 3.2D). NS3-siRNA complex formation saturated with increasing
protein concentration suggesting that either, complexes are disturbed during electrophoresis
or that the siRNA is in a conformation that discourages NS3 binding. In either case,
the quantity of NS3-siRNA complexes formed, provided sufficient signal to perform cross-
linking experiments. NS3-ssRNA complexes were not well resolved by EMSA with < 1%

of ssRNA forming complexes with 1 uM of NS3 (Figure 3.2C).
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Figure 3.2: Functional Characterization of NS3. (A) SDS-PAGE analysis of recom-
binant His-NS3 stained with GelCode Blue total protein stain, theoretical size: 24.57 kDa.
(B) Western blot of recombinant NS3 with anti-6x His antibody. (C) EMSA of NS3 binding
to 5-32P labeled pp-luc AS strand resolved with native PAGE. (D) EMSA of NS3 with
5/-32P Jabeled pp-luc siRNA resolved with native PAGE.

To study the asymmetric binding preferences of PACT with siRNAs, we recombinantly
expressed PACT with the maltose binding protein (MBP) expression tag in E. Coli

BL21(DE3)-RIPL cells. The MBP-tag was used to increase the solubility of PACT and has
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been found not to interact with siRNAs in in vitro binding assays (Gredell et al., 2010).
Recombinant protein was purified to ~95% purity (assessed by SDS-PAGE gel, Figure
3.3A). Protein identity was confirmed with an anti-MBP antibody and had an observed
size near the theoretical protein size of 79.8 kDa (Figure 3.3B). Functionality of MBP-PACT
was confirmed by verifying its ability to bind ssRNA and siRNA via EMSA (Figure 3.3C
and 3.3D, respectively). MBP-PACT affinity for siRNAs was characterized with increasing
protein concentrations and a limiting siRNA concentration (~1 nM siRNA) (Figure 3.3D).
siRNA binding saturated at ~50% with 1 uM MBP-PACT (Figure 3.3D). As with NS3, we
suspect that lack of a complete shift of labeled siRNA develops from complex instability
during electrophoresis or that siRNA is in a conformation that precludes binding by PACT.
siRNA cross-linking signals with PACT were strong enough to differentiate siRNA terminus

localization.
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Figure 3.3: Functional Characterization of MBP-PACT. (A) SDS-PAGE analysis
of recombinant MBP-PACT stained with GelCode Blue total protein stain, theoretical
size: 79.8 kDa. (B) Western blot of recombinant MBP-PACT with anti-MBP antibody.
(C) EMSA of MBP-PACT binding to 5'-32P labeled pp-luc AS strand resolved with native
PAGE. (D) EMSA of MBP-PACT with 5'-3?P labeled pp-luc siRNA resolved with native
PAGE.
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3.3.2 NS3 Does Not Asymmetric Bind of siRNAs

To control for the possibility that the measured asymmetric binding of siRNAs by dsRBPs
results from a bias in the cross-linking efficiency of the siRNA strands, siRNA binding
and cross-linking experiments were performed with NS3. Reactions were performed with
50 nM of protein, at which concentration approximately 50% of the siRNA is complexed
with NS3 (Figures 3.4A and 3.4B). The fraction of cross-linked NS3 protein with siRNA
configurations (a) and (b), was not significantly different for the asymmetric (p = 0.61),
symmetric (p = 0.70), or Unknown (p = 0.72) siRNAs. These cross-linking patterns are
different from those published with the TRBP protein, which showed a significant difference
in the cross-linking pattern between the (a) and (b) configurations for the asymmetric and

unknown siRNAs (p < 1x10™%) (Gredell et al., 2010).
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Figure 3.4: Symmetrical Cross-linking of NS3 to siRINA. (A) Native gel shift anal-
ysis and (B) quantification of NS3 binding to siRNAs with each cross-linker configuration
in Figure 3.1A. (C) Denaturing gel electrophoresis of cross-linked siRNAs with NS3 and
(D) Quantification of the NS3 siRNA cross-linking. Fraction cross-linked are mean + 1
SD; N=3. Comparison of a and b configurations for each siRNA by one-way ANOVA with
Tukey’s post hoc analysis showed no significant differences.

NS3 binding to ssRNA was relatively low for the concentrations of protein tested (Figure

3.5A), however we were able to demonstrate > 10% cross-linking to all siRNA strands with

1 uM NS3 (Figure 3.5C). Similar disruption of TRBP-ssRNA complexes during native

PAGE was observed under identical conditions (Gredell et al., 2010). Native binding of
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NS3 to ssRNA varied with the different RNA sequences; however, the quantity of ssRNA
that cross-linked to NS3 was not significantly different between the AS and SS for the
sequences tested (asymmetric p = 0.31, symmetric p = 0.28, and EGFP#274 p = 0.087,
two-tailed t-test). Furthermore, cross-linking was similar among all strands, except for the
unknown SS sequence which was cross-linked to NS3 modestly lower than the other ssRNAs
(Figure 3.5C and 3.5D). The ssRNA cross-linking patterns with NS3 vary substantially from
the cross-linking patterns observed with MBP-TRBP (Figure 3.5D), which had significant
differences in cross-linking between multiple ssRNA (Gredell et al., 2010). Collectively
both the ssRNA and siRNA cross-linking results support the hypothesis that cross-linking
efficiency is similar for the sequences tested, and that any differences in cross-linking are

due to specific localization of the protein on the siRNA structure.
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Figure 3.5: Symmetric Cross-linking of NS3 to ssRNA. (A) Native gel shift analysis
and (B) quantification of His-NS3 binding to each ssRNA in Figure 3.1B. (C) Denaturing gel
electrophoresis of cross-linked siRNAs with His-NS3 and (D) Quantification of the His-NS3
siRNA cross-linking to ssRNA, each with a 5’ -32P label and 4-thiouracil photoreactive cross-
linker subsitituted at the 20" nucleotide. Fraction cross-linked are mean + 1 SD; N=3.
Differences in fraction cross-linked for each ssRNA were by tested by one-way ANOVA with
Tukey’s post hoc analysis. Overhead bars represent values which are significantly different
(p < 0.05).
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3.3.3 PACT Asymmetrically Localizes to siRNA Termini

Based on the high degree of homology between TRBP and PACT (Chendrimada et al.,
2005), we hypothesized that PACT would possess similar asymmetric terminal localization
preferences despite its lower affinity for siRNAs. MBP-PACT binding and cross-linking
experiments were performed at a concentration of 3 uM, where fractional siRNA binding
was 40% (Figure 3.6A and 3.6B). MBP-PACT cross-linked preferentially to the more stable
terminus of the functionally asymmetric siRNA pp-luc (p = 0.065, two-tailed t-test), and
cross-linked equally to both termini of the functionally asymmetric siRNAs (p = 0.66,
two-tailed t-test) and siRNA with unknown functional asymmetry (EGFP#274; p = 0.53,
two-tailed t-test) (Figures 3.6C and 3.6D, Table 3.1). MBP-PACT cross-linking patterns
were similar to TRBP and R2D2, the Drosophila homolog of TRBP, for the functionally
asymmetric and symmetric siRNAs (Table 3.1). However, the symmetric cross-linking
pattern observed for EGFP#274 with MBP-PACT differed from the asymmetric cross-

linking pattern previously observed with MBP-TRBP (Gredell et al., 2010).
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Figure 3.6: Asymmetrical Binding of MBP-PACT to siRNA. (A) Native gel shift
analysis and (B) quantification of MBP-PACT binding to siRNAs with each cross-linker
configuration in Figure 3.1A. (C) Denaturing gel electrophoresis of cross-linked siRNAs
with MBP-PACT and (D) Quantification of the His-NS3 siRNA cross-linking. Fraction
cross-linked are mean + 1 SD; N=3. Comparison of a and b configurations for each siRNA
by one-way ANOVA with Tukey’s post hoc, (*) represents a p = 0.065, no other comparisons
of a and b configurations are statistically significant.
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Table 3.1: PACT Asymmetric siRNA Binding Differs From TRBP. Asymmetric
cross-linking patterns for dsRBPs, R2D2, Drosophila homolog of TRBP, (Tomari et al.,
2004), TRBP (Gredell et al., 2010), and PACT. (+) Represents higher cross-linking with
the siRNA antisense strand, neutral means that cross-linking between the siRNA termini
was the same, and ND is not determined.

R2D2 TRBP PACT
Asymmetric + + +
Symmetric Neutral Neutral Neutral
EGFP#274 ND + Neutral

3.3.4 PACT Dimerizes with ssRNA and siRNA

TRBP-siRNA binding reactions produced two complexes on a native gel (Figure 3.7A,
lane 2). The first complex has a 1:1 stoichiometric ratio of siRNA:MBP-TRBP and the
second, a 1:2 stoichiometric ratio (Gredell et al., 2010). Interestingly, PACT only forms
one complex with both siRNA and ssRNA, and runs at a similar size to the dimeric MBP-
TRBP (Figure 3.7A, lanes 3 and 4). The complex formed does not change with increasing
protein concentration (Figures 3.3C and 3.3D), which is in agreement with the findings

that PACT natively exists as a dimer (Takahashi et al., 2013).
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Figure 3.7: Different Binding Modes of TRBP and PACT. (A) EMSA of MBP-
TRBP (Lanes 1 and 2) and MBP-PACT (Lanes 3 and 4) with 5/-3?P labeled pp-luc AS
ssRNA (Lanes 1 and 3) and 5'-32P labeled pp-luc siRNA (Lanes 2 and 4). Protein concen-
trations for each binding reaction are as follows, Lane 1: 1250 nM MBP-TRBP, Lane 2:
350 nM MBP-TRBP, Lane 3: 3000 nM, Lane 4: 10000 nM.

3.4 Discussion

Small RNA asymmetry develops from the binding preferences of the RNA1i proteins for spe-
cific features of the small RNAs. The localization or orientation of the RNAi proteins when
interacting with small RNAs can then drive small RNA strand selection. The cumulative
effect of asymmetric interactions leads to the asymmetric loading of one small RNA strand
and exclusion of the other. We were able to demonstrate that PACT differentially localizes
to siRNA termini with some siRNAs but not others, similar to but still unique from the
function of TRBP (Figure 3.6) (Gredell et al., 2010). Furthermore, we found that NS3, a

protein with no known preferences for specific dsRNA structures or nucleotides, did not
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asymmetrically cross-link to siRNA termini. Thus, differences in cross-linking between the
different termini of the siRNA with PACT and TRBP are a function of the protein-RNA
interaction and are not a result of differences in cross-linking efficiency.

The asymmetric localization of both TRBP and PACT with functionally asymmetric
duplexes indicates that these proteins are capable of directing the asymmetric binding of
siRNA duplexes and influencing siRNA asymmetric strand loading. While not explored
here, it is possible that the difference in oligomeric state between TRBP and PACT, im-
pacted how each protein interacts with siRNA termini (Figure 3.7). The full roles of TRBP
and PACT in RNAi are not understood and it is possible that either TRBP and PACT
influence siRNA loading through their involvement with the Dicer complex (Lee et al.,
2013), through direct interaction with Ago2 (Willkomm et al., 2016), or not at all (Kim
et al., 2014; Wilson et al., 2015). Nonetheless, our results elucidate differences in TRBP
and PACT binding preferences, demonstrate the possibility of PACT to act as an siRNA
asymmetry sensor, and informs how PACT may interact with other dsRNA structures.

Two models have been proposed to predict the localization of the R2D2 and TRBP
to siRNA termini, AAGyy,, (Tomari et al., 2004) and TN Rank (Gredell et al., 2010).
TRBP, R2D2, a Drosophila of TRBP, and PACT binding patterns were all asymmetric
with pp-luc and symmetric with sodl siRNAs (Table 3.1); consistent with both models for
siRNA terminus localization and the known functional asymmetry of these siRNAs (Table
3.2). The asymmetric binding patterns were not similar between TRBP and PACT with
EGFP#274 (Table 3.1), nor were the predicted binding pattern consistent between the TN
Rank and AAGy,, models (Table 3.2). The AAGyy,, of EGFP#274 is -0.1 kcal/mol, a

relatively small difference in hybridization stability. If the AAGyy,,, of EGFP#274 can be
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interpreted as symmetrical, then the AAGy,,,, model predicted the asymmetric localization
of PACT for all three siRNAs, making AAGy,,, a better model for the asymmetric binding
pattern of PACT, compared to TN Rank. However, the validation of these models is very
limited and many more sequences are needed before these models could be used with any
utility in predicting terminus localization of TRBP or PACT with siRNAs (See Chapter 4,
Future Directions: TRBP and PACT).

Table 3.2: Predicited Asymmetric Localization of R2D2, TRBP, and PACT.
Prediction of asymmetric binding pattern on the Asymmetric, Symmetric, and Unknown
siRNAs using the TN Rank and AAGy,,,, models. (+) Represents higher cross-linking with
the siRNA antisense strand, neutral means that cross-linking between the siRNA termini
was the same, and ND is not determined.

AAG,,,(kcal/mol) TN Rank

Asymmetric 0.5 +
Symmetric 0 Neutral
EGFP#274 -0.1 +

3.5 Conclusions

Here we demonstrated that the protein PACT, an RNAi pathway protein hypothesized
to aid in the loading of small RNAs, is capable of asymmetrically localizing to siRNA
termini. PACT binds to siRNAs but at a much lower affinity than its homolog, TRBP.
PACT also differs from TRBP in its asymmetrical binding pattern with one of the siRNAs
tested, and unlike TRBP, aligned well with a AAGy,,,, model to predict termini localization.
These results indicate that PACT is capable of sensing characteristics of the siRNA duplex,

suggesting that PACT can serve as an asymmetry sensor within the RNAi pathway.
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Chapter 4

Conclusions and Future Directions

4.1 Conclusions

The purpose of these studies was to better understand the siRNA characteristics and
protein-RNA interactions responsible for making one siRNA strand of a duplex more active
than the other. The results from this work provide both details of the RNAi mechanism
and informs siRNA design.

In order to better understand the relative importance of two siRNA duplex features
that are predictive of siRNA activity, TN Rank and AAGs,,,, we investigated how each
characteristic predicts siRNA strand loading and activity with set of siRNAs that sam-
pled both features. We found that TN Rank alone was able to predict siRNA functional
asymmetry, whereas AAGs,,,, predicts siRNA functional asymmetry only when applied as
a second order effect to TN Rank. A similar trend was observed with asymmetric strand
loading, but the predictive ability of AAGs,,,, was much weaker compared to functional
asymmetry. Upon further investigation, we found that individual siRNA strand loading
was better predicted by the 5 terminal duplex energies (AG(—Q)—lmt and AG1_9,;). TN
Rank was predictive of siRNA activity because of its collinearity with the 5’ terminal du-
plex energies. Post-siRNA loading, low hybridization stability in the primary seed region

was found to correlate with greater RISC specific activity, possibly indicating that a weak
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target interaction to encourages RISC turnover. Greater hybridization stability near the 3/
termini (AG17_18,¢) was also found to correlate with RISC specific activity. Because this
region of the guide strand has been shown, with recombinant mouse Ago2, to be part of
the 3’ supplement (Wee et al., 2013), a region of the guide strand not involved in RISC-
target interactions, our results suggest that the cellular environment may alter the RISC
interactions at the 3’ end of the siRNA. These results refine our understanding of how the
high level parameters, TN Rank and AAG, impact siRNA function at different stages in
the RNAi pathway.

The molecular mechanisms underlying siRNA asymmetric strand selection are not fully
known. Here we characterized PACT, a homolog to the protein, TRBP, and demonstrated
that PACT, like TRBP, asymmetrically interacts with siRNA duplexes although not in
an identical manner to TRBP. We propose that the difference in duplex localization is
because PACT natively exists as a dimer, whereas TRBP exists natively as a monomer,
altering the way in which these proteins interact with siRNAs but still retaining structural
preferences for more stably base paired termini. Asymmetric localization was shown using
a photoreactive 4-thiouracil cross-linker substituted in the 3’ overhang of siRNA duplex;
the mechanism of cross-linking was rigorously validated to confirm unbiased cross-linking.
These results provide general insight into how these proteins differentially interact with

RNA sequences.

4.2 Future Directions

As we begin to understand more about the RNAi mechanism, siRNA activity predictions

have improved. Outlined below are future directions of the work presented here.
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4.2.1 Parsing with Larger Datasets

Our analysis in Chapter 2 investigated how the TN and AG parameters influence siRNA
strand selection and activity using 2-factor linear regression modeling. A 2-factor model was
necessary to control for the effect of TN. We were limited in the number of variables that we
could simultaneously analyze by the size of our dataset and the coverage of different siRNA
features. As a result we were unable to look at interactions between TN and AG(m)—(y)nt)'
In particular, we were curious if the TN could influence the significance of a correlation
between AG and activity at a given location in the siRNA duplex.

We performed a preliminary analysis using a dataset containing the activity data of 2431
siRNAs (Huesken et al., 2005), hereafter referred to as the Novartis dataset. We began our
analysis utilizing the same 1-factor (TN or AG ;) _(,),p)) and 2-factor (TN or AG ;) _(y)nt))
linear regression models (Figure 4.1A) used in Chapter 2 to compare our results to those
of the Novartis dataset. Because of the size of the dataset, many of the AGs within the
siRNA duplex were found to be significant in both the 1-factor and 2-factor models (Figure
4.1A). To provide a comparison between our dataset and the Novartis dataset, we decided
to only evaluate the top two parameters, because we were only capable of identifying two
parameters in our activity dataset. The top two most significant parameters identified using
1-factor model (TN and AGq_9,,;) matched the parameters identified in the 1-factor activity
model from our dataset (Figure 2.9). However, the results from the Novartis 2-factor model
varied from our 2-factor model (Figure 2.9), with the Novartis 2-factor model retaining a
strong correlation between siRNA activity and 5’ terminus duplex energies (AG(—Q)—(l)nt
and AGq_oy,¢). These discrepancies likely develop from the design of each dataset, with

our dataset having an unequal representation of 5’ TNs, potentially biasing the importance
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of a specific features, and the Novartis dataset using a single high concentration of siRNA,

limiting the dynamic range of siRNA activities.
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Figure 4.1: TN can Alter the Role of AG in Predicting siRNA Activity. (A)
1-factor and 2-factor correlations of siRNA activity data from the Novartis dataset with
TN and AG(z)—(y)nt along the length of the duplex. 2-factor correlations use TN as one
variable and a AG(x)—(y)nt value as the other. Significance in these correlations indicates
that the variable predicts activity independent of TN. A Bonferroni correction was applied
to correct for multiple comparisons.

To look for interactions between TN and AG(I),( we parsed the Novartis dataset

y)nt>

by TN (Figure 4.1B). After parsing the data by TN, we again looked for correlations

between activity and AG(x)_( using a 1-factor linear regression model. We observed a

y)nt>

preference for low hybridization stability at the 5 terminus (AG1_9 and AGg_3) for all TN.
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The AG(72)71 parameter was not unique after parsing the data by TN and could not be
incorporated into the linear model. We also observed a preference for greater hybridization
stability at the 3’ terminus of siRNAs with 5’ adenine, cytidine, and guanine TN, but not
uridine nucleotides. The correlation for siRNA sequences with 5’ adenine TN was much
weaker than the correlations at the 3’ termini for siRNA sequences with a 5’ cytidine or
guanine TN. These results suggest a differential dependence on 3 terminal duplex energies.
A preference for weaker hybridization stability at nucleotides 5-6 and 6-7 was also observed
for siRNA sequences with uridine and adenine TN. The significant AGs in the Novartis
dataset do not perfectly align with the results presented in Chapter 2, however, because
of differences in dataset design it is difficult to make direct comparisons. These results
do, however, indicate that the TN can alter how duplex stability effects siRNA activity.
Greater consideration should be given to understanding the interactions among siRNA
activity predictors. Future work in this area should explore the conditional nature of the

3’ duplex energies with different TN, looking at why this characteristic is important.

4.2.2 TRBP and PACT

Both the work presented in Chapter 3 and previous work suggest that TRBP and PACT
have preferences for certain features of the siRNA duplex (Gredell et al., 2010), allowing
them to differentially localize to siRNA termini. Future work can be split into two areas,
i) understanding the RNA structural preferences of TRBP and PACT and ii) investigating
TRBP and PACT function in siRNA loading using an tissue culture model.

In our prior work, only three sequences were used to evaluate the terminus localization

of TRBP and PACT. To understand how TRBP and PACT can drive siRNA asymmetric
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strand loading, many more sequences will need to be evaluated. The current experimental
design is not amenable to screen more than a few siRNA sequences, so in order to map
RNA structural preferences of TRBP and PACT a more robust experimental strategy will
be required.

Some efforts have been made to map the structural preferences of TRBP through DNA
substitutions, which perturb TRBP binding (Takahashi et al., 2014; Gredell et al., 2010),
and through the introduction of mismatches within duplex structures (Acevedo et al.,
2015). These studies have found that TRBP binding is perturbed by internal bulges and
mismatches (Acevedo et al., 2015), and that TRBP most strongly associates with siRNA
termini (Takahashi et al., 2014; Kok et al., 2011). While helpful, these studies were not
able to look at a sufficiently complex pool of sequences to fully map TRBP or PACT
interactions.

TRBP and PACT structural preferences could be mapped with a selection experiment
using a pool of unique RNA sequences and evaluating the enrichment of RNA sequences.
Deep-sequencing allows the parallel quantification of RNA sequences and would be ideally
suited for the application. The minimum length duplex that TRBP can bind to is ~15 nt
(Koh et al., 2013); using a complex pool of 15 nt RNA fragments would limit the number
of possible motifs TRBP could recognize in an individual sequence. The minimum length
duplex that PACT can bind to is not known and would need to be determined before
experimentation. Further characterization of the individual domains of TRBP and PACT
would help to understand how TRBP and PACT recognize different duplex structures and
could also be performed using a similar enrichment assay.

To the second point, many studies of TRBP and PACT, including those performed
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in Chapter 3, were performed in vitro. No experiment has definitively demonstrated the
function of TRBP or PACT in siRNA loading in cells. Likewise, the only evidence indicating
the importance of TRBP in siRNA mediated silencing is the observation of a decrease in
silencing when TRBP was knocked down with an siRNA (Haase et al., 2005; Chendrimada
et al., 2005; Takahashi et al., 2014). More rigorous experiments looking at the functional
aspects of TRBP and PACT will be required to understand the role of these proteins in
RNAi. The proposed roles of TRBP and PACT as proteins involved in the loading of
siRNAs implies that their interactions with siRNAs are transient, therefore, the quantities
of siRNA interacting with either of these proteins at a single point in time are low and hard
to detect. As a result, functional assays are required to investigate TRBP and PACT in live
cells. A HeLa cell line with both TRBP and PACT knocked out has recently been developed
(Kim et al., 2014). Using this cell line, siRNA functional asymmetry and siRNA loading
could be investigated with and without rescuing of TRBP or PACT protein expression
using the methods developed in Chapter 2. Further, the role of the 5 AG, as was shown

in Chapter 2 to predict siRNA strand loading, can be investigated.
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Appendix A

Materials and Methods for Ch. 2

Cell Culture and Transfection

HeLa cells were maintained in DMEM High Glucose (Life Technologies cat# 11965-092)
supplemented with 10% FBS (Life Technologies cat# 16000-044) and 1% Pen-Strep (Life
Technologies cat# 15240062) and incubated at 37°C and 5% COs in a humidified incuba-
tor. Before transfection, cells were plated at 15,000 cells/well in 96-well plates or 350,000
cells/well in 6-well plates in media without Pen-Strep for 24 h. Forward transfections
were performed with Lipofectamine 2000 (Life Technologies cat#11668019) at a final con-
centration of 2.33 pug/mL, based on final well volume. Lipoplexes were prepared per the
manufacturer's instructions in Opti-MEM (Life Technologies cat# 31985-070); siRNA and

plasmid concentrations are specified for each experiment.

Nucleic Acids

Protein Kinase R (PKR)-targeting siRNAs were ordered from Dharmacon as duplexes, de-
signed with a 19 bp antisense strand targeting the PKR gene and 3’ uridine dinucleotide
overhangs. siRNA sequences are listed in Table A.1. siRNA nearest-neighbor energy pa-

rameters were obtained from the DINAMelt Web Server (Markham and Zuker, 2005, 2008)
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and used to calculate relative terminal hybridization stabilities (Figure 1.5A). All DNA
primers for this study were ordered from Integrated DNA Technologies.

Table A.1: PKR-targeting siRINA Sequences. siRNA sequences targeting the PKR
gene with their corresponding TN Rank and AAGs,,,. (+) siRNA strand is in blue and
(-) siRNA strand is in red. Algorithm rank is the predicted relative activity compared
to all siRNA sequences targeting the PKR gene when taking into consideration their TN
Rank and AAGs,, (Malefyt et al., 2013). Some algorithm rankings and AAGs,,, values
differ from our prior work due to updated nearest-neighbor parameters and refinements to
the algorithm. The last sequence is the siRNA used as an internal standard for RT-qPCR
experiments.

5' Target . TN AAG;,, Algorithm
Position SIRNA Sequence Rank | (kcal/mol) Rank
410 UAAUGAAAUCCUUCUGGCCUU 6.9 1

UUAUUACUUUAGGAAGACCGG )
316 UUUAAAAUCCAUGCCAAACUU 16 137
UUAAAUUUUAGGUACGGUUUG U:G ’
UUGCCAAUGCUUUUACUUCUU (D
952 UUAACGGUUACGAAAAUGAAG 0.6 427
UCCCUUUAUCACAGAAUUCUU
1129 UUAGGGAAAUAGUGUCUUAAG 34 930
AAUUCUAUUGAUAAGGCCUUU
336 UUUUAAGAUAACUAUUCCGGA 5.3 335
645 AUCUGCUGAGAAGUCACCUUU 18 974
UUUAGACGACUCUUCAGUGGA AA
751 AUCUGGGUGCCAAAGAUCUUU (9) 0 1192
UUUAGACCCACGGUUUCUAGA
AUGCACACUGUUCAUAAUUUU
379 UUUACGUGUGACAAGUAUUAA -34 1662
CUAUAUUCUUUCUGUCCCAUU
440 UUGAUAUAAGAAAGACAGGGU 3.9 1764
1198 CAAAGAGUUCCAAAGCCAAUU 5 1960
UUGUUUCUCAAGGUUUCGGUU C:U
CUGAGAAGUCACCUUCAGAUU (16)
640 UUGACUCUUCAGUGGAAGUCU 0 2140
CCGCCUUCUCGUUAUUAUAUU
928 UUGGCGGAAGAGCAAUAAUAU -5.2 2346
Internal UGUAGUUGCCGUCGUCCUUUU N N .
Standard UUACAUCAACGGCAGCAGGAA

For luciferase experiments, the PKR gene was PCR amplified from pET28a-PKR (Bevilac-
qua and Cech, 1996) (kindly provided by Dr. Philip C. Bevilacqua) and subcloned into

the psiCHECK2-AS34a vector (Navarro et al., 2009) (Addgene # 37099) in the forward
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(psiCHECK2-PKR+) or reverse (psiCHECK2-PKR-) direction using Clontech In-fusion
cloning (Figure 2.2). Plasmids were verified by Sanger sequencing. Primers used for cloning
and sequencing are list in Table A.2.

Table A.2: Cloning and Sequencing Oligos. The following primers were used for

the cloning of the PKR gene into the psiCHECK?2 vector, in both the forward and reverse
directions, and for sequencing verification.

Name 5" --> 3' Primer Sequence

(+) PKR FWD TAGGCGATCGCTCGAGATGGCTGGTGATCTTTCAGCAGGTTTC

(+) PKR RVR TTGCGGCCAGCGGCCGCCTAACATGTGTGTCGTTCATTTTTCTCTGGG

(-) PKR FWD TAGGCGATCGCTCGAGCTAACATGTGTGTCGTTCATTTTTCTCTGGG

(-) PKR RVR TTGCGGCCAGCGGCCGCATGGCTGGTGATCTTTCAGCAGGTTTC
iCHECK2 FWD

‘S’Zﬁlengﬂg CGGGCTTTAAAAAGAAAGATA

pSICHECKIRVR | oy paTGeTGTTACTTTGAGA

Sequencing

Primers for stem-loop RT-qPCR were designed and prepared according to published
specifications (Varkonyi-Gasic and Hellens, 2011), with a constant hairpin region and a 6
nt overlap with the amplification target. All sequences used are listed in Supplementary
Table A.3. qPCR was performed with a sequence-specific forward primer and a universal
reverse primer. All primers were verified by spiking in known quantities of siRNA and
verifying amplification efficiency. Standard curves were generated for each siRNA sequence

to account for variation in amplification efficiency.
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Table A.3: Stem-loop Primer Sequences. Primer design follows the protocol outlined
by Chen C. et al. (Chen et al., 2005), with a standard stem-loop sequence and a 3’ tail
with a 6 nt overlap specific to the 3’ end of each siRNA strand. qPCR was performed with
a universal reverse primer and a siRNA strand specific forward primer. G/C nucletotides
were added to the 5’ end of the forward primer to adjust T, to ~60°C.

Stem-loop Primer:
GGTATT
A GCACCAGAGCCAACNNNNNN

G ACGTGGTCTCGGTTG-5"
CcrGaa

Reverse Primer:
5’ ~-CTGGTGCAGGGTCCGAGGTA

siRNA +/- | Stem-loop Overlap | Forward Primer
410 + aaggcc GCGCGCGTAATGAAATCCTTCTGG
- aataat CGCGGGCCAGAAGGATTTC
316 + aagttt CGCGCGTTTAAAATCCATGCCAA
- aattta GCGCGGTTTGGCATGGATTT
952 + aagaag GCGCGTTGCCAATGCTTTTACT
- aattgc GCGCGCGAAGTAAAAGCATTGG
1129 + aagaat CGCGCGTCCCTTTATCACAGAAT
- aatccc CGCGCGCGAATTCTGTGATAAAGG
336 + aaaggc GCGCGCGCAATTCTATTGATAAGGC
- aaaatt GCGCGCAGGCCTTATCAATAGA
645 + aaaggt GCGCGATCTGCTGAGAAGTCAC
- aaatct GCGCGAGGTGACTTCTCAGC
751 + aaagat CGCGATCTGGGTGCCAAAGA
- aaatct GCGCAGATCTTTGGCACCC
379 + aaaatt GCGCGCATGCACACTGTTCATAA
- aaatgc GCGCGCAATTATGAACAGTGTGC
440 + aatggg GCGCGCGCTATATTCTTTCTGTCC
- aactat GCGCGCTGGGACAGAAAGAAT
1198 + aattgg GCGCGCAAAGAGTTCCAAAGC
- aacaaa GCGCGTTGGCTTTGGAACTC
640 + aatctg GCGCGCTGAGAAGTCACCTTC
- aactga GCGCGCTCTGAAGGTGACTTC
928 + aatata GCGCCCGCCTTCTCGTTATT
- aaccgc GCGCGCGTATAATAACGAGAAGGC
304 aatgta CGCAAGGACGACGGCAAC
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Dual-Luciferase Assay

HeLa cells were seeded in a 96-well plate at 15,000 cells/well in 100 pL of media 24 h
before transfection. After 24 h, the media was changed, and both the PKR and non-
targeting siRNAs were diluted in Opti-MEM and co-transfected with 40 ng/well of either
the (4) or (-) psiCHECK2-AS34a plasmid, using 0.35 pL/well of Lipofectamine 2000 for
a total transfection volume of 50 pL. Serial dilutions of PKR siRNAs ranging from 3.2-
10,000 pM were transfected in duplicate, and transfections were performed twice for each
siRNA. The PKR siRNA was diluted in a non-targeting siRNA to maintain total siRNA
concentration at 10 nM per well. 24 h post-transfection, the media was aspirated, replaced
with 79 puL of Dulbecco’s PBS (Invitrogen cat# 14040133), and lysed using 79 uL of Dual-
Glo Luciferase Reagent (Promega cat# E2940). After incubating at room temperature
for 15 min on a rocker, 150 uL of the solution was transferred to a solid white 96-well
plate, and firefly activity was measured using a Synergy H4 microplate reader (Biotek). 75
uL of Dual-Glo Stop&Glo Reagent (Promega cat# E2940) was added, and, after a 10 min
incubation period, Renilla activity was measured. Relative siRNA activity was determined
by subtracting background, dividing Renilla signal by the firefly luciferase signal within a
well, and then normalizing the ratio to the ratio from a well treated with a non-targeting
siRNA. Values of 0 and 1 indicate complete silencing and no silencing, respectively. 1Cx

values were determined by fitting data to the following equation,

1
o 1+ 10X—L0g([050)

Y
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using least-squares regression, where X is the concentration of targeting siRNA and Y is

the relative siRNA activity.

Stem-loop RT-qPCR

HeLa cells were plated in a 6-well plate and transfected after 24 h with 10 nM PKR siRNA
and 10 nM of a non-targeting siRNA (internal standard). siRNA-Ago2 co-immunoprecipitation
was similar to the procedure described (Beitzinger and Meister, 2011), with several excep-
tions. Immunoprecipitations were scaled down to 400 ug of cell lysate; cell lysate protein
concentrations were determined via Bradford assay (Bio-Rad cat# 5000201) with a BSA
standard. Immunoprecipitation of Ago2 was performed with 3.375 ug of Ago2 Antibody
(Sigma-Aldrich, Clone 11A9 cat# SAB4200085-200UL) pre-bound to 25 ul. of Protein G
magnetic beads (NEB cat# S1430S). Proteinase K Digestion Buffer was also supplemented
with ~400 pg/mL tRNA (Roche cat# 10109541001), to act as a carrier, and Ago2-bound
RNAs purified using Direct-zol RNA purification kit according to the manufacturer’s pro-
tocol (Zymo Research cat# R2051).

The protocol for RT-qPCR quantification was developed based on published methods
(Varkonyi-Gasic and Hellens, 2011; Chen et al., 2005; Kramer, 2001). Stem-loop primers
were folded by heating to 95°C for 10 min, ramping to 75°C over 10 min, then holding
at 75°C, 68°C, 65°C, 62°C, and 60°C for 30 min each, before ramping to 4°C over 2 h.
RNA samples were heated to 65°C for 5 min and snap cooled on ice for 5 min immediately
before reverse transcription. Pulsed reverse transcription reactions were assembled with
1x First-Strand Buffer, 10 mM DTT, 0.25 mM dNTP mix, 20 U Superscript III (Life

Technologies cat# 18080044), 0.2 U of SUPERaseln (Ambion cat# AM2696), and 1 nM
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stem-loop primer in 20 pL with 1 pL of purified RNA and cycled as follows: 16°C for 30
min followed by 60 cycles of 30°C for 30 sec, 42°C for 30 sec, and 50°C for 1 sec, reverse
transcriptase was then heat inactivated at 85°C for 5 min. qPCRs were assembled with 300
nM of an siRNA specific forward primer, 300 nM universal reverse primer, 1x 1Q SYBR
Green Supermix (Bio-Rad cat# 170882), and 1.8 uL of cDNA in a 25 pL reaction. gPCR
cycling was performed as follows: 95°C for 10 min followed by 40 cycles of 95°C for 10 s and
60°C for 10 s on a MyiQ Thermocycler (Bio-Rad). (+) siRNA strand, (-) siRNA strand,
and internal standard siRNA strand were reverse transcribed and quantified separately
(Table A.3). Amplification specificity was verified by performing stem-loop RT-qPCR on
samples that were transfected with an siRNA that was not complementary to the stem-loop
primers. Control PCRs were performed on all samples following reverse transcription in
the absence of reverse transcriptase. No amplification that interfered with quantification

was observed in any PCR control.

Statistical Methods

Linear regression analysis was performed in python with the pandas and statsmodels pack-
ages, using an ordinary least squares regression. Briefly, 1- and 2- factor models were built
with either, siRNA 1C5q values or siRNA loading into Ago2 as the response variable, and
correlated with TN Rank and AAGs,,,, (double-stranded analyses) or with TN and AG
(single-stranded analyses). p values for 1-factor models were used to test if the slope was
non-zero. 2-factor models were built using either i) TN Rank with AAGs,,, or ii) TN and
AG at each position along the duplex using p values to test if the slope of the AAGs,,,, or

AG parameter was non-zero. A Bonferroni correction was applied to p values to correct for

1)



multiple comparisons. All other statistical analyses were performed using Graphpad Prism
6, with the exception of AAICc, which was calculated using RStudio with the AICcmo-
davg package. AAICc and Akaike weights were used to compare linear regression models.
Akaike weights provide relative probabilities that one model better fits the data. AAICc
and Akaike weights contain a correction for models with different numbers of variables, al-
lowing direct comparison among models. When an additional variable is added to a model
and the Akaike weight favors the new model, that variable is providing new, explanatory

information.
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Appendix B

Materials and Methods for Ch. 3

Recombinant Expression of MBP-PACT

Cloning

The gene encoding the PACT protein was subcloned into the pMBP-6His-TEV-MMS2 vec-
tor, a gift from Cynthia Wolberger (Addgene # 25465), from the pET15b-PACT plasmid
(Kindly provided by Dr. Ganes Sen), using In-fusion cloning (Clontech cat# 639684).
Briefly, the PACT gene was PCR amplified using Advantage HD Polymerase mix (Clon-
tech cat# 639241) according to the manufacture’s protocol, with a T, of 57°C and an
elongation time of 1 min. The following primers were used for PCR amplification: 5'-
GTACTTCCAGGGATCCATGTCCCAGAGCAGGCAC and

5-GGCCACGTGCCAAGCTTTTACTTTCTTTCTGCTATTATCTTTAAATACTG. The
pMBP-6His-TEV-MMS2 plasmid was sequentially digested with HindIIl and then BamHI
(NEB cat# R0104S and R0136S, respectively). HindIII was heat inactivated before BamHI
digestion. Both the plasmid and PCR fragment were cleaned up using a PCR Cleanup kit
(Qiagen cat# 28104), recombined by In-fusion cloning, and then transformed into Top10
cells (Invitrogen cat# (C404003). Clones were screened by colony PCR and verified by

Sanger sequencing with the following primers: 5-AAGACGCGCAGACTAATTC and 5'-
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GGCCTCTTCGCTATTACG.

Expression and Purification

Expression of PACT was preformed similarly to the procedure used to express TRBP
(Gredell et al., 2010; Laraki et al., 2008). An overnight culture of the BL21(DE3)-RIPL
cells (Agilent cat# 230280) with the pMBP-6His-TEV-PACT plasmid was diluted to ODgqy
0.05 and cultured in LB broth until the cultured reached an ODggg of 0.6 at which time
cultures were induced with 300 mM IPTG for 2 h. Cells were collected by centrifugation at
4000 rpm for 10 min and pellets were frozen until purification. Cell pellets were suspended
in column buffer (20 mM Tris-HCI pH 7.4, 200 mM NaCl, 1 mM EDTA) and supplemented
with 1 mg/mL lysozyme, 250 U of DNase I and 1x Complete protease inhibitor (Roche cat#
11873580001). Cells were incubated for 30 min with gentle rocking followed by sonication.
The cell lysate was then cleared by centrifugation at 15,000g for 25 min at 4°C. The
cell lysate was passed through a 0.22 pM filter and loaded onto an AKTA FPLC with a
MBPTrap HP column (GE Healthcare cat# 28-9187-79). The column was washed with
10 column volumes (CV) of column buffer and step eluted with 5 CV of column buffer
supplemented with 10 mM Maltose. Fractions were analyzed by SDS-PAGE and frozen
at -80°C. Protein quantification was done with Quick Start Bradford Dye (BioRad cat#
5000205) with BSA standards and purity assessed by SDS-PAGE gel stained with GelCode

Blue (ThermoFisher cat# 24590).
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Recombinant Expression of His- and MBP-NS3

Cloning of MBP-NS3

The pET28a-NS3 vector was a gift from Dr. Keqiong Ye. The vector was amplified with
Top10 cells and used for protein expression without any modifications to the vector. An
MBP-tagged version of NS3 was generated by In-fusion cloning into the pMBP-6His-TEV-
MMS2 vector. The vector was digested and cleaned up similarly to the generation of the
pMBP-6His-TEV-PACT vector. PCR amplification was performed with Advantage HD
polymerase master mix with a pre-amplification step. The following primers were used for
PCR amplification, 5-GTACTTCCAGGGATCCATGGGCAACGTGTTCACATCGTC and
5-GGCCAGTGCCAAGCTTTTACAGCACAGCTGGAGAGCTGC. Pre-amplification was
performed by running 10 cycles: 98°C for 10 sec, 64-59°C for 15 sec, and 72°C for 45 sec.
The second step in the amplification procedure was ramped down from 64°C to 59°C over
the course of the 10 cycles. Amplification of the target was then continued by running 25
cycles as follows: 98°C for 10 sec, 59°C for 15 sec, and 72°C for 45 sec. The PCR prod-
uct was DPNI treated and cleaned up before In-fusion homologous recombination with the
pMBP-6His-TEV-MMS2 vector. Constructs were transformed in to Top10 Competent cells

and clones verified by Sanger sequencing.

Expression and Purification

Both a His-tagged and MBP-tagged construct were expressed in E. coli Rosetta 2(DE3)
cells (Novagen cat# 71397-3). Expression and purification was performed with similar

conditions to those used by Shen et al. (2010). An overnight culture of expressing E. coli
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Rosetta 2(DE3) expressing MBP-NS3 was used to inoculate cultures to an ODggq of 0.01
and grown to an OD of ~0.4 at which time the incubator was turned down from 37°C to
16°C. Once the cultures reached an ODggg of ~0.6 cultures were induced with 400 uM of
IPTG and cultured overnight. Cells were collected by centrifugation and frozen at -80°C.
Purification of His-NS3 required the use of a HisTrap HP column (GE Healthcare cat#
17-5247-01), followed by a Heparin HP column to remove small contaminating RNAs.
Briefly, the cell pellet containing His-tagged NS3 was suspended in H300 Buffer (20 mM
HEPES-KOH pH 7.6, 300 mM KCl, 5% Glycerol, and 25 mM Imidazole) supplemented
with 1x Complete Protease Inhibitors, 1 mM EDTA, and 5 ug/mL DNAse I (Roche). Cells
were incubated with 1 mg/mL Lysozyme for 10 min and then sonicated. Cell supernatant
was collected by centrifugation at 15,000 rpm and then passed through a 0.22 uM filter.
The clarified cell lysate was then passed over a HisTrap HP column using the AKTA FPLC
system. The column was then washed with 10 CV of the same H300 buffer but with 50
mM Imidazole. A linear gradient going from 50 mM Imidazole to 500 mM Imidazole over
5 CV was used to elute His-tagged NS3 from the column. Fractions containing the most
protein were pooled and loaded onto a HiTrap Heparin HP (GE Healthcare cat# 17-0406-
01) column equilibriated in Buffer H (20 mM HEPES-KOH pH 7.6, 5% Glycerol) with 100
mM KCI. The column was washed with 5 CV of Buffer H with 300 mM KCI and His-NS3
eluted with a linear gradient between 300 mM and 1000 mM KCI over 3CV. Fractions were
analyzed by SDS-PAGE and the fractions containing the His-NS3 were supplemented with

DTT to a final concentration of 5 mM and then flash frozen and stored at -80°C.
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Nucleic Acids and 5-*P Labeling

siRNAs used for cross-linking assays (Figure 2.1) are the same as those used Gredell et al.
(2010). siRNAs were synthesized as single strands with and without the substituted 4-
thiouracil base by Dharmacon. siRNA strands were either Hot labeled with ATP-[y —32 P]
(Perkin Elmer cat# BLU502A) or Cold with ATP. Labeling reactions were setup with 3
pmol of RNA and 10 pmol ATP using T4 Polynucleotide Kinase (NEB cat# M0201) in
a 25 pL reaction. Complementary siRNA strands mixed and supplemented with 1x STE
(10 mM Tris-HCI1 pH 7.4, 100 mM NaCl, and 1 mM EDTA), then heated to 90°C for 3
min, and cooled to 37°C for 60 min. Excess label was removed using G-25 sephadex spin

columns (Roche cat# 11273990001).

Gel Shift Assay

Native gel shift assays were used to confirm functionality of the MBP-PACT and His-NS3
constructs as well as to determine their affinity for both siRNAs and ssRNAs. Briefly,
30,000 cpm (~1 nM) of 5" labeled siRNA or ssRNA was incubated with an increasing
protein in a 10 pul reaction. MBP-PACT binding reactions were supplemented with 20
mM HEPES pH 7.6, 40 mM KCIl, 1.5 mM MgCly, 0.1% CA630, and 10 U of SUPERaseln
(Ambion cat# AM2696). His-NS3 binding reactions were supplemented with Hepes-KOH
pH 7.6, 100 mM KCI, 2 mM MgCly, 1 mM DTT, and 0.01% CA630. Binding reactions were
incubated for 30 min at room temperature after which 2 uL of 5x loading was added to each
reaction, and then loaded on a native 1x TBE polyacrylamide gel. After electrophoresis,

the gel was transferred to Whatman filter paper and dried under vacuum at 80°C for 60
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min. The dried gel was exposed to a storage phosphor screen for ~16 h and imaged on an

Amersham Storm 860 scanner.

Binding and Cross-linking Assay

Experimental Design

TRBP localization was measured, previously, with the use of a substituted photoreactive
uracil base (4-thiouracil) at the 20t position of the siRNA (Gredell et al., 2010). Asym-
metric siIRNA terminus localization was demonstrated by alternating the location of the
4-thiouracil cross-linker between the two termini and comparing the fractions of TRBP
cross-linked for each configuration (Figure 3.1A). The fraction of an siRNA strand that
cross-linked to TRBP was visualized with a 32P-label, enzymatically incorporated on the
5" terminus of the siRNA strand containing the 4-thiouracil base. The complexed and free
siRNA strands were resolved using denaturing SDS-PAGE, allowing the separation of the
two RNA strands, and visualized with a 32P-label on the 5’ terminus of the siRNA via
Phosphor imaging.

Protein-siRNA binding reactions were incubated for 30 min, followed by cross-linking of
the 4-thiouracil base to nearby amino acids by exposure to 312 nm light (Meisenheimer and
Koch, 1997; Sontheimer, 1994). The 4-thiouracil cross-linker forms only short-range cross-
links, providing the resolution needed to distinguish differences in cross-linking between the
two-siRNA termini (Gredell et al., 2010; Pellino, 2007). Excitation at wavelengths > 300
nm limits non-specific RNA cross-linking, which occurs at shorter wavelengths (250-270

nm) (Meisenheimer and Koch, 1997). The individual siRNA strands are indistinguishable
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by SDS-PAGE, thus, requiring cross-linking reactions to be performed separately for each
siRNA strand (Figure 3.1A). Differences in terminus localization were correlated with siR-
NAs with known asymmetric (pp-luc) and symmetric (sodl) functional asymmetries, as
well as, a third sequence with unknown asymmetry (EGFP#274; Figure 3.1B) (Tomari
et al., 2004; Gredell et al., 2010).

Two different strategies are used to manipulate siRNA AAG for study of its effect on
siRNA asymmetric binding (Tomari et al., 2004; Noland et al., 2011; Gredell et al., 2010;
Sakurai et al., 2011), asymmetric strand selection (Suzuki et al., 2015) (Chapter 2), and
functional asymmetry (Schwarz et al., 2003; Sakurai et al., 2011). The first method is
to introduce mismatches between the 5 nucleotide of one strand and the 19" nucleotide
of its complement (Noland et al., 2011; Schwarz et al., 2003; Tomari et al., 2004; Gredell
et al., 2010). The second method is to change the siRNA sequence and model the change
in duplex thermodynamics with nearest-neighbor parameters (Gredell et al., 2010; Tomari
et al., 2004; Schwarz et al., 2003; Suzuki et al., 2015). While terminal mismatches can
successfully alter the asymmetric cross-linking pattern between TRBP and some duplexes,
not all siRNA cross-linking patterns can be manipulated with terminal mismatches (Gredell
et al., 2010), as they are in functional siRNA mediated silencing assays (Schwarz et al.,
2003). Alternatively, by using siRNAs with varying sequence, the siRNA structures are
geometrically more consistent but there is the concern that the local RNA sequence can
change the efficiency of 4-thiouracil cross-linking (Noland et al., 2011). For this reason, we
used a generic dsRBP, NS3, to demonstrate that the efficiency of cross-linking does not

change with local RNA sequence.
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Experimental Setup

Similar to the gel shift assay, 10 uL protein binding reactions with 30,000 cpm (~1 nM)
of siRNA (with 4-thiourcail base substitution, Figure 2.1A) was incubated 50 nM of His-
NS3 or 1 uM of MBP-PACT for 30 min at room temperature, allowing binding reactions
to reach equilibrium. Binding reactions were the placed on an ice cold aluminum block,
covered with a petri dish to block wavelengths < 300 nM and exposed to UV light (312 nM)
with a Transilluminator (Fisher Scientific) for 10 min. Reactions were then mixed with 5
uL 3x SDS Loading Dye (NEB cat# B7703S) and heated to 95°C for 5 min before being

resolved by SDS-PAGE analysis. SDS-PAGE gels were resolved similar to native gels.
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Appendix C

Expression of Bioactive

Brain-Derived Neurotrophic Factor

(BDNF) in Brevibacillus choshinensis

This work was produced as part of a collaboration and contains a significant amount of
work but does not fit thematically within the rest of my dissertation and is thus being

included in the appendix.

Abstract

Background :

Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin family criti-
cal for neuronal cell survival and differentiation, making characterization of its function
essential for understanding nerve cell biology and for the development of therapeutics
for neurological disorders and spinal cord injuries. Neurotrophins like BDNF fold with
a characteristic cystine-knot conformation, complicating expression of soluble, bioactive

recombinant protein in most traditional microbial expression systems.
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Results :

Here we investigated the production of BDNF using Brevibacillus choshinensis. We
evaluated the effects of media type (2SY and TM), temperature (25°C and 30°C), and
culture time (48-120 h) on the production of bioactive BDNF. Protein production was
higher in TM media, though recoveries by Ni2t chromatography were comparable to 2SY
media. Greater bioactivity (per unit mass) was observed for BDNF produced in 2SY
cultures at extended times (96 h at 30°C or > 72 h at 25°C), which was comparable to

bioactivity of commercially-available BDNF.

Conclusion :

This study provides confirmation that B. choshinensis is capable of producing biologically
active BDNF. The choice of culture conditions impacted the production rate and purifi-
cation of bioactive BDNF, and further optimization is possible. Of the conditions tested,
the condition that led to the greatest quantity of biologically active protein in the shortest
culture time was in 2SY media at 25°C for 72 h resulting in 264 + 82 ug/L of bioactive

BDNF.

Introduction

Brain-derived neurotrophic factor (BDNF) plays a direct role in the regulation of multiple
processes involved in neuronal cell growth, differentiation and survival (Numakawa et al.,
2010; Leibrock et al., 1989; Binder and Scharfman, 2004; Ibdnez and Simi, 2012). BDNF

is natively expressed as proBDNF, which readily dimerizes intracellularly (Heymach and
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Shooter, 1995; Jungbluth et al., 1994) and matures upon proteolytic cleavage of the pro
peptide (Lee et al., 2001; Mowla et al., 2001; Lu, 2003). BDNF signaling is mediated by
two receptors, tropomyosin-related kinase B (TrkB) and p75 (Soppet et al., 1991; Teng
et al., 2005; Numakawa et al., 2010; Nagahara and Tuszynski, 2011). The TrkB receptor
recognizes the mature dimerized form of BDNF and enhances neuronal growth and survival
(Numakawa et al., 2010; Lu et al., 2005a), while the p75 receptor recognizes proBDNF
causing neuronal cell death (Teng et al., 2005; Lu et al., 2005a; Numakawa et al., 2010;
Ibanez and Simi, 2012). Disruption in BDNF signaling has been implicated in a number of
neurodegenerative diseases, including Alzheimer’s, Huntington’s, and Parkinson’s (Zuccato
and Cattaneo, 2009; Nagahara and Tuszynski, 2011; Lu et al., 2005a). BDNF, and other
members of the neurotrophin family, are also necessary to direct neuronal regeneration
post-injury (Menei et al., 1998; Lu et al., 2005b). For these reasons, studies of BDNF
function are critical for understanding neuronal biology and for the development of new
therapeutic strategies for neurodegenerative diseases (Nagahara and Tuszynski, 2011) and
spinal cord injuries (Lynam et al., 2015). However, studies of BDNF function are limited
by the cost of the protein from commercial sources.

BDNF is a cystine-knot protein (Binder and Scharfman, 2004), containing a series of
non-sequential disulfide bonds that make it difficult to express properly folded protein that
retains the ability to homodimerize (Numakawa et al., 2010). Attempts to express BDNF
in a variety of hosts have been limited by aggregate formation and low bioactivity (E. coli,
B. subtilis, and S. cerevisiae) (Fukuzono et al., 1995; Takeshita et al., 1996; Hoshino et al.,
2002; Park and Shimizu, 1996; Burns et al., 2014, 2016) or low yields (Sf21, RKy3, CHO,

and HEK cells) (Meyer et al., 1994, 1992; Burton, 1993; Knusel et al., 1991), motivating
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the need for a better host for expressing BDNF at useful quantities with reasonable labor
and material costs.

Brevibacillus choshinensis, a gram-positive bacterium, was originally isolated from
soil and found to secrete large quantities of protein with low extracellular protease activity
(Takagi et al., 1989a). Because B. choshinensis is gram-positive, secreted protein can be
purified without concern for contaminating endotoxins (Ilk et al., 2011). B. choshinensis
has been used to successfully express a number of mammalian proteins, including the
growth factors VEGF and NGF, which are, like BDNF, cystine-knot proteins (Sun and
Davies, 1995). In this work, we have expressed the mature BDNF sequence using B.
choshinensis, preliminarily investigating the effects of temperature, media composition,
and culture time on bioactive protein production. We have found that culture conditions
greatly impacted the production and purification of bioactive BDNF. This study demon-
strates that B. choshinensis is capable of producing useful quantities of bioactive BDNF

in laboratory scale cultures.

Methods

Plasmid Construction and Expression Strain

BDNF ¢DNA encoding the mature sequence (amino acids 129-247) was purchased from
Bioclon (San Diego, CA) and subcloned with a C-terminal 6x His-tag into the pNCMO2
B. choshinensis expression vector (Clontech cat# HB112) by In-fusion cloning (Clontech
cat# 638909). Briefly, the BDNF gene was PCR amplified with the following primers,

5-TCCCATGGCTTTCGCTCACTCTGACCCGGCTCGC and
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5-TACCGAATTCCTCGACAGCCGGATCTCAGTGGTGG, containing 16 bp and 15 bp
5 overlaps with the pNCMO?2 plasmid, respectively. An additional nucleotide was included
in the forward primer to maintain the correct translational frame. The pNCMO2 vector
was digested with PstI-HF and Xhol restriction enzymes overnight (NEB cat# R3140 and
R0146, respectively). Both the PCR product and plasmid were cleaned up using a PCR
cleanup kit (Qiagen cat# 28104), recombined with In-fusion cloning, and transformed into
JM109 cells (Promega cat# L1001). Colonies were screened by colony PCR and verified by
Sanger sequencing with the following primers, 5-CGGGCTTTAAAAAGAAAGATA and
5-CCAAATGGTGTTACTTTGAGA.

B. choshinensis competent cells were purchased from Clontech (cat# HB116). The
strain used in this study has been genetically modified to remove any remaining proteolytic
genes and the genes responsible for sporulation (Hanagata and Nishijyo, 2010). Transforma-
tion of verified plasmids was performed by the Tris-PEG method, per the manufacturer’s
instructions (Clontech). Single colonies were obtained after transformation, and protein

expression was verified by western blotting (details below).

B. choshinensis Culture Conditions

Protein was expressed in 50 mL shake flasks in either TM Media (1% glucose, 1% polypep-
tone, 0.5% meat extract, 0.2% yeast extract, 0.001% FeS04*7H50, 0.001% MnSO4*4H50,
0.0001% ZnSO4*7H50, 50 pug/mL neomycin) or 2SY Media (2% glucose, 4% soytone, 0.5%
yeast extract, 0.015% CaCly*7H90, 50 pug/mL neomycin), per the manufacturer’s recom-
mendations (Clontech). Cultures were inoculated with a single colony from transformed

B. choshinensis and grown overnight at 30°C and 200 RPM in TM media. 50 mL cultures
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were inoculated to an ODggg of 0.01 and grown either at 25°C or 30°C and 200 RPM. When
needed, cultures were diluted in PBS to ensure accuracy of the ODggy measurements. Sam-

ples were removed or cultures collected at specified time points ranging up to 96 h at 30°C

and 120 h at 25°C.

Protein Purification

Cells were separated from the BDNF-containing supernatants by centrifugation at 8000g
for 10 min. Supernatants were supplemented with 10x MOPS buffer (250 mM MOPS pH
7.4, 5 M NaCl, and 40 mM imidazole) to a 1x final concentration to control pH, ionic
concentration, and non-specific binding to Ni2t Sepharose 6 Fast Flow (referred to as
Ni2* sepharose; GE Healthcare cat# 17-5318-06). Supernatants were then centrifuged
at 16,000g for 20 min at 4°C to remove any remaining insoluble material. 35 mL of the
recovered supernatants were then incubated with 200 uL of Ni2t sepharose for 1 h with end-
over-end rotation and recovered by centrifugation at 1000g for 5min. The Ni2+ sepharose
beads were washed 3 times in 1x MOPS Buffer and eluted 3 times in 1x MOPS buffer with
300 mM imidazole, using centrifugation at 1000g for 5 min to separate the Ni2* sepharose
from the wash or elution buffer. All three elutions were combined and filter sterilized with

a 0.22 pm PVDF low binding filter (Millipore cat# SLGV013SL).

SDS-PAGE Analysis, Western Blotting, and BDNF Quantification

Samples for SDS-PAGE and western blotting were first supplemented with 3x SDS Load-
ing Dye (Cell Signaling cat# 7722) and 30x 1.25 M DTT, and then heated to 95°C for 5

min before being resolved on a 4-20% SDS-PAGE gel. Gel staining was performed using
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GelCode Blue (Thermo Fisher cat# 24590) according to the manufacturer’s instructions.
Separate gels were run for western blot analysis. Gel-separated proteins were transferred
onto a 0.2 um nitrocellulose membrane (Bio-Rad cat# 161-0112) at 90 V for 70 min. BDNF
was detected with either an anti-BDNF(N20) (Santa Cruz cat# sc-546), anti-BDNF(H117)
(Santa Cruz cat# sc-20981), or HRP conjugate anti-6x His (Cell Signaling cat# 9991) anti-
body. Detection with the anti-BDNF(N20) antibody was performed as follows, membranes
were blocked for 1 h at RT in 5% Milk-TBST, incubated with primary antibody at 1:2500
dilution overnight at 4°C in 5% Milk-TBST, washed 3 times for 15 min in TBST, incubated
in secondary HRP-linked anti-Rabbit antibody at a 1:1000 dilution in TBST at RT for 2 h,
washed 3 times for 15 min in TBST, and then resolved with SuperSignal West Femto Maxi-
mum Sensitivity Substrate (ThermoFisher cat# 34094). Detection with anti-BDNF(H117)
antibody was performed with similar conditions, except 5% BSA was used instead of 5%
Milk, primary antibody dilution was at 1:200, and secondary antibody incubation was in
5% BSA-TBST. A biotinylated ladder (Cell Signaling cat# 7727) was used for size iden-
tification on western blots; HRP-linked anti-biotin antibody was added at 1:5000 dilution
with the secondary antibody. For detection with the anti-6x His antibody, membranes were
blocked with 5% BSA-TBST (0.1% Tween-20) for 3 h, incubated with primary antibody
at 1:5000 dilution overnight at 4°C in 5% BSA-TBST (0.1% Tween-20), washed 3 times for
15 min, washed 3 times for 15 min and resolved with the same chemiluminescent substrate.
A Tween-20 concentration of 0.05% was used unless otherwise specified.

BDNF concentrations were determined by western blotting with the anti-6x His anti-
body and quantified relative to a set of dilutons of a BDNF standard. The BDNF standard

was purified to homogeneity from TM culture supernatant under denaturing and reducing
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conditions and quantified by Bradford Assay in comparison to a BSA standard (Figure C.1).
Due to the denaturing conditions required for purification, the BDNF standard retained

no bioactivity and thus could only be used as a western blot standard.

Elution
L 1 2

kDa : I
209
124;

80l

49.1

34.8

Figure C.1: Purity of BDNF Standard. A BDNF standard was purified to homogene-
ity from B. choshinensis cultures using Ni2t sepharose and quantified by Bradford assay
using a BSA standard. Purification required denaturing and reducing conditions, which
disrupted the BDNF structure and precluded bioactivity testing. Protein concentrations
were 59 pg/ml and 100 ug/mL for elutions 1 and 2, respectively.

Proliferation Assay for BDNF Bioactivity

BDNF bioactivity was assayed via cell proliferation in mouse fibroblast 3T3 cells overex-
pressing the TrkB receptor (3T3-TrkB; generously provided by Jeffrey Sakamoto) (McCarty
and Feinstein, 1998). For the bioactivity assay, black, 96-well, clear bottom plates (Costar
cat# 3904) were coated with 50 pL of 50 ug/mL poly-L lysine (Sigma, cat# P9155) for
1 h, washed 3 times with water, air-dried, and then coated with 50 pL of 2.5 pg/mL
fibronectin (Sigma cat# F1141) overnight. Plates were washed with DMEM (Life Tech

cat# 11965092) before cell plating. Cells were seeded at 2000 cells/well in defined media
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(3:1 DMEM 11965:Hams F12 (Life Tech cat# 11965092 and 11765047, respectively), 15
mM HEPES, 4 uM MgCls, 3 mM L-histidine, 10 M ethanolamine, 1x ITS+1 (Sigma cat#
12521), 2 uM hydrocortisone, 150 pug/mL G418 (ThermoFisher cat# 10131035) for 3 h. To

0t" well volume) of AlamarBlue (ThermoFisher cat#

normalize for cell number, 10 L (1/1
DAL1285) was also included in the media. AlamarBlue fluorescence was measured on a
Biotek H4 plate reader (ex: 570 nM, em: 590 nM, filter: 9.0) after 3 h. Initial fluorescence
readings were used to normalize for differences in cell plating. Media was then changed
to BDNF-containing defined media, adding 150 L of media and exchanging 100 L every
24 h for 4 days. Dilutions of each protein preparation were tested starting with 1% v/v
purified protein and serially diluted 1:3 to 4.6x10~%% v/v. For consistency in the media
composition and to control for effects of the elution buffer, a 1% v/v composition of elution
buffer was used in all tests, equivalent to the concentration of buffer in the most concen-
trated protein samples. Commercial BDNF served as a positive control for protein activity
(Affymetrix cat# 14-8366-62). This protein did not possess a His-tag and therefore was
not used as a standard in the western blotting studies described above. A mock protein
preparation of B. choshinensis carrying the empty pNCMO2 vector under each culture
condition was used as a negative control. After 4 days, AlamarBlue fluorescence was mea-

sured again, as before, and fold-difference in proliferation was calculated after background

subtraction using the following equation:

FFinal,Sample/FInitial,Sample
FFinal,Control/FInitial,C'ontrol

Fold — Dif ference =

where F is the relative fluorescence intensity. AlamarBlue fluorescence was verified to

increase linearly with cell number (Figure C.2). Images of cell proliferation were obtained
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by plating 20,000 3T3-TrkB cells/well in a 12-well plate. Plate coating was performed as
described above with volumes of poly-L lysine and fibronectin adjusted to 400 uL/well. The
assay was performed as described but with the omission of AlamarBlue readings. Images

were taken prior to each media change.
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R2=0.9991
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Figure C.2: Standard Curve of AlamarBlue Fluorescence. 3T3-TrkB cells were
plated in black-walled, clear-bottomed plates for 3 h. AlamarBlue was then added and
incubated for 1 h. AlamarBlue fluorescence was then measured on a Biotek H4 plate
reader Ex: 570 nm/Em: 590 nm; N=3.

Statistical Analysis

2-tailed t-test and 2-way ANOVA analyses were performed using Graphpad Prism 6. BDNF
bioactivities were compared by equivalence test using 90% confidence intervals to compare
prepared BDNF to commercial BDNF. These analyses were done using 1-way ANOVA with

a Dunnett post hoc test in Graphpad Prism 6.
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Image Capture and Alignment

Images were captured using a Spot RT Color camera (Diagnostic Instrument, Inc.) on a
Leica Microsystems DMIL inverted microscope. Images were visually aligned to marks on
the bottom of the plate each day and alignment was adjusted using ImageJ with the align
slices in stack plugin. Images were then cropped to 800x1000 using the TransformJ plugin
(Meijering et al., 2001) and contrast normalized through a Stack Contrast Adjustment

plugin (Capek et al., 2006). Images were arranged using the tiff package in R.

Results and Discussion

Secretion of Soluble BDNF from B. Choshinensis

His-tagged BDNF was constitutively expressed under the P2 promoter in B. choshinensis
using the pPNCMO2 vector with an N-terminal secretion tag. Two types of growth media are
suggested for expression in B. choshinensis, TM and 2SY. We monitored B. choshinensis
growth and BDNF expression in both media types over 72 h at 30°C and 96 h at 25°C
(Figure C.3A, C.3C, C.3E, C.3G). Supernatant and cellular fractions were separated by
centrifugation and analyzed by western blotting (Figures C.3B, C.3D, C.3F, and C.3H),
confirming the expression of BDNF, the presence of a His-tag, and the presence of soluble

BDNF in the culture supernatants.
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Figure C.3: B. choshinensis Growth and BDNF Expression. Growth of B.
choshinensis and evaluation of BDNF secretion using two different media types, TM (A,
C) and 2SY (E, G) each at two different temperatures, 25°C (C, G) and 30°C (A, E).
Growth was assayed using measurements of ODgg (solid curves). Protein expression was
measured by western blotting (dashed curves). N=3; error bars are +£ 1 SD. (B, D, F, H)
Anti-BDNF (top panel) and anti-6x His (bottom panel) antibodies against samples from
B. choshinensis cultures transformed with an empty vector (e) or the BDNF vector (b).
Results are shown for the supernatant (Sup.) and cell pellet (Cell) fractions.
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Protein recovered in both the supernatant and cellular fractions appeared at the size
of mature BDNF, indicating removal of the B. choshinensis secretion tag (with tag: 17.7
kDa and without tag: 14.5 kDa; Figure C.4). Accumulation of BDNF without the secretion
tag in the cellular fraction indicates that BDNF is successfully secreted through the plasma
membrane but then either remains associated with the cell wall or precipitates out of solu-
tion; in either case, it remains associated with the cellular fraction during centrifugation.
The secretion tag is derived from the middle wall protein of B. choshinensis (Mizukami
et al., 2010; Yamagata et al., 1987) and mediates secretion of as much as 1.5 g/L of recom-
binant, disulfide-bonded protein (Takagi et al., 1989b). Thus, we conclude that the absence
of detectable protein with secretion tag is due to the robustness of the secretion system
(i.e., minimal intracellular accumulation of BDNF). BDNF associated with the pellet was
found to be largely insoluble (Figure C.5) and not further purified or tested for bioactivity.
That said, media type affected the distribution of BDNF between the supernatant and cell
fractions, with a greater fraction of BDNF remaining in the supernatant in the TM cultures
relative to the 2SY cultures (TM - 45 + 4% vs 2SY - 13 + 2%; p < 0.05, 2-tailed t-test; N

= 2; Figure C.3).
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Figure C.4: BDNF Size Indicates Loss of Secretion Tag. Representative western
blot of culture supernatants and cell pellet fractions taken from B. choshinensis cultures
expressing either an empty pNCMO2 vector (e) or BDNF expressing pNCMO2-BDNF
vector (b) at 30°C (A, B) or 25°C (C, D) after 48 h and 72 h of culture, respectively. Samples
were probed with an anti-BDNF(N20) antibody (A, C) and an anti-6x His antibody (B,
D). Arrow indicates band specific to BDNF (theoretical size = 15 kDa). Lane L - molecular
weight ladder (kDa).
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Figure C.5: BDNF in Cellular Fraction is Largely Insoluble. Cell pellets from
30°C TM and 2SY cultures were suspended in 1x BugBuster (EMD Millipore cat# 70584-
3) cell lysis reagent and centrifuged to remove insoluble material. Equivalent volumes of
cell supernatant and the solubilized fraction from the cell pellet were loaded in each well.

Purification of BDNF by Ni?t IMAC for Bioactivity Testing

Cultures were grown in triplicate, and BDNF was purified from culture supernatants by
immobilized metal affinity chromatography (IMAC) using Ni2* sepharose. With this one-
step protocol, we were able to purify sufficient quantities to test BDNF bioactivity, but
the low stringency method resulted in variable protein recovery (Figure C.6A, Table C.1)
and purity (Figure C.7). Higher yields were obtained for lower initial protein loadings
indicating saturation of the Ni2t sepharose; however, the maximum quantity of BDNF
recovered (18 pg) was well below the theoretical binding capacity of the Ni?T sepharose (8
mg). Nonetheless, some BDNF did not bind to the Ni2+ sepharose (indicated by presence
of BDNF flow through, Figure C.6B) or bound and did not elute with imidazole (Figure
C.62B). Both of these difficulties indicate the presence of aggregates that can preclude
His-tag accessibility and precipitate on the Ni%t sepharose, potentially fouling the Ni2+

sepharose and limiting its binding capacity in the process.
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Figure C.6: Purification of BDNF'. (A) Quantity of BDNF recovered by IMAC purifi-
cation determined by western blotting with a standard curve. N=3; error bars represent
+ 1 SD. (B) Representative western blots of samples taken during the purification process
including: input (35 mL), flow-through (35 mL), combined elutions (600 pL), and Ni%*+
sepharose suspended in elution buffer (600 pL); volumes are the total volumes at each step
in the process. 6.67 uL. were loaded per lane. The Ni2* sepharose suspended in elution
buffer was analyzed to detect BDNF that remained associated with the Ni2t sepharose
after elution. Samples for each culture condition (each row) were run on a single western.
Images show the purification fractions for samples from the earliest time at which maximal
protein bioactivity was measured for the given condition (see Figure C.8).
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Table C.1: Protein Recovered at Stages of the BDNF Purification Process.
Quantity of BDNF from culture supernatants (Protein Loaded) and following protein pu-
rification (Protein Purified) was quantified by western blotting. N=3 (except for (a) where
N=2); error bars represent £+ 1 SD.

Media Type | Temperature (°C) | Time (h) Protein Protein Yield (%)
Loaded (ng) Purified (ng)

48 721. + 54. 2.84+1.2 0.38+0.148

30 72 194. + 10. 2.71+0.8 1.38+0.399

96 201.+197 1.81+1.2 1.11 + 0.455

™ 48 172.+ 243 1.65+0.2 3.86 +3.383
72 178.  35. 3.56+0.9 2.07 £0.797

# 96 149. + 23. 3.25+2.0 2.11 +1.044

120 430. £ 265 11.1+6.1 2.79 £ 0.557

48 60.5 + 26. 529+1.6 11.6 £ 9.882

30 72 69.5 + 30. 2.65+2.0 3.99+3.773

96 73.3 +32. 3.61+1.3 5.97 + 3.844

2SY 48 12.7 £ 2.22 6.63+3.3 66.1+37.21
72 479 £ 12. 794 +2.4 16.8 + 3.685

2 96 157.+52. 9.58+6.9 5.58 £2.260

120 137.+17. 12.6 £ 6.9 9.47 £ 5.749
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Figure C.7: BDNF Purity After IMAC Chromatography. BDNF purified by
IMAC chromatography was analyzed on a 4-20% denaturing SDS-PAGE gel and stained
with GelCode Blue total protein stain. Each lane is denoted with the media type, culture
temperature, and time of culture growth (h). Lane L - molecular weight ladder (kDa). By
image analysis, BDNF purity after this step is estimated to be on average 50%.

Recombinant BDNF is Bioactive

BDNF bioactivity was measured via a proliferation assay, using mouse NIH3T3 fibroblasts,
which do not naturally express the TrkB receptor, and were instead engineered to respond
to BDNF through overexpression of TrkB (McCarty and Feinstein, 1998). Activation of
TrkB signaling with BDNF causes a mitogenic response in the 3T3-TrkB cells (McCarty and
Feinstein, 1998). In the absence of serum and BDNF, 3T3-TrkB cells do not proliferate
but remain generally healthy and metabolically active (Figure C.8C, (-) Control). Cell
proliferation in the presence or absence of BDNF in serum-free media was monitored over

the course of 4 days with the media changed daily. After 4 days, AlamarBlue was used
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to assess cell number, and proliferation was determined by the increase in cell number of
BDNF-treated wells relative to control wells (Figure C.8A). Because BDNF samples were
not dialyzed after elution from the Ni2t sepharose, the imidazole concentration present
at 1% v/v of purified BDNF (3 mM) was made up in cultures exposed to diluted BDNF
samples. A single ECyg curve was fit to bioactivity data of BDNF protein prepared from

three replicate B. choshinensis cultures for each culture condition and time (Figure C.9).
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Figure C.8: Bioactivity of BDNF. BDNF specific activity was measured by prolif-
eration assay. (A) ECyg values measured for BDNF prepared from three replicate B.
choshinensis cultures for each expression condition and fit with a single dose-response
curve; (7) ECgg was not reached at the highest concentration tested (1% v/v); error bars in-
dicate £+ 1 SD of the dose-response curve fit; (*) bioactivity is comparable to commercially-
available BDNF by equivalence test using 90% confidence intervals (Figure C.10). (B)
Comparison of bioactivity of protein purified from cultures transfected with an empty vec-
tor (e) or the BDNF vector (b). (C) Purified protein samples were added at 1% v/v to
serum-free defined medium. Recombinant BDNF at 100 ng/mL and wells without BDNF
were used as (+) and (-) controls, respectively. Shown are representative images from days
1 and 5 of the same location within each well. Images are shown for cells exposed to protein
purified from the earliest B. choshinensis cultures at which maximal protein bioactivity
was measured for the given media and temperature conditions. Scale bar represents 100
pm. Images from all days are included in Figure C.11.
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Figure C.9: BDNF ECj5) Curves. (A) ECyg curves were fit to proliferation data from
three replicate cultures of 3T3-TrkB cells, each treated with BDNF prepared in a separate
B. choshinensis culture. BDNF protein concentrations were determined by western blot-
ting (Table C.1). (B) Bioactivity of commercial BDNF fit to a single dose-response curve
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Figure C.10: Confidence Intervals Comparing BDNF Samples to Bioactive
BDNF. BDNF bioactivity was compared to commercial BDNF using an equivalence test
with 90% confidence intervals, calculated using 1-way ANOVA with Dunnett’s post hoc
analysis. Samples whose error bars are wholly contained between -1 and 41 are considered
equivalent to commercially-available BDNF.
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Figure C.11: BDNF Bioactivity Images. 3T3-TrkB cells were treated with BDNF
three hours after plating (Day 1) and, subsequently, every 24 h thereafter (Days 2-5).
Purified protein from each culture condition was added at 1% v/v to the serum-free defined
medium. Recombinant BDNF at 100 ng/mL and no BDNF were used as positive and
negative controls, respectively. Three images were taken in each well at each time point;
only one set of images are shown. Images are shown for cells exposed to protein purified from
the earliest B. choshinensis cultures at which maximal protein bioactivity was measured
for the given media and temperature conditions.
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Changes in bioactivity with culture time were investigated for each media type, culturing
for a minimum of 48 h and up to 120 h at 25°C or 96 h at 30°C. We began with 48 h
cultures as these were the earliest cultures for which BDNF levels were maximal under some
conditions (Figure C.3). We took samples every 24 h until at least 3 different time-points
were taken after BDNF levels had reached a maximum, resulting in the longer sampling

period for cultures at 25°C relative to 30°C. BDNF bioactivity was compared to a bioactive,
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commercial BDNF (Figure C.8A). Only protein obtained from cultures grown in 2SY media
had comparable bioactivity to the commercial protein (Figure C.8A), indicating that, at
least when using our current purification protocol, cultures grown in TM media produced
a lower fraction of bioactive BDNF in the supernatants. Furthermore, in 2SY media we
observed that ECy( values decreased with culture time (Figure C.8A). This suggests that, as
with TM, not all of the protein produced in 2SY media is bioactive and that the fraction of
bioactive protein present in the supernatant varies with time. We confirmed that bioactivity
was due specifically to protein produced from the BDNF-containing vector, as shown by
our empty vector controls (Figures C.8B and C.8C). Decreasing cell numbers with time in
the empty-vector controls reflect some eventual cytotoxicity due to the absence of serum

and BDNF.

Discussion

In this work, we demonstrated that BDNF purified from B. choshinensis cultures was bio-
logically active. In testing a variety of culture conditions and times, we identified conditions
that provided sufficient yields for subsequent bioactivity studies. Use of B. choshinensis
as the host mitigated the principal difficulty in achieving expression of bioactive BDNF,
its cystine-knot structure, which can lead to intermolecular disulfide linkages, incorrect
intramolecular disulfide linkages, and aggregate formation (Binder and Scharfman, 2004;
Burns et al., 2014; Meyer et al., 1994; Knusel et al., 1991). Nonetheless, despite our yields
of bioactive protein, considerable amounts of BDNF produced still formed disulfide-bonded
aggregates (Figure C.12). Additional optimization of expression conditions should focus

on reducing the formation of aggregates, either during the expression process or after ac-
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cumulation in the culture supernatant, which will likely have the concomitant benefits of

improving recovery of BDNF and reducing the concentration of contaminants that co-purify

with BDNF.
Supernatant
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Figure C.12: Evidence of BDNF Aggregation. Representative BDNF western blot
of the cell supernatant from each culture condition where samples were (+ DTT) or were
not (- DTT) treated with DTT to evaluate the present of intermolecular disulfide bonds
(aggregates). Shown are results from samples taken when protein concentrations reached
a maximum for the given media and temperature conditions.

While aggregates were observed in all conditions, the quantity of non-aggregated BDNF
in the supernatant was greater in TM cultures, suggesting that further optimization to min-
imize aggregation may be best focused on cultures using TM media. We hypothesize that
the aggregation hindered accessibility of the His-tag and fouled the Ni2t sepharose, both
contributing to reduced yields of non-aggregated BDNF. However, total BDNF expression,
including both the supernatant and cell pellet fractions, was comparable between both
media types. This suggests that aggregates are less soluble in 2SY media than TM media
(Figure C.3), resulting in a higher fraction of biologically active BDNF in 2SY supernatants.

A more efficient means of removing aggregates could be achieved by leveraging the sta-
bility of BDNF at pH values as low as 4 (Tanaka and Kumano, 2000); at these low pH
conditions, aggregates should precipitate and can then be removed by centrifugation, sim-
ilar to what has been done with EGF purification (Miyauchi et al., 1999). Non-aggregated

BDNF could then be purified using a variety of other techniques, including IMAC, as we
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performed here, or by cationic exchange, anionic exchange, or reversed-phase chromato-
graphic methods, as have been studied elsewhere (Jungbluth et al., 1994; Burton, 1993;
Rosenfeld and Benedek, 1993).

Reducing the culture temperature from 30°C to 25°C resulted in a greater fraction of bi-
ologically active BDNF at an earlier culture time in 2SY media (72 h vs 96 h, Figure C.8A).
In other expression systems (i.e., F. coli), reductions in culture temperature are known to
improve the expression of recombinant proteins, by reducing the rate of translation (Vasina
and Baneyx, 1997) and the propensity for protein aggregation (Baldwin, 1986; Schellman,
1997). In 2SY media, the reduction in culture temperature also increased the stationary
phase ODgog and decreased the rate of BDNF accumulation in the culture supernatant,
indicating a marked reduction in the per cell expression of BDNF. While not explored
explicitly here, the lower rate of BDNF expression (by reduction in temperature) does cor-
respond with the ability to produce biologically active BDNF and could be explored more
completely by use of a lower strength promoter (Onishi et al., 2013). Further reduction in
temperature (20°C) resulted in significantly longer lag phase, especially in TM media, and
was not explored further due to practical culture time limitations (Figure C.13). However,
altering the culture conditions (i.e., beginning with a more concentrated inoculum) to re-
duce culture duration would allow investigation of expression at temperatures below 25°C

and could be beneficial in the production and recovery of biologically active BDNF.
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Figure C.13: B. choshinensis Growth at 20°C. B. choshinensis growth (ODggg) was
examined at 20°C over 6 days in TM (A) and 2SY (B) media. N=3, error bars are + 1 SD.

With the best conditions examined here (25Y media at 25°C for 72 h), we were able to
purify 264 £ 82 ug/(L of culture) of biologically active BDNF. We consider these our best
conditions as they resulted in: i) BDNF with the highest bioactivity, ii) the highest yield
of BDNF, and iii) the minimum culture time. The quantity of recoverable BDNF did not
significantly increase at times > 72 h in 2SY media at 25°C, but we did observe an increase
in the variability of purified BDNF with time, with several cultures producing > 500 ug/L
of biologically active BDNF. The yield of BDNF is greater than or of the same magnitude
as other expression systems (Fukuzono et al., 1995; Meyer et al., 1994; Knusel et al., 1991;
Rosenthal et al., 1991). In addition, the use of a microbial system offers both cost (< $10/L
media) and technical advantages (standard microbial culturing techniques) over higher
complexity expression systems (Meyer et al., 1994; Knusel et al., 1991; Rosenthal et al.,
1991) or methods that require refolding BDNF (Fukuzono et al., 1995). Recently, ~1 mg/L
expression of BDNF was demonstrated in yeast after the engineering of BDNF to facilitate
protein folding (Burns et al., 2014, 2016); it is conceivable that using a modified BDNF
sequence for expression in B. choshinensis could also significantly increase expression of

biologically active BDNF' in this host.
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Conclusions

BDNF is a highly valuable protein, both for its potential clinical relevance and as a tool for
researchers. The difficulties in producing bioactive BDNF protein significantly hinder its
widespread use. Here, we have shown that B. choshinensis can produce 264 + 82 ug/L of
bioactive BDNF, when cultured at 25°C in 2SY media for 72 h. Similar to other expression
systems, expression of BDNF in B. choshinensis produces aggregates that complicate the
purification of BDNF by IMAC chromatography and form inactive protein. This work
demonstrates the utility of the gram-positive host B. choshinensis to produce bioactive

BDNF at useful scales and provides a starting point for additional optimization studies.
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