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ABSTRACT

INTERACTION OF DICER, TRBP WITH SHORT INTERFERING RNAs:
EFFECT ON SILENCING EFFICACY OF siRNAs

By

HEMANT K. KINI

Gene silencing by RNA interference (RNAi) is mediated by endogenous proteins and
leads to target mRNA cleavage or translational inhibition. In the cytoplasm, the dsSRNA
binding proteins, TRBP and Dicer, recognize and bind the siRNA, and form the RNA
induced silencing complex (RISC) loading complex (RLC). Argonaute 2, which forms
the catalytic core of RISC, is then recruited to this protein complex. Ago2 then gets
loaded with the guide strand, the strand complementary to the mRNA, and silences the
target mRNA.

In this research, a novel role for human Dicer has been demonstrated. It was found that
Dicer binds 21-nt ssRNAs, having higher affinity for those possessing a S'-phosphate
relative to a 5'-hydroxyl. Using liquid chromatography-mass spectrometry (LC/MS), the
different Dicer domains binding the ssRNAs vs. the double stranded siRNAs were
preliminarily identified. Based on these findings and prior findings, a model has been
proposed for the loading of Ago2 with the single stranded guide strand.

Dicer along with TRBP recognizes, binds with the siRNAs and forms the RLC. This

constitutes an important step in the RNAi pathway. To enhance silencing and avoid off



target effects, siRNAs are oﬁen designed with an intentional bias to make the end of the
siRNA containing the guide strand 5'-end less stably hybridized relative to the end
containing the passenger strand 5'-end. By studying a number of siRNAs with terminal
mismatches, it was found that siRNA-TRBP binding is largely indicative of eventual
silencing efficacy of the siRNAs and that this binding can be significantly reduced by
terminal mismatches. TRBP-siRNA complex formation is more tolerant of internal
mismatches than terminal mismatches. Terminal mismatches did however lead to a small
increase in Dicer binding, though without a concomitant improvement in silencing
activity. These results demonstrate that introduction of mismatches to control siRNA
asymmetry may not always serve to improve target silencing and that care should be

taken when designing siRNAs in this way.

Here, a previously unknown function of Dicer protein in its ability to bind ssSRNAs, and
the impact of TRBP protein on the silencing activity of asymmetric siRNAs with a
terminal mismatch has been demonstrated. Overall this research has furthered the
knowledge of the functional roles of two important proteins, Dicer and TRBP, in the

RNAI pathway.
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CHAPTER1
RNAI pathway: initiation to application
INTRODUCTION

RNA interference (RNAI)

RNA interference (RNALI) is an evolutionarily conserved mode of gene regulation and
host defense in eukaryotes (Cullen 2002; He and Hannon 2004). Short interfering RNAs
(siRNAs) can be designed to specifically target and regulate the expression of any
particular gene. However dsRNAs longer than 30bp activate the mammalian cell defense
mechanism leading to induction of cytokine production and cell death (Williams 1999;
Caplen et al. 2001; Elbashir ez al. 2001a). Hence, 21-mer siRNAs are the most commonly
used silencing agents for mammalian systems (Elbashir ez al. 2001a). SiRNAs have been
widely employed as tools to study gene function, regulating protein expression, and in
therapeutic applications (Dorsett and Tuschl 2004; Whitehead et al. 2009). SiRNAs are
similar in structure to endogenously encoded microRNAs (miRNAs), which regulate
diverse cellular pathways and are key regulators of development and disease (Stefani and
Slack 2008; Ghildiyal and Zamore 2009). Both of these active species share similar

components and mechanisms of the RNAi pathway.

Initiation of RNAI: Dicer, miRNAs and siRNAs

RNAI can be initiated by exogenous or endogenous means. In endogenous regulation,
primary miRNAs (pri-miRNAs) are produced in the nucleus by RNA polymerases II or
III. These are then processed by the nuclear complex of Drosha, an RNase III family
enzyme, and its dSRNA binding partner, which is known as Pasha in Drosophila (Denli et

al. 2004) and DGCRS8 in humans (Gregory ef al. 2004; Han et al. 2004). This processing



yields precursor miRNAs (pre-miRNAs) (Lee et al. 2002; Zeng and Cullen 2003). Pre-
miRNAs have 5'-phosphates and the 3' dinulceotide overhangs characteristic of RNase III
processing (Basyuk et al. 2003; Lee et al. 2003). Once generated, pre-miRNAs are
exported to the cytoplasm by Exportin-5-Ran-GTP (Yi ef al. 2003). In the cytoplasm,
Dicer, another RNase III family enzyme, further processes the pre-miRNA to the ~21-
mer mature miRNAs (Lee ef al. 2003). In a similar manner, Dicer can process any long

dsRNA substrate to siRNAs with similar structure to miRNAs.

Human Dicer, which generates both siRNAs and miRNAs (Fig. 1.1), is a multi-domain
protein with an N-terminal RNA helicase/ATPase domain, a domain of unknown
function (DUF 283), a Piwi Argonaute Zwille (PAZ) domain, two RNase III domains
(RIIla and RIIIb), and a dsRNA binding domain (dsRBD) (Hammond 2005; Cook and
Conti 2006). The RNase domains cleave the target dsSRNA into siRNAs and miRNAs
with characteristic 2 nt overhangs at each 3' end (Lee et al. 2002; Zhang et al. 2004). The
C-terminal dsRBD and the PAZ domain orient the dsSRNA for cleavage at the proper

locations (Zhang et al. 2004).

Drosophila has two Dicers, Dcrl and Dcr2, which have distinct roles in the miRNA and
siRNA pathways (Lee et al. 2004; Farazi et al. 2008). Dcrl requires the dsRNA binding
protein Loquacious (Loqs) for processing of pre-miRNAs into mature miRNAs
(Forstemann et al. 2005). Unlike Dcrl, Dcr2 alone can cleave long dsRNA substrates
(Forstemann et al. 2005). Similar to the Drosophila Dicers, the human Dicer is also
associated with a partner protein, the human immunodeficiency virus (HIV-1)
transactivating response (TAR) RNA-binding protein (TRBP) (Chendrimada et al. 2005;

Haase et al. 2005).
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Figure 1.1 RNase III activity of Dicer.

Dicer processes long dsRNA or pre-miRNA substrates into siRNAs and miRNAs,
respectively. Dicer is suggested to stay bound with the siRNAs/miRNAs it generates and
facilitate their incorporation into RISC.

Initiation complex - RLC

Dicer generated siRNAs and miRNAs have a 5'-phosphate and 3'-hydroxyl (Zhang et al.
2002). Exogenously introduced, chemically synthesized siRNAs, which have a 5'-
hydroxyl, upon entry into cells, are immediately phosphorylated by the human RNA

kinase hClpl (Nykanen et al. 2001; Weitzer and Martinez 2007). In the cytoplasm,

siRNAs and miRNAs p ing a 5'-phosphate are then rec ized by Dicer and TRBP

to form the RNA induced silencing complex (RISC) loading complex (RLC).



TRBP

TRBP is a dsRNA binding protein known to stimulate the expression of HIV-1 virus
(Duarte et al. 2000; Gatignol and Jeang 2000; Daher et al. 2001) and inhibit the activity
of another dsRNA binding protein kinase R (PKR) (Daher et al. 2001). TRBP has two
dsRNA binding domains and the C-terminal Medipal domain, which interacts with the
other proteins, namely Merlin, Dicer, and PKR activating protein, to which TRBP is

structurally similar (PACT) (Laraki ef al. 2008).

However, they exert opposite regulatory effects on PKR, with PACT activating PKR
(Patel and Sen 1998; Li et al. 2006) and TRBP inhibiting PKR (Daher et al. 2001). TRBP
interacts with Dicer in processing pre-miRNAs and also in forming the RLC (Fig. 1.2)
(Chendrimada et al. 2005; Haase et al. 2005). The RLC then recruits Argonaute 2 (Ago2)

to form holo-RISC (Fig. 1.2).

RISC catalytic protein - Argonaute 2 (Ago2)

Ago2 belongs to the Argonaute protein family which derives its name from typical squid-
like phenotype witnessed in plants lacking Argonaute proteins (Peters and Meister 2007).
These proteins are characterized by the presence of PAZ (Piwi-Argonaute-Zwille) and
PIWI (P-element induced wimpy testis) domains (Bohmert ez al. 1998). These proteins
are classified into the Ago subfamily and the Piwi subfamily (Peters and Meister 2007;
Hutvagner and Simard 2008). While Ago proteins are ubiquitously expressed, Piwi
proteins are restricted to germline cells (Carmell et al. 2007). Piwi proteins interact with

another class of short interfering RNAs called piRNAs (Piwi-interacting RNAs) which
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Figure 1.2 Formation of RLC and holo-RISC

Dicer and TRBP recognize siRNAs and form the RLC. Ago2 is then recruited to this
complex to form holo-RISC.

are necessary for normal germline development (Das er al. 2008; Klattenhoff and
Theurkauf 2008). Various Argonaute proteins have been shown to be involved in diverse
cellular functions from embryonic development to transposon silencing (Lykke-Andersen
et al. 2008; Siomi and Siomi 2008). The number of Argonaute genes varies between
species with 27 in C.elegans to 8 in humans (Peters and Meister 2007). Out of these 8
human Argonaute proteins, Ago2 is the only protein possessing endonuclease activity
(Meister et al. 2004). The crystal structure of the Pyrococcus furiosus Argonaute PIWI
domain shows that this domain is very similar to RNase H, supporting the role of the
PIWI domain as the active center of RISC (Song e al. 2004). While RNase H cleaves the

RNA in a DNA-RNA duplex, Ago2 cleaves an RNA strand of an RNA-RNA duplex. For
5



silencing, this results in cleavage of the target mRNA when hybridized to the guide
strand (Liu er al. 2004; Rivas et al. 2005). Due to its RNase activity, Ago2 is also

referred to as ‘Slicer’ (as a counterpart to Dicer).

siRNA containing holo-RISC to guide strand programmed active RISC

Minimal RISC has been reconstituted in vitro using only purified Ago2, Dicer, and TRBP
(MacRae et al. 2008). Activation occurs when one strand is destroyed during the process
and thereby creating an active RISC. While either strand of a siRNA duplex can be part
of active RISC, chemically synthesized siRNAs are typically biased such that only one
strand is preferentially contained in active RISC (Schwarz et al. 2003). The initial four
base pairs at each 5' end of the siRNA duplex are typically used to determine the stability
of that end (Fig. 1.3). The strand with the relatively unstable 5' end becomes the guide
strand and the complementary strand becomes the passenger strand. In Drosophila, the
protein R2D2 senses the more stable 5' end of the siRNA duplex and binds to that end
thereby positioning Dcr2 to the less stable end of the duplex, and forming the RLC
(Tomari et al. 2004). TRBP, which is the human ortholog of R2D2, might play a role in
sensing relative thermodynamic bias in humans (Haase et al. 2005; Pellino 2007).
Following asymmetry sensing, the RLC then positions the less stable 5' end of the siRNA
to anchor with the phosphate binding pocket of the Ago2 PIWI domain (Ma e? al. 2005;
Parker et al. 2005). Then Ago2 cleaves the passenger strand phosphodiester bond across
the 10 and 11 nucleotides of the guide strand (Matranga et al. 2005; Leuschner et al.
2006) similar to the cleavage of target mRNA by the guide strand (Fig. 1.4) (Martinez et
al. 2002). This mode of passenger strand cleavage works only for siRNA duplexes whose
strands are perfectly base paired around the passenger strand cleavage site. For miRNAs,

6



which have internal mismatches, the programming of RISC with the guide strand is
predicted to occur by a bypass mechanism which does not involve passenger strand

cleavage (Matranga et al. 2005).

Active RISC and silencing of target mRNA

Purified Ago2, when provided double-stranded siRNAs, lacks the ability to form an
active RISC programmed with the single-stranded guide strand (Rivas et al. 2005).
However, Ago2 alone can combine with a sSRNA acting as a guide strand to form an
active RISC (Rivas et al. 2005). In vitro experiments have shown that once Ago2 is
loaded with the guide strand it dissociates from Dicer and TRBP (Fig. 1.4) (MacRae e? al.

2008).

“

Figure 1.3 Relative stabilities of 5' ends determines the guide strand of a siRNA

First four base pairs at the 5' end contribute to the stability of that end. This schematic
represents a case where the 5' end of the red strand is less stable than the 5' end of the
blue strand. So the red strand is becomes the guide strand (guides RISC to the target
mRNA) and the blue strand is designated the passenger strand (is subsequently
destroyed).
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Figure 1.4 Transition from holo-RISC to active RISC

The passenger strand of the siRNA in the holo-RISC gets cleaved by Ago2 to form the
active RISC programmed with the guide strand. The mechanism of unwinding/cleaving
of the passenger strand for miRNAs is currently unknown.

Active RISC then binds with the target mRNA based on sequence complementarity. If
there is sequence complementarity between the guide and the target around the central
part of the guide strand, then Ago2 cleaves the target mRNA (Elbashir et al. 2001a;
Holen et al. 2002) (Fig. 1.5). Following substrate release, active RISC is liberated and
can engage in multiple cycles of target cleavage (Haley and Zamore 2004; Rivas et al.

2005)
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active RISC is liberated causing translational inhibition

Figure 1.5 Target mRNA silencing by active RISC.

Active RISC programmed with the guide strand binds with the target mRNA, and cleaves
the complementary target. Following the target cleavage active RISC becomes available
for more catalytic activity. If the there are mismatches between the guide strand and the
target mRNA then RISC stays bound to the target preventing the mRNA translation.



RNAI : discovery to application

Since its discovery in 1998 the use of RNAi has become a standard procedure for gene
regulation. While there is still a lot of progress to be made related to siRNA design and
efficacy (Tilesi et al. 2009), stability (Bramsen et al. 2009), controlled delivery (Fattal
and Barratt 2009), reducing off-target effects (Jackson er al. 2006), immune response
(Judge et al. 2005).

Ease of design and high specificity of siRNAs make them a convenient tool for,
understanding gene functions and regulating their expression. SiRNAs offer novel
therapeutic approaches to treat diseases by providing the ability to silence aberrantly
expressed genes or to enhance expression of valuable proteins by manipulating cellular

pathways (Zhu and Galili 2004; Martin and Caplen 2007).

Applications of RNAI in biotechnology and biomedicine

Metabolic flux analysis and genetic screens have identified cellular pathways influencing
protein synthesis and cell survival (Tewari and Vidal 2003; Srivastava et al. 2007). Those
pathways identified as being too active to achieve the desired phenotype can be
specifically targeted and their activities reduced using RNAI. One specific application in
which this has been demonstrated is in the expression of proteins by mammalian cells,
which grow more slowly than bacterial cells, but provide proper folding and post-
translational modification of the expressed proteins (Wurm 2004).

Since the approval of the tissue plasminogen activator as the first recombinantly
expressed therapeutic protein from Chinese Hamster Ovary (CHO) cells, the CHO cell
line and its variations have become the dominant mammalian system for recombinant
protein synthesis (Kumar et al. 2008). Maximal protein production from CHO cells

10



requires high viability and initial rapid proliferation of the cells. Apoptosis from stress or
other signals reduces the yield and purity of the recombinant protein product. As cells
lacking both the proapoptotic proteins BAK and BAX exhibit considerably higher
viability compared to cells expressing both these proteins (Wei et al. 2001), siRNAs were
used to target these proteins in recombinant human IFN-y expressing CHO cells. With
BAK and BAX mRNAs reduced to 10% of their normal level, the CHO cultures showed
30-50% greater viable cell density, and 35% higher IFN-y production relative to control
cells (Lim ez al. 2006).

Cellular pathways in plants can also be manipulated using RNAi to engineer and over-
express mammalian antibodies and plant specific proteins. Plants have emerged as a safe
and economical alternative to microbial and mammalian cell lines for expressing
vaccines and therapeutic antibodies (Floss ef al. 2007), in part because they have minimal
risk of contamination from potential human pathogens and can be easily scaled up for
mass production without the need for extensive purification steps (Daniell et al. 2001).
For example, the aquatic plant Lemna minor has been developed for producing high
yields of therapeutic recombinant proteins (Neuenschwander et al. 1991). These proteins
are, however, suscéptible to plant specific glycosylation by the genes o-1,3-
fucosyltransferése and B-1,2-xylosyltransferase (Gomord et al. 2005). After silencing
these enzymes by vector expressed shRNAs, their activities were reduced to the levels of
negative control. When used to produce monoclonal antibodies against human CD30, a
human cell surface receptor that is specifically upregulated in certain tumor cells such as
Hodgkin and Reed-Sternberg cells, adult T cell leukemia, and embryonal carcinoma of

the testis (Dong et al. 2003), the antibodies did not have any detectable plant specific
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glycans and were more potent than antibodies expressed in mammalian cell lines (Cox e?
al. 2006).

Interestingly, storage organs such as potato tubers can also serve as bioreactors for mass
production of human proteins and vaccines, as they provide superb environments for
maintaining protein stability (Farran et al. 2002; Armntzen ef al. 2005). A major problem
for proteins expressed in tubers is patatin contamination (Arntzen et al. 2005). Patatins
are a family of glycoproteins that constitute nearly 40 % of the soluble protein in potato
tubers (Prat er al. 1990). shRNA vectors have been used to target the highly conserved
gene (pat3-kl) of the patatin family, thereby reducing patatin expression by nearly 99%
(Kim et al. 2008). The expressed glycoproteins did not then require purification steps to
remove patatin, resulting in significant improvement in protein yield.

In cases where the native plant proteins are detrimental, RNAi has been shown to be
active in reducing expression of the undesired protein. Peanut allergy is one of the most
severe food allergies, affecting nearly 1% of the US population (Sicherer et al. 1999),
with 86 % of cases resulting from reactions to the protein Ara h 2 (Koppelman et al.
2004). Knocking down the expression of Ara h 2 using plasmid-expressed shRNAs
resulted in hypoallergenic seeds showing significant reduction in allergenic potency, as
measured by IgE binding capacity, compared to wild-type peanuts (Dodo et al. 2008).
RNAI can also be coupled with metabolic engineering to provide several advantages over
classical plant breeding techniques, such as control of spatial and temporal expression of
genes of interest (Tang et al. 2007). These new methods of breeding are being
investigated to improve the nutritional value of food, offset the loss of agricultural land,

and help satisfy the food demand of the growing world population (Doos 2002). For
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instance, cotton tissues express the protein Gossypol, which acts as a defense against
insects and pathogens (Sunilkumar et al. 2006). However, Gossypol's toxicity to humans
prevents the use of cotton seeds as a source of food in developing countries (Townsend
and Llewellyn 2007). shRNAs targeting the enzyme &-cadinene, which is crucial for
Gossypol synthesis, reduced the Gossypol level in transgenic seeds by 99% compared to
wild-type seeds, with the transgenic plant showing normal growth and development
(Sunilkumar et al. 2006).

A similar approach was used to enhance the plant production of lysine, an essential
amino acid important for human nutrition and also livestock growth. Lysine is found in
limiting amounts in corn and other cereal grains (Singh et al. 2001), as it negatively
regulates the activity of dihydropicolinate synthase (DHPS), the first enzyme in the lysine
biosynthesis pathway (Tang et al. 2007). Plants engineered to express DHPS mutants
insensitive to lysine showed increased lysine synthesis in all plant organs (Frankard e al.
1992). Unfortunately, elevated lysine levels caused abnormal tissue and flower
development, which in turn reduced seed yield (Frankard et al. 1992). The quality of the
seeds was also inferior due to defective post-germination lysine catabolism (Zhu and
Galili 2004). Lys-ketoglutarate reductase (LKR) and saccharopine dehydrogenase (SDH)
are key enzymes in the lysine catabolism pathway (Zhu and Galili 2004). In Arabidopsis
plants, both the lysine content and seed quality were improved by seed-specific lysine
over-expression using both the DHPS mutant and temporal shRNA silencing of the LKR
and SDH enzymes during seed development (Zhu and Galili 2004). These seeds had

about 25 mol % higher lysine content than wild-type seeds and also grew faster than
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seeds from plants over-expressing lysine without LKR and SDH knockdown (Zhu and
Galili 2004).

Alternatively, RNAi modified plants have been shown to be effective for therapeutic drug
production. Morphinan alkaloids such as morphine, codeine, oripavine, and thebaine have
direct therapeutic use and serve as intermediates for manufacture of synthetic analgesics
used to treat opiate addiction (Allen et al. 2008). These alkaloids are only expressed in
plants of the genus Papaver (Allen et al. 2008). Upregulating the flux through the
alkaloid synthesis pathway by over-expression of the enzymes salutaridinol 7-O-
acetyltransferase (SalAT) or codeinone reductase (COR) results in increased production
of the alkaloids (Grothe et al. 2001; Allen et al. 2004). Morphine, however, remains a
significant product of the pathway, impairing the expression and purification of thebaine
and codeine, products of significantly greater therapeutic value. Targeting the COR
transcript using shRNAs leads to almost complete inhibition of its enzymatic activity,
resulting in the upstream accumulation of (S)-reticuline in the alkaloid biosynthesis
pathway (Allen e al. 2004). (S)-reticuline is a valuable pharmaceutical intermediate that
can easily be converted to salutaridine and then to thebaine (Page 2005). Engineering
poppy plants in this manner is therefore a means to generate plants with significant
medicinal value, while also possibly limiting their use in the production of illicit opioid

drugs.

Summary, aims, and findings of this research

The application of RNAI technology to a multitude of platforms from bench side to
expressing therapeutic proteins highlights it enormous potential. Hence the need to
understand and optimize the technology is of critical importance. Several proteins are
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involved in mediating this endogenous pathway of gene regulation and viral defense
(Sontheimer 2005). Dicer and TRBP are two proteins, involved in both the initiation

phase of the response and also the formation of the active complex.

Similar to siRNAs, 21-nt ssRNAs have also been used as silencing agents in Ago2
mediated silencing experiments (Schwarz et al. 2002; Rivas et al. 2005). It is not known
if Dicer alone can bind 21-nt ssRNAs, as it binds siRNAs (Pellino et al. 2005). PIWI
domain of Ago2 has been demonstrated to bind with the RNase III domain of Dicer
(Tahbaz et al. 2004). Dicer binding with ssSRNAs of this length would suggest its ability
to interact and load Ago2 with the guide strand, which is also single stranded. Hence the
primary aim of this research was to study if Dicer alone could bind with 21-nt ssSRNAs. It

was found that:

1. Dicer alone can bind both 21-nt ssRNAs and siRNAs independent of internal

sequence and structure.

2. Only ssRNAs and siRNAs possessing a 5'-phosphate and not 5'-hydroxyl are
bound by Dicer, which suggests that this binding is mediated by the Dicer PAZ

domain.

3. Dicer binding with ssRNAs and siRNAs is stabilized by different Dicer domains,

RNase IIIb domain for ssSRNAs and dsRBD for siRNAs.

Based on these results a model has been proposed for the Dicer, Ago2 interaction leading

to the loading of Ago2 with the single stranded guide strand.
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Dicer along with TRBP and Ago2, contributes, to the formation of RISC with the siRNA,
and selection of the guide strand to form active RISC. To enhance guide strand
incorporation into RISC and reduce off target silencing by the siRNA passenger strand,
siRNAs are routinely synthesized with a mismatch at the guide strand 5' end (Schwarz et
al. 2006; DiFiglia et al. 2007). The effect of such mismatches on the activity of
asymmetric siRNAs has not been studied. A comparative study of asymmetric siRNAs
having a guide strand 5' end mismatch vs. asymmetric siRNAs without any mismatches,
on their interaction with Dicer and TRBP, and also of their silencing activity was
performed. The major findings were that:

1. Guide strand 5' end mismatch does not enhance the silencing efficacy of an
asymmetric siRNA.

2. SiRNA-TRBP binding is largely indicative of eventual silencing efficacy of the
siRNAs and that this binding can be significantly reduced by terminal
mismatches.

3. Terminal mismatches led to a small increase in Dicer binding, as expected,
however, this did not lead to an improvement in silencing activity.

4. Internal mismatch enhanced both Dicer and TRBP binding.
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CHAPTERII
Human Dicer binding of ssRNAs and siRNAs
INTRODUCTION

Dicer is a member of the RNase III family of enzymes. There are three classes of RNase
III enzymes (Fig. 2.1). Bacterial RNases, with only one RNase domain, comprise class I
of the RNase III enzymes. The first RNase III family enzyme was isolated from E.coli
and demonstrated divalent cation dependent catalysis of long dsRNAs (Robertson et al.
1968). These RNases act simultaneously on strands of dsRNAs by dimerization, each
monomer possessing an active site cleaves one strand to generate duplexes ~ 10 bp in
length. Class II enzymes, such as Drosha, have two endonuclease domains and one
dsRBD. Human and Drosophila Dicers are more elaborate and, besides the dsRBD and
endonuclease domains, also have the distinguishing PAZ and ATP helicase domains
(Zamore 2001). Unlike the bacterial RNase which acts by dimerization, Dicer and Drosha
act by intramolecular dimerization of their two endonuclease domains and, assisted by
the dsRBD and PAZ domains, cleave the two strands of the substrate generating siRNAs

and miRNAs.

Though Dicer has been shown to be part of RISC, its exact role in RISC is not well-
understood. HeLa cell extracts stripped of Dicer protein by immunodepletion still show
siRNA induced target mRNA cleavage activity (Martinez et al. 2002). Also, while Dicer
is necessary for normal development of mice embryos (Bernstein et al. 2003; Harfe ef al.
2005), mouse embryonic stem cells with an inactive Dicer still retained siRNA directed
target mRNA cleavage (Kanellopoulou e al. 2005; Murchison et al. 2005). These results
show that Dicer is not a necessary factor for siRNA induced silencing. However, Dicer
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generated siRNAs from 27-mer dsRNAs have been shown to be better silencers
compared to 21-nt siRNAs with identical base pair composition, possibly due to Dicer
mediated incorporation of the siRNAs into the RISC (Kim et al. 2005). Also, Ago2 PIWI
domain has been shown to bind directly with the RNase III domain of Dicer (Tahbaz et
al. 2004). These results strongly support that Dicer, though not essential for RNAi, can
play a role in facilitating siRNA processing and RNAI. This is further supported by in
vitro studies that showed that Dicer alone is capable of binding 21-mer siRNAs (Pellino

et al. 2005; Kini and Walton 2007).

Dicer processing of long dsRNA substrates without mismatches is much more efficient
than substrates resembling pre-miRNAs, with internal mismatches (Soifer et al. 2008).
The Dicer helicase domain attenuates the processing of substrates with internal
mismatches (Ma et al. 2008). In the case of pre-miRNA processing, the helicase domain
has been suggested to mediate a conformational change of the enzyme to facilitate
product release (Ma et al. 2008; Soifer et al. 2008). Dicer may therefore have the ability
to bind with ssRNAs, and be functional in the bypass mechanism suggested in the
formation of active RISC programmed with single stranded miRNAs (Matranga et al.

2005).

18



Dicer

ATPase/ DUF
Helicase 283 PAZ RNase I1Ia RNase IIIb | |dsRBD
Drosophila Dcr-1

ATPase/ DUF
Helicase 283 PAZ RNase I1la RNase IIIb | |dsRBD
Drosophila Der-2

ATPase/ DUF
Helicase 283 PAZ RNase IIIa| | RNase IIIb | |[dsRBD
Drosha

Pro-rich RS-

rich RNase Illa RNase IIIb |dsRBD
Bacterial RNase III
RNase III |dsRBD

19

Figure 2.1 Representation of the various domains of RNase III family proteins.




RESULTS AND DISCUSSION
SsRNA-Dicer complex formation in vitro

Dicer is known to form stable complexes with dsRNAs and siRNAs (Provost ef al. 2002;
Zhang et al. 2002; Pellino et al. 2005), though for siRNAs some conflicting reports exist
(Provost et al. 2002, Chendrimada et al. 2005). The focus of this study was to determine
if Dicer alone could bind 21-nt ssSRNAs. SsSRNAs of this particular length were chosen as
they are the same length as the individual strands of a siRNA duplex. Also 21-nt ssSRNAs
have been shown to be functional silencers in Drosophila (Schwarz et al. 2002).

For the binding studies, commercially available recombinant human Dicer was used.
Silver staining and western blot analysis with monoclonal Dicer antibody for Dicer were
done to confirm the size of Dicer protein (~ 210 kDa) and its identity, respectively (Fig.
Al, A and B). Dicer functionality was confirmed by cleavage reactions with a 27-mer
dsRNA substrate (Fig. A1 C).

To study whether Dicer would also form stable complexes with 21-nt ssRNAs, binding

reactions were set up with 5'-33P labeled ssRNAs and Dicer (Fig. 2.2A). As a control,

complex formation between Dicer and an siRNA was verified (Fig. 2.2A, lane 2). Two
bands were seen in the case of siRNA-Dicer binding under identical binding conditions,
suggesting the possible presence of ssRNA in the siRNA preparation. Faster migration of
the siRNA-Dicer complex relative to the ssSRNA-Dicer complex is due to the increase in
negative charge on the complex (due to the backbone phosphates of the second strand)

with a relatively small change in molecular size/weight (Wu and Regnier 1993).
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Fi 2.2 In vitro binding of Dicer with siRNA and ssRNAs.

(A) Electrophoretic mobility shift assay of the complex formed between Dicer and,
siRNA (lane 2), structured ssSRNA SS1 (lane 4), and unstructured ssRNA SS2 (lane 6).
The arrow indicates the position of the Dicer-ssRNA complex. Curly brace indicates
unbound siRNAs and ssRNAs. (B) Electrophoretic mobility shift assay of Dicer-27-mer
dsRNA complex in the presence of Mg2+ (lane 2) and in the absence of Mgz* (lane 3).
The dotted arrow denotes the Dicer-siRNA complex whereas the solid arrow denotes the
Dicer-27-mer dsRNA plex. (C) Mass sp ry of the protein-ssSRNA complex
denoted by the arrow in (A) showed only the presence of Dicer in the complex. (D)
Electrophoretic mobility shift assay of Dicer-SS2 complex in the presence of Dicer
antibody (Lane 3) and antibody against NF-kB (Lane 4). The asterisk denotes the
supershifted complex.
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27-mer dsRNA substrate were carried out. After processing and binding, two bands
remained, indicating Dicer complexes with the 27-mer duplex and the 21-mer siRNA
product (Fig. 2.2B lane 2). The identities of these bands were confirmed by processing in
the absence of divalent cations, which are not required for Dicer binding but are
necessary for cleavage (Fig 2.2B, comparing lane 2 and 3) (Zhang et al. 2002). This
experiment also provides evidence that Dicer forms stable complex with the siRNAs it
generates, and may thereby enhance their incorporation into the RISC complex and also
their functionality (Kim ef al. 2005; Siolas et al. 2005) .

Because Dicer is naturally a dsSRNA-binding protein, the secondary structure, or structure
formed by intramolecular hybridization, of an ssSRNA was expected to impact the ability
of Dicer to bind it. So an ssRNA predicted to have secondary structure at 4°C (SS1) and a
polyuridine ssRNA (SS2) that is presumably unable to form any significant secondary
structure were tested. The reduced electrophoretic motility of unbound SS2 relative to

unbound SS1 suggests the general absence of structure in SS2 (Fig. 2.2A, compare lanes
3 and 5), supporting the expectations from the T\ calculations (Table 2.1). Both SS1 and

SS2 are bound stably by Dicer (Fig. 2.2A, lanes 4 and 6), as are other 21-nt ssSRNA
sequences (Table 2.1). Identical ssRNA-Dicer complexes were also formed with 12 and
15-nt ssRNAs (data not shown).

The ssRNA-Dicer complex formed by SS1 with Dicer was analyzed by mass
spectrometry to confirm the presence of Dicer as the only protein component (Fig. 2.2C).
To confirm further that the complex contained Dicer, an antibody supershift assay was

performed. Adding Dicer antibody subsequent to Dicer-RNA binding did not produce
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Table 2.1 Predicted AG and Ty for the sequences predicted using mfold (Zuker 2003).

Name Sequence AG, ™, °c
kcal/mole

SS1 GUC ACA UUG CCC AAG UCU CTT 0.7 20
SS2 UUU UUU UUU UUU UUU UUU UTT - -
SS3 GCU AAA AAA AAA AAA AAA ATT 1.94 -19.3
SS4 GUC AAA AAA AAA AAA AAA ATT 1.94 -19.3
SSS GCU GAC CCU GAA AUU GAU CTT -0.61 32.2
SS6 GAG ACU UGG GCA AUG UGA CUT -1.62 36.7

any shift in the complex, so assays were performed by prior incubation of the antibody
with Dicer followed by addition of SS1. This implies that this antibody is a competitive
inhibitor of the binding by Dicer of ssRNAs. In the presence of the Dicer antibody, the
characterized complex is nearly completely retarded as compared to negative and non-

specific antibody controls (Fig. 2.2D, compare lane 3 with lanes 2 and 4).

Possible contribution of the PAZ domain to ssRNA binding by Dicer

SiRNAs and miRNAs resulting from Dicer processing have characteristic 5'-phosphate
and 3' overhangs (Fig 2.3B). Chemically synthesized siRNAs possess a 5'-hydroxyl (Fig
2.3C). Upon entry into cells, these siRNAs are immediately phosphorylated (Fig 2.3B) by
the human RNA kinase hClpl (Nykanen er al. 2001; Weitzer and Martinez 2007).
SiRNAs with a chemical modification that prevents 5' phosphorylation are bound by
Dicer with significantly lower affinity (Pellino et al. 2005; Chen et al. 2008). The
presence of a 5' phosphate is an important structural determinant for the guide strand to
be incorporated into RISC (Liu et al. 2004). Structural studies of the Ago2 PIWI domain

have shown that a conserved metal binding site secures the 5'-phosphate
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Figure 2.3 Impact of 5'-phosphate on Dicer binding affinity for ssRNAs and siRNAs.

Dicer-ssRNA binding reactions were performed in the presence of 100-fold excess
unlabeled ssRNA (lanes 3 and 5) or siRNA (lanes 4 and 6). In lanes 3 and 4, competition
was performed with 5'-hydroxyl RNAs. In lanes 5 and 6, competition was performed with
5'-phosphate RNAs. The arrow indicates the position of the Dicer-ssRNA complex. B)
Schematic of siRNA structure with 5' —phosphate. C) Schematic of siRNA structure with
5'"-hydroxyl.
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(Parker et al. 2004; Parker et al. 2005; Wang et al. 2008). Anchoring of the 5' end is an
important step that determines the position of the target mRNA to be cleaved. Following
the formation of this complex, the target mRNA is cleaved between the nucleotides
paired to bases 10 and 11 of the guide strand (Elbashir et al. 2001b; Elbashir et al.
2001c). Since ssRNAs have also been shown to induce silencing mediated by the
Argonaute protein (Schwarz et al. 2002; Rivas et al. 2005), the impact of the 5'-

phosphate on ssRNA binding with Dicer was studied.

To assess the impact of 5'-phosphates on complex formation between ssRNAs and Dicer,
a competition assay between labeled ssRNAs in the presence of an excess of unlabeled
ssSRNAs and siRNAs was performed. The competing siRNAs and ssRNAs were
chemically synthesized having a 5'-hydroxyl (Fig. 2.3C). At 100-fold excess
concentration, neither 5'-hydroxyl ssRNAs nor 5'-hydroxyl siRNAs could displace 5'-
phosphate ssSRNA SS2 from its complex with Dicer (Fig. 2.3A, lanes 3 and 4). Then, the
competing siRNAs and ssRNAs were 5'-phosphorylated using cold ATP (Fig. 2.3B).
These phosphorylated siRNAs and ssRNAs effectively displaced bound SS2 (Fig. 2.3A,
lanes 5 and 6). This suggests a role for Dicer in quality control of the molecules entering
the RNAi pathway, by verifying the presence of 5'-phosphate on the silencing agents. Of
the domains in Dicer, only the PAZ domain is known to possess a greater affinity for 5'-
phosphate ssSRNAs as compared to 5'-hydroxyl ssRNAs (Yan et al. 2003). While the 5'-
phosphate determines whether the siRNAs and ssRNAs can enter the silencing pathway,
the 3'-structure affects the activity of the siRNAs and dsRNAs. DsRNAs with 2-nt 3'
overhangs are processed with higher efficiency by Dicer compared to blunt end duplexes,

and this interaction is mediated by the Dicer PAZ domain (Zhang et al. 2004). Similarly
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siRNAs with 3' overhangs have been shown to be better silencers compared to blunt end
duplexes (Elbashir et al. 200lc). The PAZ domain, containing a conserved
oligonucleotide/oligosaccharide binding fold, anchors the 3' overhangs of the duplexes

(Song et al. 2003).

To explore if the higher affinity for 5'-phosphate substrates seen in ssRNA-Dicer binding
was due to the PAZ domain, binding to SS2 with a 5'-phosphate ssRNA and a 3'-biotin
was tested. It is known that this modification disturbs PAZ domain-RNA interactions
(Yan et al. 2003). It was found that, Dicer has a lower affinity for this sequence relative
to 3'-hydroxyl SS2 (Fig. 2.4), further suggesting a role for the PAZ domain in binding to

the ssRNAs.

5' terminal nucleotide sequence dependence of Dicer binding

The Dicer-ssRNA binding experiments in the presence of competing siRNAs showed that
the S5'-phosphate is preferred for binding with siRNAs and ssRNAs. Also siRNAs
possessing a S'-methoxy modification at one end of the duplex, which prevents the
phosphorylation of that end, leads to the preferential selection of the other strand as the
guide strand (Chen et al. 2008). These results indicate that Dicer interacts with the 5' end
of both the ssRNAs and siRNAs. Also in Drosophila, it has been shown that during the
formation of the RLC, TRBP binds at the 3' end of the guide strand and Dicer 2 binds to
the 5' end of the guide strand. Dicer processing of long dsRNAs has been shown to be
dependent on the terminal nucleotide sequence (Vermeulen et al. 2005). DsRNA
substrates possessing an A at the terminal end were processed much more efficiently than

those having a G or C.
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Figure 2.4 Dicer has lower affinity for ssRNAs having a 3'-biotin.

(A) R ive figure sh g Dicer-ssRNA binding with ssRNA having a 3'-
hyd:oxyl (lane 2) and ssRNA havmg a 3"-biotin (lane 4). B) Comparison of binding of
Dicer to ssRNA having a 3'-biotin to that with a 3-hydroxyl . Band intensities from lanes
2 and 4 normalized to the corresponding controls in lane 1 and 3 respectively. *, denotes
the 2-tailed t-test comparison of Dicer binding to SS2 vs. SS2 -3' Bi for p< 0.05.

Therefore, it was tested whether terminal sequence, in addition to terminal structure, was

important for Dicer binding to ssRNAs and siRNAs.

To look specifically at the influence of the terminal nucleotides on binding with Dicer,
ssRNAs lacking stable secondary structures but with varying terminal nucleotide
sequence at the 5' end were designed and tested (Table 2.2). It was observed that Dicer
binding to these sequences varied with the terminal nucleotide sequence (Fig. 2.5). SS2-

AA shows almost two fold higher binding with Dicer than the other sequences. These
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results indicate that the Dicer interaction with ssSRNAs is dependent on the terminal

nucleotide sequence.

Table 2.2 Predicted AG and Ty for the sequences predicted using mfold (Zuker 2003).

Name Sequence AG, ™, °c
kcal/mole

SS2 UUU UUU UUU UUU UUU UUU UTT - -

SS2-CC | CCU UUU UUU UUU UUU UUU UTT

SS2-GG | GGU UUU UUU UUU UUU UUU UTT 2.5 -17.2

SS2-AA | AAU UUU UUU UUU UUU UUU UTT 2.6 -17.9

% Binding to Dicer
© = N W A U o
1

SS2  SS2-CC SS2-GG SS2-AA

Figure 2.5 Dicer ssRNA binding is dependent on the terminal nucleotide sequence.

Percentage binding was calculated by normalizing intensity of siRNA-protein complex to
the respective unbound ssRNA. *, denotes the 2-tailed t-test comparison of Dicer binding
to different ssRNAs vs. SS2 for p< 0.05.
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Divalent cation dependence of ssSRNA-Dicer complex formation

While Dicer requires the presence of Mg2+ to be catalytically-active (Zhang et al. 2002),
it has been shown to form stable complexes with 100-130 bp dsRNAs even in the

absence of Mg2+ (Provost et al. 2002; Zhang et al. 2002). Structural studies with the

Aquifex aeolicus RNase III has shown dsRNAs in a non-catalytic complex with the
RNase protein, which is structurally different from the catalytic assembly (Blaszczyk et
al. 2001; Blaszczyk et al. 2004). The PIWI domain of Ago2 has been shown to interact
directly with the RNase domain of Dicer (Tahbaz et al. 2004). These studies show that
the Dicer and other RNases can attain alternate structural conformation in a non-catalytic
assembly and function primarily as dsSRNA binding proteins in the RNAi pathway, and
shuttle the silencers to the downstream proteins. In this regard, the effect of divalent
cations on the interactions of 21-nt ssRNAs and 21-mer siRNAs with the human Dicer

was studied.

To test if ssRNA-Dicer complex formation depends on the presence of divalent cations,
. g . . 2+ 2+ .
binding reactions were performed in Mg~ -free buffers. In the absence of Mg~ , Dicer

did not stably bind either ssSRNA (Fig. 2.6A, lanes 6 and 9, arrow). Complex formation

2+ 2+ 2+ 2+ 2+
was restored when Mn~ or Ca~ were added to the buffer but not Co” , Ni" , or Zn

(Fig. 2.6B, solid arrow). Both in the presence and absence of divalent cations, ssRNAs
appear to form smaller complexes (Fig. 2.6B, lane 2 and 8, dotted arrow), but this binding
could not be assigned to a specific protein after analysis by mass spectrometry (Fig. A2).
Similar divalent cation dependence was not observed for the formation of a stable

siRNA-Dicer complex (Fig. 2.6A, lane 3). Comparing lanes 2 and 3 (Fig 2.6A),
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Figure 2.6 Divalent cation dependence of Dicer-ssRNA complex formation.

(A) Dicer-ssRNA complexes formed in the presence of Mg2+ (lanes 5 and 8) and not in

its absence (lanes 6 and 9). SiRNA-Dicer complex formation was not cation dependent

(lanes 2 and 3). (B) Dicer-ssRNA(SS1) complex formation can occur in the presence of
2+ 2+ 2+ 2+ 2t 2+

Mg~ ,Mn~ ,and Ca” butnotCo™ 'Ni" ,orZn" -
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lane 3 does not have the second slower moving complex seen at the top of the gel in lane

2. This is further proof to the presence of ssRNA in the second slower complex as it is

. 2+ Yy . . .
not seen in the absence of Mg~ .These results indicate that different Dicer domains are

involved in forming stable complexes with the siRNAs vs. the ssRNAs. Beyond the
recognition of the 5'-phosphate by the Dicer PAZ domains, other Dicer domains may be

needed to form stable complexes with either the siRNAs or the ssRNAs. For E. coli

RNase III, Mg2+ and Ca2+ act to stabilize complex formation of the enzyme with the

bacteriophage T7 R1.1 RNA, which has a hairpin structure (Li and Nicholson 1996).
Divalent cations not involved in catalytic activity have been shown to stabilize the
interactions between the RNase and the phosphate backbone of the RNA (Ji 2006). In the
case of siRNAs and other dsRNAs which do not need a divalent cation to bind with
Dicer, the dsRBD might play a role. Whereas, in the case of ssSRNAs one or both the

RNase domains might be needed to form a stable complex.

SsRNA binding by Giardia Dicer

While the human Dicer is a relatively large (~210 kD), the Giardia Dicer consisting of
756 amino acids is one of the smallest Dicer proteins known (Macrae et al. 2006). It
consists of one RNA binding domain, the PAZ domain, and two RNase III domains (Fig.
2.7A). Crystal structure of this enzyme with a dSRNA has been used to demonstrate the
details of substrate processing by Dicer. The two metal ion containing RNase III domains
secure the two scissile phosphates of the dsSRNA duplex and cleave the substrate ~25 bp

from the end secured by the PAZ domain. It was reasoned that, if the PAZ domain in
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human Dicer contributes to the binding of ssRNAs, then Giardia Dicer which also has

the PAZ domain should also be able to bind ssRNAs.

A)
I PAZ ] lRNase IIa [RNaselllb|
B) 35-mer 21-mer ©) = SS2
G.Dicer,ng - 250 300 300 Mg~ + + + i+ =
G.Dicer,ng - 150 250 300 300
f e 2

Figure 2.7 Schematic of the Giardia Dicer domain and its in vitro binding with sSRNAs.

(A) Domains of Giardia Dicer. B) Catalytic activity of Giardia Dicer. Cleavage products
of Giardia Dicer enzyme, analyzed by native gel electrophoresis. Arrow indicates the
~25mer siRNA generated (lanes 2 and 3) from cleavage of 35mer dsRNA substrate (lane
1). C) Electrophoretic mobility shift assay of the complex formed between Giardia Dicer

and SS2 in the presence (lanes 2-4) and absence of Mg i (lane 5). Arrow indicates the
position of the Giardia Dicer-ssRNA complex.

Interestingly while the human Dicer can process 25 and 27-mer dsRNA substrates, the G.
Dicer cannot process substrates of these lengths (data not shown). Hence the RNase
activity of the G. Dicer was tested by the processing of a 35-bp substrate into ~25-mer

siRNAs (Fig. 2.7B). Then, in vitro binding reactions with ssRNAs and Giardia Dicer

were performed. Similar to human Dicer, Giardia Dicer also binds ssRNAs in Mg2+
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dependent manner in vitro (Fig. 2.7C, lanes 2-4). In the presence of EDTA, no stable

Dicer-ssRNA complex is formed (Fig. 2.7C, lane 5).

Identifying the Dicer domain/s involved in binding with the sSRNA and siRNAs

The binding studies showed that human Dicer can bind both siRNAs and ssRNAs. These
interactions seemed to involve the PAZ domain and possibly other domains as well. The
binding studies with the Giardia Dicer further pointed to the involvement of the PAZ
domain. Binding studies in the absence of divalent cations discriminated between binding
with siRNAs vs. ssRNAs, indicating the involvement of other Dicer domains in each
case. The goal of these studies was to identify the Dicer domain directly in contact with
the nucleic acid using photo crosslinking and mass spectrometry.

Photo crosslinking has been commonly used to study protein-nucleic acid complexes in
diverse cellular processes such as transcription, translation, and DNA replication. UV
crosslinking induces the formation of zero-length covalent bonds where protein amino
acids and nucleic acid directly contact each other (Shetlar 1980; Bennett e al. 1994).
These crosslinked complexes can then be used for structural analysis, characterization of
the protein or nucleic acid. Mass spectrometry which provides better sensitivity and
specificity compared to traditional methods such as Edman degradation (Merrill ez al.
1984; Prasad et al. 1993) has been widely used to determine the protein molecular weight
or sequencing the amino acids (Golden et al. 1999; Rieger et al. 2000).

A schematic of the experimental setup for the binding site studies is shown in Figure 2.8.
After the binding reactions, the samples were UV crosslinked and proteolysed by

Trypsin. This series of experiments was designed to identify the peptide fragments
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Step 1: Dicer-ssRNA binding reaction
ssRNA
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Step 2: UV cross-linking the Dicer-ssRNA complex
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Step 3: Proteolysis of UV cross-linked Dicer-ssRNA complex using Trypsin
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Step 4: Liquid chromatography-mass spectrometry of proteolysed sample

i Proteolysed | MS i Spectra i
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Figure 2.8 Sequence of steps to determine the Dicer domain/s binding with the ssSRNA
and siRNA
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which are crosslinked to the ssRNA or the siRNAs. Such nucleic acid bound peptides
would have a different mass to charge ratio (m/z), relative to the identical peptide from
the Dicer protein alone. Due to the difference in ‘m/z’ the nucleic bound peptide would
have a different time of flight than the peptide alone. Overlaying the spectra of the Dicer
protein alone with the spectra of either Dicer-siRNA or Dicer-ssRNA would reveal the
‘m/z’ of such peptides. The amino acid sequence of these peptides can then be inferred
from the corresponding predicted amino acid sequence (Appendix A, lists details of
generating the predicted cleavage map) for the particular ‘m/z’, and thereby identify the

Dicer domain binding to the nucleic acid.

Comparison of mass spectrometry generated spectrum peaks with predicted peaks
for BSA

The experimental setup was tested by proteolysing BSA (Bovine serum albumin) protein
using Trypsin. Mass spectrometry data was analyzed using Waters MassLynx software.
Multiple charge peaks (m/z) from the BSA peptide fragments were compared to the
multiple charge peaks predicted in the cleavage map of BSA for tryptic digest (details in
Appendix A) for confirming the tryptic digest of BSA. Figures A3.A and A4.A list two of
the doubly charged peaks of BSA peptides and the corresponding amino acid sequence

(Fig.A3.B and A4.B).

Data analysis and predicting the Dicer domain Dicer-ssRNA complex and Dicer
Mass spectrometry analysis of the typtic digests of Dicer, Dicer-ssRNA and Dicer-siRNA

was then performed. To maintain the same conditions for both the samples the Dicer
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protein was also UV treated for 10 min prior to trypsinization. Peptide fragments were
run through the HPLC column for 75 min and analyzed by the Q-TOF Ultima API
system to yield the chromatograms for Dicer protein and Dicer-ssRNA complex (overlaid
spectra Fig. 2.9A, individual chromatograms in Appendix A). The spectra from the
overlaid chromatograms were analyzed, to identify similar Dicer peptide peaks which are
shifted from the fragment peaks of the Dicer-ssRNA complex due to crosslinking to the
ssRNA. Fig. 2.9B shows such a peak identified from the overlaid spectra. The spectrum
of the Dicer-ssRNA fragments does not have a m/z peak corresponding to the Dicer
protein peak of 917.8 (Fig.2.9B, denoted by the arrow). However there are no
corresponding peaks, with these m/z predicted by the theoretical cleavage map of the
Dicer protein (Fig. 2.9C). This could be due to incomplete cleavage of the protein or due
to the presence of the detergent Triton in the Dicer preparation. Cleavage of the Dicer
protein was conformed by the presence of several doubly and triply charged peaks
indicative of typtic digest. Presence of Triton is the probable cause of variation in the m/z
of the peptide fragments as pure BSA protein digested under identical condition had
peptide fragments with the same m/z as predicted by the theoretical BSA cleavage map
(Fig. A3 and A4). Detergents like Triton have been shown to interfere with peptide
ionization in mass spectrometry (Bornsen et al. 1997; Norris et al. 2005). Removing the
detergent from the samples was not a feasible option considering the low yields and
microgram amount of protein required to be analyzed by LC followed by mass

spectrometry (using Q-TOF).
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Figure 2.9 LC/MS chromatograms

A) Overlaid chromatograms of trypsin digested Dicer protein and Dicer-SS complex. B)
Spectra of overlaid chromatograms from A) displaying the m/z vales for the Dicer-
ssRNA fragments. C) Few predicted peptides resulting from tryptic digest of the Dicer
protein, with m/z around 917.
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m/z (mi) [ m/z (av) Star | End Sequence

916.441 | 917012272 | 1457 | 1472 ISLSPFSTTDSAYEWK

917.466 | 9170654 > | 418 | 440 | EKPETNFPSPFTNILCGIIPVER

917.843 | 918.4029"> | 1716 | 1741 | QHSPGVLTDLRSALVNNTIFASLA

917.984 | 918589172 | 545 | 560 APISNYIMLADTDKIK

Figure 2.9 (Continued)

Identifying the Dicer domains binding siRNA and ssSRNA by comparison of the
triple spectra

Based on the known roles of RNA domains in Dicer, the PAZ and dsRBD possibly
mediated the binding with siRNAs and likewise PAZ- and RNase III domains might
interact with the ssRNAs. While PAZ domain discriminates between phosphorylated and
non-phosphorylated substrates for Dicer binding, it can bind with both siRNAs and
ssRNAs having a S5'-phosphate. However different Dicer domain/s are involved in
forming a stable complex with either the siRNAs or the ssRNAs. Results from the
binding studies support this observation with ssSRNAs requiring the presence of a divalent
cation to bind with Dicer suggesting the involvement of RNase III domains. SiRNAs on
the other hand bind with Dicer even in the absence of divalent cations suggesting the
RNase III domains may not be needed in binding with the siRNAs. Also, the Dicer

dsRBD, which has been shown to bind only with a dSRNA and not with ssSRNA, RNA-
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DNA hybrids or dsDNA, might mediate binding with the siRNAs (Bevilacqua and Cech
1996).

As unique Dicer domain/s are involved in the binding with the ssSRNAs or the siRNAs.
Overlaying and comparing the spectra for all the three cases: Dicer protein, Dicer-siRNA
complex, and Dicer-ssRNA complex, would differentiate the Dicer domains involved in
forming a stable complex with the siRNA or the ssSRNA. Also comparing the three
spectra with each other gives more confidence in identifying the right peaks by avoiding
non-specific variation in the spectral peaks. Figure 2.10A shows the overlaid spectra for
the three cases indicating the peaks of the ~ 917 m/z. While both the Dicer protein (Fig.
2.10A) and Dicer-siRNA complex (Fig. 2.10B) have a peak corresponding to m/z of
917.8, the Dicer-ssRNA complex does not (Fig. 2.9B). The predicted peak with the m/z
of 917.8 has the amino acid sequence of QHSPGVLTDLRSALVNNTIFASLAVK. This
sequence corresponds to the Dicer domain RNase-IIIb (Table 2.3). The other predicted
peak with m/z value of 917.4 with amino acids from 418-440 (Fig 2.9C), was ignored as

it does not correspond to one of the characterized domains of Dicer.
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Figure 2.10 Overlaid spectra of proteolysed Dicer, Dicer-siRNA and Dicer-ssRNA.
The m/z values displayed are for A) the Dicer-siRNA fragments. and B) for the Dicer

protein peptides.

Table 2.3 Amino acid sequence of human Dicer domains.

List of the amino acid sequence for the PAZ, dsRBD, RNase-Illa and RNase-IIIb
domains of Dicer. The bold underlined amino acids refer to the sequences indentified by
mass spectrometry analyses to be crosslinked with either with the siRNA or the ssRNA.

Domain Amino acid seq
PAZ dsstldidfk fmedieksea rigipstkyt ketpfvfkle dyqdaviipr yrnfdqphrf
yvadvytdlt plskfpspey etfaeyyktk ynldltning plldvdhtss rinlltprhingk
(123 aa)
dsRBD vprspvrellemepetakfs paertydgkv rvtvevvgkg kfkgvgrsyr
(66 aa) iaksaaarralrslka
RNase-Illa | dseqgspsigy ssrtlgpnpg lilqaltlsn asdgfnlerl emlgdsflkh
(128 aa) aittylfctypdahegrlsy mrskkvsncn lyrigkkkgl psrmvvsifd ppvawlppgy
vvngdksntdkwekdemt
RNase-Ilb fenfekkiny rfknkayllq afthasyhyn titdcyqrle flgdaildyl 7
(159) itkhlyedprghspgvltdl rsalvnntif aslavkydyh kyfkavspel fhviddfvqf
gleknemqgm dselrrseed eckeedievp kamgdifesl agaiymdsg
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One of the other shifted peaks identified was from the spectra of Dicer-siRNA complex,
relative to the other two spectra, had m/z of 590.3 (Fig. 2.11A-C). The corresponding
nearest theoretical peaks had m/z values of 590.6 and 590.9 (Fig. 2.11D). The peak 590.9
with amino acid ranging from 1842-1856 corresponds to the Dicer dsRBD, whereas the
other peak does not correspond to any characterized domains of Dicer, and was hence not
considered. Comparing the spectra of the Dicer, Dicer-siRNA, and Dicer-ssRNA the
ssRNA was found to crosslink to the Dicer RNase IIIb domain and the siRNA was found

to crosslink to the dsRBD of Dicer (Table 2.3).
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Figure 2.11 Overlaid spectra of proteolysed Dicer, Dicer-siRNA and Dicer-ssRNA.

The m/z values displayed are for A) the Dicer protein B) Dicer-siRNA fragments. and C)
for the Dicer-ssRNA fragments. D) Few predicted peptides resulting from tryptic digest
of the Dicer protein, with m/z around 590.6.
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m/z m/z Start | End | Sequence
590.6695+5 590.669 5+5 1638 | 1661 | CMFDHPDADKTLNHLI
SGFENFEK

5009696 | 591.3515" > | 1842 | 1856 | SPVRELLEMEPETAK

591.2849"° | 591.6683" | 1081 | 1089 | YPNLDFGWK
591.2984 % | 591.6424"% | 1091 | 1095 | SIDSK

Figure 2.11 (Continued)

CONCLUSIONS
PAZ domain mediated ssRNA and siRNA binding by Dicer

A previously unknown 'function of the human Dicer has been demonstrated, in its ability
to bind ssRNAs in vitro, independent of the internal sequence and secondary structure of
the ssSRNA. In all experiments, the ssSRNAs tested were far shorter than hairpin structures
with stems of at least 29 bp in length that are known to be Dicer substrates (Siolas e al.
200S). Nonetheless, the results from the competition experiments showed that Dicer
recognition and binding to both siRNAs and ssRNAs maybe mediated by the Dicer PAZ
domain. In the case of siRNAs and long dsRNAs with overhangs, both the RNA binding
domains of Dicer, the PAZ domain and the dsRBD, are involved in binding the substrate
(Zhang et al. 2004). The PAZ domain binds to the overhangs and positions the dsRBD
and concomitantly the RNase III domains (Zhang et al. 2002; Pellino et al. 2005). It has
been reported that the dsRBD can only bind dsRNAs (Bevilacqua et al. 1998; Ryter and

Schultz 1998). 5'-phosphate dependence of the 21-nt ssRNAs for binding with Dicer
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shown in this research is identical to the binding behavior of the 5-nt ssSRNAs to the Ago2
PAZ domain (Yan et al. 2003). This suggests that ssSRNA complex formation with Dicer

is mediated at least in part by the PAZ domain.

Divalent cation dependence of sSRNA-Dicer complex

Dicer and other RNase III family enzymes need one Mg2+ ion for each of the RNase

domains to be catalytically active (Sun et al. 2005). Moreover, recent structural evidence
suggests that two metal ions may be required for maximum activity (Ji 2006; Macrae et
al. 2006). The second metal ion is suggested to bind to the highly negative catalytic
valley of RNase III enzymes and thereby stabilize the interaction between the enzyme
and the negatively charged phosphate backbone of substrate RNA (Ji 2006). Stable
binding of ssRNAs by Dicer depends upon the presence of divalent cations. Similarly
divalent cations are also required by the Giardia Dicer for forming a stable complex with
the ssRNAs. It may therefore be that the divalent cation dependence seen for ssSRNA
binding is related to an interaction of the RNase domains of Dicer with the ssSRNAs. Such
dependence would be akin to that seen in the formation of a stable Dicer-ssRNA complex
for the Giardia intestinalis Dicer to its dSSRNA substrate (Macrae et al. 2006). Thiskeffect
may be more pronounced in Dicer binding due to its two RNase III domains. Each of
these may simultaneously, and possibly cooperatively, contribute to the affinity of Dicer

for ssRNAs.



Dicer domains stabilizing binding with ssSRNAs and siRNAs
The PAZ domain mediates interactions with both siRNAs and ssRNAs through the 5'

phosphate. However the divalent cation dependence of Dicer for binding with ssRNAs
and not with siRNAs, showed other Dicer domains besides the PAZ domain are needed
for forming stable complexes. Using LC/MS the amino acids from the RNase IIIb domain
were found to bind with the ssRNAs (Fig. 2.10 A and B), supporting the results from the
ssRNA-Dicer binding studies (Fig. 2.6). Also from the LC/MS studies, the Dicer dsRBD
was found to crosslink with the siRNAs and not with the ssRNAs (Fig. 2.11 A, B and C).

Crystallographic and mutation studies of Aquifex aeolicus RNase III domain has been
shown to possess a catalytic and non-catalytic assembly with dsRNAs (Blaszczyk et al.
2001; Blaszczyk et al. 2004). The non catalytic assembly is suggested to be active in the
transfer of the cleaved substrates and thereby different from the catalytic assembly
involving the catalytic valley of the RNase III domain. Following the identification of
RNase IIIb domain residues of Dicer in binding with the ssRNAs it was of interest to
know if this binding was representative of catalytic or non catalytic assembly. Catalytic
processing of the substrates by Dicer involves the dimerization of the RNase III domains
a and b to form a catalytic valley for endonucleolytic cleavage (Zhang et al. 2004). From
the LC/MS studies the ssRNAs were found to crosslink only with the RNase IIIb domain
and not both the RNase III domains. This shows that ssRNA is not aligned between the
two catalytic domains, and Dicer-ssRNA complex is suggestive of a non-catalytic

assembly for shuttling of the substrate.
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Proposed model for Dicer-ssRNA binding and Ago2-Dicer interaction

It is unclear if binding of ssRNAs to Dicer would occur in vivo, and, if so, what the
biological relevance of such an interaction would be. One necessary feature of active
silencers is the presence of a 5'-phosphate on the guide strand (Nykanen et al. 2001).
SiRNAs possessing a 5' end that is impaired for phosphorylation, lack the ability to bind
Dicer or induce RNAi (Nykanen et al. 2001; Pellino ef al. 2005). The ability of Dicer to
distinguish phosphorylated and non-phosphorylated targets may be a mechanism for
controlling the loading of RISC (Fig. 2.12). It may also suggest a pathway by which
ssRNAs can enact RNAIi (Schwarz er al. 2002; Holen et al. 2003). In those cases, only
ssRNAs possessing a 5'-phosphate, or that are 5'-phosphorylated upon entering the cell,
act as potent inhibitors. These would be bound more tightly by Dicer, enhancing their
association with other RISC proteins such as Ago 2, TRBP, and PACT (Chendrimada et
al. 2005; Kok et al. 2007).

Formation of active RISC by Ago2 mediated cleavage of the siRNA passenger strand has
been well established (Matranga et al. 2005; Leuschner et al. 2006; Kim et al. 2007).
However this mode of passenger strand cleavage for active RISC formation has only
been demonstrated for siRNA induced silencing and not for miRNAs.

A bypass mechanism not involving passenger strand cleavage has been proposed for
miRNAs (Matranga et al. 2005). Minimal RISC comprising of Dicer, TRBP, and has
been shown to possess the ability to dice double stranded pre-miRNAs into ~22 nt
miRNAs, to sense the asymmetry of the miRNA duplex and load the RISC with the
appropriate guide strand and ultimately to slice the target mRNA (MacRae et al. 2008).
Ago2 alone cannot form active RISC from siRNAs or miRNAs (Rivas et al. 2005).

Hence an interaction of Ago2 with Dicer or TRBP is necessary for loading of RISC with
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the single stranded guide strand. Besides humans, Dicer-Ago2 association has also been
reported in C.elegans and Drosophila (Tabara et al. 2002; Chendrimada et al. 2005; Jiang
et al. 2005; Saito et al. 2005). These results suggest that Dicer may play a role in
shuttling/loading single stranded miRNA guide strand to Ago2. During processing of pre-
miRNA substrates, the Dicer helicase domain autoinhibits the catalytic cleavage of the
substrates (Ma er al. 2008; Soifer et al. 2008). This regulation of Dicer action is
witnessed only for pre-miRNA like substrates and not for fully paired dSRNA molecules
(Soifer et al. 2008). Structural rearrangements of the substrates following cleavage have
been observed in crystal studies with Aquifex aeolicus RNase III , indicating some form
of product hand off (Gan et al. 2008). PIWI domain of human Ago2 has been shown to
bind with the RNase IIla domain of Dicer (Tahbaz et al. 2004). This research has shown
the ability of Dicer to bind with ssRNAs which is mediated by the PAZ domain and
stabilized by the RNase IIIb domain.

Based on these results a model has been proposed for Ago2 interaction with Dicer for
loading of active RISC with the guide strand (Fig. 2.13). Dicer binds with ssRNAs
possessing 5' -phosphate or with the miRNA guide strand following the unwinding of the
duplex. Then Ago2 binds with the RNase IIla domain of Dicer, causing a structural
change and transfer of the guide strand from Dicer to Ago2. Following this the §' end of
the guide strand is anchored in the phosphate binding pocket of Ago2 PIWI domain and
Ago?2 gets loaded with the guide strand. In the case of siRNAs wherein the Dicer dsSRBD
is involved, the Dicer-siRNA complex most likely attains a conformation different from
the Dicer-ssRNA complex, and Ago2 gets loaded with the guide strand by passenger

strand cleavage.
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Figure 2.12 Schematic of Dicer interaction with siRNAs and ssRNAs

A) Initiation of Dicer interaction with the ssSRNAs and siRNAs mediated by the PAZ
domain. B) Dicer forms a complex with the ssRNAs stabilized by the RNase IIIb domain.
C) Dicer forms a complex with the ssRNAs stabilized by the dsRBD.
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Figure 2.13 Schematic of Ago2 loading with the guide strand
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CHAPTER II1

Effect of siRNA terminal mismatches on TRBP and Dicer binding and silencing
efficacy

INTRODUCTION

Short interfering RNAs (siRNAs) can be designed to target and regulate the expression of
any gene of interest. Gene silencing by RNA interference (RNAi) is mediated by
endogenous proteins resulting in target mRNA cleavage or translational inhibition
(Filipowicz 2005). In the cytoplasm of human cells, the dsSRNA binding proteins, TRBP
and Dicer, recognize and bind with the siRNA and form the RNA induced silencing
complex (RISC) loading complex (RLC) (Chendrimada et al. 2005; Haase et al. 2005,
Diederichs and Haber 2007). Argonaute 2, the catalytic core of RISC (Liu et al. 2004;
Rivas et al. 2005), is then recruited by the RLC to form holo-RISC (Maniataki and
Mourelatos 2005). Although other proteins such as protein activator of protein kinase R
(PACT) might also be associated with the formation of holo-RISC (Meister et al. 2005;
Lee et al. 2006; Hock et al. 2007; Kok et al. 2007; Landthaler et al. 2008), in vitro
experiments have demonstrated that TRBP, Dicer, and Ago 2 alone are capable of

forming an active minimal RLC (MacRae e al. 2008).

Being double-stranded, either strand of the siRNA can be used as the guide strand of
active RISC. Loading of both strands results in reduced silencing efficiency due to
competition for RISC components and has the potential to result in off-target silencing
(Jackson et al. 2006). Functional siRNAs and miRNAs have been shown to have greater
asymmetries in their terminal hybridization stabilities compared to non-functional
siRNAs (Khvorova et al. 2003; Schwarz et al. 2003; Reynolds et al. 2004). In

Drosophila, the protein R2D2 binds to the more stable end of the siRNA duplex and
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directs the binding of Dicer-2 to the other, less stable end. By this process, the guide
strand is selected through the interaction of its 5'-end with Dicer-2 (Tomari et al. 2004,
Bramsen et al. 2007). To ensure maximal specific silencing of the intended target,
loading of the appropriate guide strand into RISC is critical. Improved understanding of
the interactions of siRNAs with TRBP and Dicer will guide improved design of siRNA
therapeutics.

In current applications, siRNAs are typically designed with an intentional bias, to
maximize preferential selection of the appropriate guide strand, by making its 5'-end less
stably hybridized than the other end (Reynolds et al. 2004; Schwarz et al. 2006). An end
can be destabilized by introducing mismatches, wobble base pairs, or increasing A-U
content (Reynolds et al. 2004). Some studies using siRNAs with a terminal mismatch
showed improved activity (Hohjoh 2004; Ding et al. 2007), though not in all cases
(Holen 2005; Hong et al. 2008). Typically, these studies used siRNAs that were initially
found to be thermodynamically symmetric, with asymmetry subsequently induced by the
mismatch. However, simultaneously changing sequence, structure, and asymmetry
potentially disguises the impacts of multiple variables.

Thus, in this study, the effects of introducing a terminal mismatch to siRNAs with pre-
existing thermodynamic asymmetry were investigated. In this way, the effects of
structure and sequence changes were separated from changes in asymmetry. It was found
that a terminal mismatch at the 5'-end of the known guide strand, which enhances the
natural bias of the siRNA, adversely impacts its binding with TRBP and generally
reduces its silencing activity. Unlike terminal mismatches, internal mismatches enhanced

siRNA binding by both Dicer and TRBP. These results highlight the importance of
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siRNA structure in impacting the interactions with RNAi pathway proteins and provide

guidance for the design of highly active siRNAs.

RESULTS
Design of siRNAs and EGFP silencing efficiency

Designing siRNAs with an intentional bias in hybridization stability is intended to
maximize proper guide strand selection and loading into RISC. This is beneficial both for
achieving strong silencing and also for minimizing off target silencing by the passenger
strand (Jackson et al. 2006). Thus, relative thermodynamic stability of the ends of the
siRNA is an important design criterion for highly active siRNAs. Directing guide strand
selection through chemical modifications has proven effective (Chen et al. 2008).
However, typically, asymmetry is achieved through modification of either the passenger
strand or the guide strand to generate a mismatch at the 5'-end of the guide strand (Holen
et al. 2005; Ding et al. 2007). Asymmetric siRNAs generated by introducing a terminal
mismatch to an initially symmetric siRNA were found to be more active than the
symmetric siRNA (Table B1) (Ding et al. 2007). However, the goal here was to test
whether introducing a mismatch to an already asymmetric siRNA would also improve the
silencing efficiency of the siRNA.

An siRNA targeting position 396 of the enhanced green fluorescent protein (EGFP)
mRNA was tested (Table B2) (Gredell et al. 2008). Using mfold (Mathews et al. 1999;
Zuker 2003), the terminal stabilities of the siRNA was calculated (Table 3.1). For this
siRNA, the known antisense strand 5'-end is located at the end predicted to be relatively
thermodynamically unstable, as expected for correct loading into the RISC. Using this
sequence as a basis, siRNAs with mismatches were generated by changing either the first
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nucleotide of the guide strand, 396-AG, 396-UG, 396-GG, or the 19th nucleotide of the
passenger strand, 396-CA, 396-CU, 396-CC, respectively (changed nucleotides are
shown in bold; Table B2). Predicted free energies confirmed that the mismatches show
increased bias relative to the fully-paired duplex (Table 3.1), which should enhance the

likelihood for proper guide strand incorporation into RISC.

Table 3.1 Difference in end stabilities of the siRNAs.

The passenger strand 5'-end AG is -9.8 kcal/mol and -9.3 kcal/mol for all the variations of
duplexes 396 and 306, respectively. Stability at each end was calculated using (Mathews
et al. 1999; Zuker 2003), by summing up the contributions of base pairing energy of first
four nearest neighbors and the overhang sequence.

Sequences Guide strand 5'-end AG, Difference in end stability AAG,
kcal/mol kcal/mol

396 -8.7 1.1
396-AG -6.9 2.9
396-UG -1.7 2.1
396-GG -6.9 29
396-CA -6.9 29
396-CU -6.9 29
396-CC -6.9 29

306 -7.1 2.8
306-CC -5.4 45

These siRNAs were then used to silence EGFP in H1299 cells constitutively expressing
EGFP (Liu et al. 2007). The silencing efficacy of the mismatched siRNAs was reduced,

with the exception of 396-AG (Fig. 3.1). To confirm that this effect was not limited to
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sequence 396, silencing by siRNA 306 (targeting position 306) and a corresponding
mismatched sequence, 306-CC, was tested. Introducing a mismatch that increased the
natural asymmetry of the duplex (Table 3.1) did not increase the silencing activity of the
siRNA (Fig. 3.1). These results agree with prior studies in which siRNAs with terminal
mismatches did not always function as predicted by terminal thermodynamic asymmetry
(Table B3) (Holen et al. 2005; Hong et al. 2008). For selected siRNAs, the dose
dependence of silencing was examined, to ensure that the differences among the siRNAs

that were transfected at 10 nM were within the sensitive concentration range (Fig. B1).
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Figure 3.1 Effect of guide strand 5'-end mismatch on silencing efficacy of siRNAs.

EGFP-expressing H1299 cells were transfected with either an siRNA targeting the EGFP
mRNA or a non-targeting (NT) siRNA at a final concentration of 10 nM. Fluorescence
was measured 24 hours after transfection. Mean and standard deviation are shown for
each condition. *, denotes the 2-tailed t-test comparison of silencing efficacy of the
siRNAs with guide strand 5'-end mismatch vs. siRNA 396 (p < 0.05). Control and mock
refer to untreated cells and cells treated with the transfection reagent alone, respectively.
White bars denote siRNAs based on siRNA 396 and gray bars for siRNAs based on
siRNA 306.
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Effect of TRBP or Dicer knockdown on the silencing efficacy of mismatched siRNAs

It was hypothesized that the reduction in the function of the mismatched siRNAs was a
consequence of impaired interactions with TRBP and/or Dicer. While both proteins are
part of the RLC and holo-RISC and necessary for optimum silencing, RNAi induced
target silencing has been demonstrated in the absence of either Dicer (Martinez et al.
2002; Kanellopoulou et al. 2005; Murchison et al. 2005) or TRBP (Haase et al. 2005).
Further, unlike the Drosophila RNAi pathway wherein the R2D2 binding is a necess@
precursor step for Dicer-2 binding (Tomari ef al. 2004), in humans, Dicer alone can bind
siRNAs (Pellino e al. 2005; Kini and Walton 2007) .

To study the effect of these two proteins on the functionality of the siRNAs with and
without a terminal mismatch, either TRBP or Dicer protein was knocked down in H1299
cells (Fig. B2). After knockdown of TRBP, silencing of EGFP by the fully-paired duplex
was reduced from over 65% to under 37%, with only one mismatched sequence being
statistically significantly affected (396-UG, 46% reduced to 34%) (Fig. 3.2A). Notably,
even with TRBP knocked down, siRNA 396-AG maintained essentially the same
silencing capacity as in the presence of TRBP, actually becoming the most active of all
the siRNAs under these conditions (Fig. 3.2A). In contrast, after knockdown of Dicer,
only the silencing efficacy of 396-AG was significantly reduced (63% reduced to 47%),
making it significantly worse than the fully-paired duplex in this case (Fig. 3.2B). The
functionality of 396, along with all of the other mismatched sequences, was relatively
unaffected by the reduction of Dicer protein (Fig. 3.2B). TRBP-siRNA binding has been
shown to be more critical in the formation of the RLC than Dicer-siRNA binding

(Chendrimada et al. 2005; Katoh and Suzuki 2007). Among all the sequences
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Figure 3.2 Effect of TRBP or Dicer knockdown on the silencing efficacy of the EGFP

targeting siRNAs.

EGFP expressing H1299 cells were co-transfected with EGFP targeting siRNAs and
either a non-targeting (NT) siRNA (white bars), TRBP targeting siRNA (A, gray bars), or
Dicer targeting siRNA (B, black bars). Total, final siRNA concentrations were 20 nM (10
nM per siRNA). Fluorescence was measured 24 hours after transfection. Mean and
standard deviation are shown for each condition. $ denotes the 2-tailed t-test comparison
of silencing efficacy of the grey columns (EGFP-si + TRBP-si) vs. the white columns
(EGFP-si + NT-si) (p < 0.05) (A) or of the black columns (EGFP-si + Dicer-si) vs. the
white columns (EGFP-si + NT-si) (p < 0.05) (B); % denotes the 2-tailed t-test
comparison of silencing efficacy of the EGFP targeting siRNAs co-transfected with,
TRBP targeting siRNA vs. siRNA 396 (p < 0.05) (each grey vs. 396-grey) (A) or Dicer
targeting siRNA vs. siRNA 396 (p < 0.05) (each black vs. 396-black) (B). Control, mock,
and NT refer to untreated cells, cells treated with the transfection reagent alone, and cells
transfected with the NT siRNA instead of an EGFP-targeting siRNA, respectively.
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with a terminal mismatch, only 396-AG exhibited silencing efficacy comparable to the
fully-paired 396. In addition, the activity of 396-AG was most impacted by knockdown
of Dicer. Dicer has been shown to prefer adenosine nucleotides at the terminal position
during Dicer processing of long double stranded RNAs to siRNAs (Vermeulen ef al.
2005). Thus, the unique behavior of this sequence could be due to enhanced interactions

with Dicer and reduced need to interact with TRBP, relative to the other sequences.

Effect of guide strand 5'-end mismatch on TRBP and Dicer binding

Having seen variability in the impact of silencing TRBP and Dicer on the function of the |
fully-paired and mismatched sequences, it was tested to see if the binding affinity of
these proteins for fhe sequences would be affected by sequence and structure differences.
Radiolabeled siRNA was added to cytoplasmic extracts from human cells, and the
complexes formed were detected via native electrophoretic mobility shift assay (EMSA)
(Fig. 3.3A). This G-C rich sequence was used, as it was shown to form easily discernable
bands in the extracts (data not shown). As seen previously (Pellino et al. 2005), putative
Dicer-siRNA complex formation in H1299 cell lysates was detected (Fig. 3.3A, dashed
arrow, lane 1; substantially equivalent data obtained with HepG2 and HeLa extracts not
shown). To confirm the presence of Dicer in the complex, binding experiments were
performed in the presence of Dicer antibody, TRBP antibody, and nuclear factor kB,
NF-kB antibody (Fig. 3.3A, dashed arrow; compare lane 2 to lanes 1, 3, and 4), akin to
prior experiments with purified Dicer protein (Kini and Walton 2007). As expected, the

band was shifted in the presence of the Dicer antibody but not the other antibodies. It was
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Figure 3.3 Characterizing siRNA-TRBP and siRNA-Dicer complexes

1 2 3 4

A) Electrophoretic mobility shift assay (EMSA) of siRNA-protein complexes formed in
H1299 cell extracts (Lane 1), in the presence of Dicer antibody (Lane 2), in the presence
of TRBP antibody (Lane 3), or a control antibody against NF-kB (nuclear transcription
factor kappaB) (Lane 4). Broken arrow indicates position of the siRNA-Dicer complex;
** indicates the migration of the shifted siRNA- Dicer complex; and solid arrow
indicates the position of the siRNA-TRBP complex. B) Western blot analysis shows
TRBP overexpression in H1299 cells transfected with TRBP plasmid (Lane3) compared
to control cells (Lane 2). C) EMSA of the siRNA-protein complexes formed in H1299
cell extracts with TRBP overexpression (Lane 2) and in control cells (Lane 1).

further tested to confirm the location of any TRBP containing bands, if these could be
visualized. In the presence of TRBP antibody, a reduction in the signal from a band at
the appropriate position for the expected molecular weight of TRBP was noticed (Fig.
3.3A, solid arrow; compare lane 3 to lanes 1, 2, and 4; intensity reduced ~ 40% by gel
quantification compared to lane 1), but a shifted complex was not detected. To verify the
presence of TRBP in this siRNA-protein complex, TRBP in H1299 cells was
overexpressed, and the increase in expression confirmed by western blot (Fig. 3.3B;

compare lanes 2 and 3). Incubating the radiolabeled siRNAs with TRBP-overexpressed
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lysates showed a significant increase in the formation of the putative TRBP complex
(Fig. 3.3C; compare lanes 1 and 2), strongly supporting the antibody shift results
suggesting the presence of TRBP in this complex. Binding reactions performed in
extracts after TRBP silencing showed a concomitant reduction in binding at the expected
location (Fig. B3). Based on molecular weight, it seems that both the Dicer and TRBP
complexes contain only one molecule each of protein and siRNA. As further
confirmation of the identities of the complexes, it was shown that formation of both the
protein-siRNA complexes was improved by the presence of ATP in the extracts (Fig.
3.4A and B), as shown previously (Pellino et al. 2005). Another siRNA-containing
complex of unknown identity was also seen in these extracts (Fig. 3.3C, *), which may
be a result of the response of the cell to the presence of the plasmid and/or the excess
TRBP.

Identical binding reactions were carried out with siRNA 396 and the mismatched siRNAs
in H1299 cell extracts (Fig. 3.5A and B). Analysis of protein complexes formed by these
siRNAs with TRBP showed that binding to TRBP was significantly lower for the siRNAs
with a single terminal mismatch (Fig. 3.5A and B), including 396-AG. This trend agrees
closely with the results from the TRBP silencing experiments, where the fully matched
sequence appeared to depend most on the function of TRBP. The trend in TRBP binding
was verified with two other siRNAs, 306 and 274 (Gredell et al. 2008), with both an
outright mismatch, 306-CC (Fig. B4), and a U-G wobble, 274-UG (Fig.BS). There was
no consistent behavior in Dicer binding for the different sequences (Fig. 3.5A and B),

even including 396-AG.

59



A) B)

siRNA
ATP + -
Ext + + 6
\ BATP
et 3_34 ONo ATP
=9
T O
S
==p — mm2 .
=E
0 p

. - TRBP Dicer
1 2

C) RNA- RNA- DNA-
RNA DNA DNA
Ext + + +

L S

Figure 3.4 Characterizing Dicer, TRBP compmlexes in H1299 cell extracts

A) Dicer and TRBP complex formation with siRNA in H1299 cell extracts is enhanced
by the presence of ATP. B) Quantification of EMSA gel images. Percentage binding was
calculated by normalizing the intensities of siRNA-protein complex bands to the
respective unbound siRNAs (control lanes not shown). Mean and standard deviation are
shown for triplicate binding experiments. C) EMSA of Dicer and TRBP complexes
formed in H1299 cell extracts with siRNAs (lane 1), and RNA-DNA heteroduplex (lane
2), and a DNA-DNA duplex (lane 3). Dicer and TRBP complexes form only with the
RNA-RNA (siRNA) duplex.
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Figure 3.5 Effect of terminal mismatch at guide strand 5'-end on siRNA-TRBP and

siRNA-Dicer complex formation.

A) EMSA of siRNA-TRBP and siRNA-Dicer complexes formed in H1299 cell extracts
with siRNAs 396 (lane 2), 396-AG (lane 4), 396-UG (lane 6), and 396-GG (lane 8).
Separate gels containing other siRNAs not shown. B) Quantification of EMSA gel
images. Percentage binding was calculated by normalizing the intensity of siRNA-protein
complexes to the siRNA not exposed to extract (e.g., complexes in lane 2 vs. free siRNA
in lane 1). Mean and standard deviation are shown for triplicate binding experiments. *
denotes the 2-tailed t-test comparison of TRBP binding of different siRNAs vs. siRNA
396 (p < 0.05); $ denotes the 2-tailed t-test comparison of Dicer binding of different
siRNAs vs. siRNA 396 (p < 0.05).
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Recent work done by our group using purified TRBP protein has shown that it can bind
siRNAs in an ATP-independent manner (Gredell JA, Dittmer MJ, and Walton SP,
unpublished data). In those studies, TRBP protein by itself did not show a strong
preference for binding of fully matched siRNAs over siRNAs with a terminal mismatch.
These results indicate that, in the cells, recognition and binding of the siRNAs by Dicer
and TRBP might involve ATP as a cofactor and hence, an in vitro assay using the
purified proteins may not capture their behavior completely. That said, both Dicer and
TRBP complexes were only formed in the presence of siRNAs and not RNA-DNA hetero
duplex or DNA-DNA duplex (Fig. 3.4C), similar to the results with recombinant TRBP
protein in vitro. The sensitivity of TRBP binding to the terminal modifications suggests
that it primarily binds at the siRNA termini, corroborating its proposed role as a sensor
for siRNA asymmetry (Gredell JA, Dittmer MJ, and Walton SP, unpublished data).

It has also been shown that an immunopurified complex containing Dicer, TRBP, and
Ago2 has the ability to process pre-miRNAs, form active RISC upon selection of a guide
strand, and direct Ago2-mediated silencing (Gregory et al. 2005; Maniataki and
Mourelatos 2005). Active RISC formed from Dicer processed pre-miRNAs was 10-fold
more active than that formed from mature miRNAs targeting the same sequence (Gregory
et al. 2005). This is different from the activity of in vitro constituted RLC consisting of
only Dicer, TRBP and Ago2 (MacRae et al. 2008). Silencing activity of the RISC formed
from the in vitro complex is similar for both pre-miRNAs or miRNAs (MacRae et al.
2008), suggesting in cells there might be other cellular cofactors associated with the RLC
and RISC that affect their function. Studying proteins such as MOV10 (Moloney

leukemia virus 10 homologue) (Meister et al. 2005; Hock er al. 2007), TNRC6B
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(trinucleotide repeat containing 6B) (Meister e al. 2005), and RHA (DEAH box
polypeptide 9) (Hock er al. 2007), which are associated with Ago2 may elucidate the

differences between in vitro anc! in vivo RLC/RISC formation and function.

Effect of siRNA structure and composition on siRNA protein complexes

The impact of terminal and also selected internal mismatches on the interactions of Dicer
and TRBP with siRNAs was further studied (Table B2). G-C rich sequence (used in Fig.
3.3), was used to give the cleanest readout for changes that occurred in the formation of
the complexes. A single or double mismatch at one end of the duplex seemed to decrease
TRBP binding slightly, though not significantly (Fig. 3.6). For Dicer, binding was
improved slightly with a single mismatch, while weakened by the double mismatch.
Again, neither of these changes was statistically significant. Simultaneous single or
double mismatches at both ends of the duplex significantly reduced binding by TRBP,
echoing what was seen with mismatches at only one end. As with one terminal mismatch,
binding by Dicer was improved for simultaneous single mismatches but reduced for
double mismatches. In all cases, terminal mismatches reduced TRBP binding, as above
(Fig. 3.5), strongly suggesting that terminal mismatches should be avoided to generate
siRNAs with maximal activity.

The efficiency of Dicer processing of long dsRNAs is known to depend on the overhang
length of the substrates, with 2-3 nt overhangs being highly favorable compared to
overhangs longer than 3-nt (Vermeulen et al. 2005). In addition, the PAZ (PIWI
Argonaute Zwille) domain, which Dicer possesses, is known to mediate binding with
dsRNAs and siRNAs through 3'-overhangs (Lingel et al. 2003; Song et al. 2003; Lingel
et al. 2004). Binding affinity of the human Ago2 PAZ domain to a siRNA duplex
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Figure 3.6 Effect of terminal and internal mismatches on siRNA-TRBP and siRNA-Dicer

complexes.

A) EMSA of siRNA-TRBP and siRNA-Dicer complexes formed in H1299 cell extracts
with siRNAs of varying terminal and internal structures (Fig. B6). Broken and solid
arrows indicate the migration of the siRNA-Dicer and siRNA-TRBP complexes
respectively. B) Quantification of EMSA gel images. Per ge binding was calcul

by normalizing intensity of siRNA-protein complex to the respective unbound siRNAs
(control lanes not shown). Mean and standard deviation are shown for triplicate binding
experiments. * denotes the 2-tailed t-test comparison of TRBP binding of different
siRNAs vs. siRNA si-0 (p < 0.05); $ denotes the 2-tailed t-test comparison of Dicer
binding of different siRNAs vs. siRNA si-0 (p < 0.05).
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has been shown to be reduced 5-fold to 50-fold by increasing the overhang length from 2
nt to, 4 nt and 10 nt respectively (Ma et al. 2004). Thus, the assays using cellular extracts
seem to accurately demonstrate the natural function of the proteins.

Both proteins showed higher affinity for a duplex with one internal mismatch (Fig. 3.6,
si-i-mm-1). Binding by TRBP improves with two internal mismatches (Fig. 3.6, si-i-mm-
2), while binding by Dicer is significantly reduced. In relation to Dicer binding, the two
internal mismatches are located approximately where the dsRBD (dsRNA binding
domain) gets positioned after the PAZ domain binds to one end of the duplex (Lingel et
al. 2003; Song et al. 2003), thus the reduction in binding affinity may result from the
inability of the dsRBD to bind the disrupted helix (Bevilacqua and Cech 1996) It is
possible that the multiple dsRBDs of TRBP assist in its interaction with the sequences
with internal mismatches (Chendrimada et al. 2005; Laraki et al. 2008). However, it is
not immediately clear why the binding would be improved for the internally mismatched
sequence relative to the fully matched control. These structures do resemble miRNAs,
and it may be that both Dicer and TRBP have higher affinity for the endogenous silencers
as compared to exogenous siRNAs. Also, functional siRNAs tend to have lower internal
stability than non-functional siRNAs, particularly at positions 1-6 and 10-15 (with
position 1 being the 5'-end of the guide strand) (Khvorova et al. 2003), exactly where the
mismatches are located in this study, which may be due to some still uncharacterized

function of TRBP in RNAI.
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CONCLUSIONS
TRBP, Dicer binding of siRNAs and functionality of the siRNAs

In this research the interactions of siRNAs possessing terminal mismatches with TRBP
and Dicer were characterized, and how these interactions impact their silencing activity.
Primarily, it was found that, for an asymmetric siRNA, introducing a terminal mismatch
that further reduces the stability of the guide strand 5'-end does not enhance the
functionality of the siRNAs. Based on comparison of the binding and silencing results, it
is opined that reduced TRBP binding is a likely reason for reduced silencing by
mismatched siRNAs. That said, it appears that Dicer binding can impact the silencing
efficiency of some siRNAs in a terminal sequence dependent manner. It is interesting to
note that all of the mismatches were located at the end where Dicer preferentially should
bind based on the current model for RISC formation and siRNA asymmetry sensing
(Tomari et al. 2004). Nonetheless, the binding by TRBP is more dramatically and
consistently affected by the mismatches. This assay does not discriminate the location to
which either TRBP or Dicer bind on the siRNA. It is possible that TRBP can associate

with equal likelihood with either end of the siRNA but that its dissociation rate is faster |
with the less-stable end. As such, the mismatches likely enhance this dissociation rate and
hence reduce the overall average affinity of TRBP for the mismatched siRNA relative to
the fully-paired sequence. Alternatively, this could be a reflection of the importance of
the TRBP-Dicer interaction in binding to siRNAs, which would also help to explain the
differences between binding with only purified TRBP or Dicer versus binding in extracts.
It may also suggest that the role of human Dicer in selecting the guide strand and

generating active RISC is more prominent than that of Drosophila Dicer-2, which is
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controlled by R2D2 binding rather than actively participating in determining which end
to bind (Tomari et al. 2004). Future work examining internal and terminal modifications
should further identify design rules for enhancing the activity of siRNA duplexes and
also provide for a better understanding of the roles of TRBPYand Dicer in controlling

siRNA silencing activities.
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CHAPTER IV

Summary and future directions

Being an effective and convenient tool to regulate gene expression, RNAi has been
widely employed to study gene function and is being pursued as a therapeutic strategy.
Hence the understanding of the details of the mechanism of silencing in humans is of
great importance to realize its full potential and particularly if it is to be used as a means
of therapy. While a great deal of mechanistic details has been learned from the pioneering
work done in Drosophila and C. Elegans, there are still several important details yet to be
unraveled. Some of these pertain to off-target silencing by siRNAs, the role of the guide
strand seed region, terminal stability of siRNAs and selection of the guide strand in
RISC, proteins involved in asymmetry sensing in humans, and how the RISC gets
programmed with the guide strand in the case of miRNAs without passenger strand
cleavage.

Dicer and TRBP are the proteins which are primarily responsible for recognizing siRNAs
and initiating the formation of RISC. Besides formation of RISC, both proteins are
involved in other cellular processes as well. Though they share some known and
proposed roles with the corresponding proteins in Drosophila, the human proteins are
more complex and might have other functions beyond those that are currently known or

can be inferred from their counterparts in other organisms.

Major contributions of this research
e A novel function for both human and Giardia Dicer protein has been found, i.e.,
ability to bind ssSRNAs.
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o While both ssRNAs and siRNAs interact with the Dicer PAZ domain, their stable
complexes are mediated by different domains: the RNase IIIb domain for ssSRNAs
and dsRBD for siRNA.

e Based on the findings of this research and the current understanding of the
pathway, a model has been proposed for the interaction between Dicer and Ago2
for loading of Ago2 with the guide strand.

o The effect of terminal mismatches on TRBP binding has been correlated to the

activity of siRNAs.

Future Work
Characterizing other RNAi pathway complexes in cell extracts

In vitro silencing experiments to knock down EGFP and GAPDH mRNAs as measured
by qPCR have been used to demonstrate the cleavage competency of cell extracts.
Complexes formed by siRNAs with Dicer and TRBP proteins in H1299, HepG2 and
HeLa cytoplasmic cell extracts have been characterized. It has also been shown that
immunopurified complexes containing Dicer, TRBP, and Ago2 have the ability to
process pre-miRNAs, form active RISC with the guide strand, and direct Ago2-mediated
silencing (Gregory et al. 2005; Maniataki and Mourelatos 2005). Active RISC formed
from Dicer-processed pre-miRNAs was 10-fold more active than that formed from
identical miRNAs (Gregory et al. 2005). This is different from the activity of in vitro
constituted RISC consisting of only Dicer, TRBP and Ago2 (MacRae et al. 2008).
Silencing activity of this RISC is similar for both pre-miRNAs or miRNAs (MacRae ez
al. 2008), suggesting in cells there might be other cellular cofactors associated with the

RISC proteins that affect its function. Studying proteins such as MOV10 (Moloney
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leukemia virus 10 homologue) (Meister et al. 2005; Hock et al. 2007), TNRC6B
(trinucleotide repeat containing 6B) (Meister et al. 2005) , and RHA (DEAH box
polypeptide 9) (Hock et al. 2007), which are associated with Ago2, may elucidate the
differences between in vitro and in vivo RISC function. Other sequence and structural
modifications could be used to study their effect on interactions with the proteins of the

RNAI pathway as the siRNA progresses from a duplex to single stranded guide strand.

Is it RNAi ?

Results from this research have shown that both TRBP and Dicer can bind only to RNA-
RNA duplex, and not to a RNA-DNA or DNA-DNA duplex. (Fig. 3.4C). These results
are supported by earlier reports demonstrating the necessity of A-form of helix formed by
a RNA-RNA duplex in the siRNAs and between guide RNA and mRNA for effective
silencing (Chiu and Rana 2002). Furthermore, A-form helix formed by the guide strand
and mRNA is necessary for endonucleolytic cleavage by Ago2 (Parker et al. 2004; Parker
et al. 2005). However there are reports with duplexes with DNA substitutions in the sense
and antisense sequence inducing moderate to active silencing, comparable to siRNAs
with the same sequence (Hohjoh 2002; Ui-Tei et al. 2008). It is possible that there are
other proteins and mechanisms different from RNAi mediating the silencing in these
cases. The in vitro cell extract system can be used to identify the protein complexes
formed by these modified duplexes to understand the mode of silencing. This strategy can
also be employed to study silencing by siRNAs with modifications which alter the basic
structure of the duplex, 19 base pairs, 5-phosphate and 3' overhangs. Such shorter
siRNAs have been tested and found to be effective silencers (Hohjoh 2004; Chang et al.

2009).
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siRNAs with terminal and internal modifications

Among all the sequences with a terminal mismatch only 396-AG exhibited silencing
efficacy comparable to 396 (Fig. 3.1). It appears that Dicer binding does impact the
silencing efficiency of siRNAs in a terminal sequence dependent manner. While the
terminal mismatches seem to have an adverse impact on TRBP, one internal mismatch
seems to enhance both the TRBP and Dicer binding (Fig. 3.6). Future work with siRNAs
having internal and terminal modifications should identify design rules for enhancing the
activity of siRNA duplexes and also provide for a better understanding of the role of
TRBP and Dicer in controlling siRNA silencing activity. Identifying siRNAs that are
functional in the absence of TRBP might be useful for targeting genes in cell types with

low TRBP expression, such as astrocytes (Gatignol et al. 2005; Christensen et al. 2007).

Binding studies with Dicer mutants

The Dicer helicase domain has been observed to regulate the processing of pre-miRNA
like substrates and not dsRNA substrates (Ma et al. 2008; Soifer et al. 2008). So the
structural rearrangement of the substrate protein complex must be different for a Dicer-
miRNA complex vs. a Dicer-siRNA complex. It would be interesting to know if
mutations in the helicase domain that enhance pre-miRNA processing would also affect
the ability of Dicer to bind with ssRNAs. This would provide further evidence to the

involvement of Dicer in the bypass mechanism of Ago2 loading.
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APPENDIX A

Characterizing Dicer protein preparation
A) B) (&)

M Dicer Dicer
27-mer
dsRNA + +
! 5 Dicer M + -

Figure A1 Characterizing ssRNA-protein complexes
Dicer protein visualized by A) Silver staining B) Western blot with monoclonal Dicer

antibody. C) Dicer cleavage of a 27-mer dsRNA visualized by native gel electrophoresis
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Mass spectrometry analysis of unknown complexes formed by ssSRNAs

40

Number of Hits
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1000
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Figure A2 Mass spectrometry of the faster moving complexes formed by the ssRNA
(denoted by the dotted arrows in Figure 2.6).

Proteins with significant hits identified by mass spectroscopy

keratin 1 (Homo sapiens), keratin 10 (Homo sapiens), keratin 9 (Homo sapiens), Keratin,
type II cytoskeletal 2 epidermal (Cytokeratin-2¢) (K2e), cytokeratin 8, keratin 5 (Homo
sapiens], keratin K7, type II, epithelial, 55K - human keratin, 65K type II cytoskeletal -
human, TPA: Hornerin (Homo sapiens), NuMA protein (Homo sapiens), alpha 1A
adrenoceptor isoform 2b (Homo sapiens), KIAA1481 protein (Homo sapiens), putative
(Homo sapiens)

73



Generating theoretical cleavage map for tryptic digest of a protein

Mass spectrometry data analysis: BSA

The cleavage map were generated from the University of California, San Fransisco

ProteinProspector website :

http://prospector.ucsf.cdu/cgi-bin/msform.cgi?form=msdigest

Following options were chosen for tryptic digest of BSA (accession number: P02769):
Database: SwissProt

Digest: Trypsin

Missed clevages: 1

End modification: carbamidomethyl

Peptide mass range: 250-4000

Multiple charges to be displayed
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Figure A3 Spectra of trypsinized BSA protein

A) A doubly charged peak of BSA peptide, and B) the corresponding peptide sequence in
bold.
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Figure A4 Spectra of trypsinized BSA protein A) A doubly charged peak of BSA peptide,
and B) the corresponding peptide sequence in bold.
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Figure AS LC/MS chromatograms Chromatograms of A) proteolysed Dicer B) Dicer-

siRNA complex and C) overlaid chromatograms from A and B.
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Methods and materials
RNA and 5’-end labeling

HPLC purified RNAs were purchased from Invitrogen (Carlsbad, CA) or Dharmacon

(Lafayette, CO). Lyophilized RNAs were resuspended in 100 mM concentration Tris-

EDTA (TE, pH 8.0) and stored at -80°C. RNAs were 5'-end labeled with >>P-y-ATP

(Perkin Elmer Life and Analytical Sciences, Boston, MA) using T4 polynucleotide kinase
(New England Biolabs, Ipswich, MA). Labeled strands were purified from
unincorporated label by G-25 Sephadex columns (Roche Applied Science, Indianapolis,
IN). For nonisotopic labeling, unlabeled ATP (Roche Applied Science, Indianapolis, IN)

33P

was substituted for =~ P-y-ATP. The ssRNA and siRNA sequences used were: siRNA, 5'-

GCUGACCCUGAAGUUCAUCUU-3' (Sense strand), 5-GAUGAACUUCAGGGUCA
GCUU-3' (Anti-sense strand); ssSRNA-SS1 5' -GUCACAUUGCCCAAGUCUCTT-3",

ssRNA- SS2, 5'- UUUUUUUUUUUUUUUUUUUTT-3'. SsSRNA with the 3'-biotin had

the same sequence as SS2 but with a 3'-biotin

Characterization of recombinant human Dicer purity

Recombinant human Dicer (Invitrogen) was used in all the binding reactions. Full length
Dicer protein was visualized by Silver Staining Kit (Bio-Rad) (Figure AlA) and

confirmed by Western blot (Figure A1B). For western blot analysis, proteins were

initially electrophoresed at 150 V for 1.5 hours at 4°C on 4-20 % TBE gels (Bio-Rad)

and then transferred to nitrocellulose membranes for 1h at 100V, followed by incubation

with mouse monoclonal antibody for Dicer overnight at 4°C. Blots were washed and then
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incubated with HRP-linked secondary antibodies (Pierce Biotechnology, IL, USA) for 1
h. After an additional wash, the blots were developed with Pierce SuperSignal West
Femto Maximum Sensitivity Substrate (Pierce Biotechnology) and imaged on Chemidoc
XRS imager (Bio-Rad). Dicer activity was assessed through a cleavage assay using a 27-
mer dsRNA substrate being converted to ~ 21-mer siRNAs (Figure A1C, compare Lanes

2 and 3).

Dicer-RNA binding assays
Dicer binding assays were carried out in 30 mM Tris-HCI (pH=8.0), 250 mM NaCl, 2.5

mM MgCly, and 0.02 mM EDTA. Labeled RNA, and 0.5 U of Dicer (Invitrogen) were

incubated at 4°C for 2 hours in 10 pl reaction volumes. For antibody supershift assays,
either Rabbit polyclonal antibody to Dicer (Abcam) or control antibody was incubated
with Dicer at 4°C for 3 hours after which the labeled RNA was added and incubated for 2
additional hours. Samples were electrophoresed at 150 V for 1.5 hours at 4°C on 4-20 %
TBE gels (Bio-Rad). Gels were dried under vacuum at 80°C, exposed to storage
phosphor screens, and imaged on a Storm 860 imager (GE Healthcare/Amersham

Biosciences, Piscataway, NJ). Binding reactions to test the divalent cation dependence
. . . . . e 2+ . g
were carried out with the appropriate divalent cation substituting for Mg~ in the binding

buffer. Mass spectrometry was performed on gel purified protein by the Michigan State

University Research Technology Support facility.
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In-solution trypsinization

1.

Protein was dissolved in 50 mM ammonium bicarbonate of Tris buffer (pH 8) at a
concentration of approximately 1-10 uM.
Dithiothreitol (DTT), tris-carboxyethylphosphine (TCEP), or tributylphosphine was

added to 10 mM final concentration and heated at 95 0C for 10 minutes and cooled to

room temperature.

Freshly made iodoacetamide was added to 200 uM final concentration and incubated
for 1 hour at room temperature preferably in a dark drawer or wrapped in aluminum
foil.

DTT was added to 1 mM to quench the ioodacetamide.

5. After 10 mins, 30 ng of freshly diluted trypsin (Sequencing grade, Promega) prepared

in 50 mM ammonium bicarbonate, pH 8 was added, and incubated at 37 °C for 4-24

hours. An equal volume of 5% Formic acid was added and sonicated in water bath
for 10 minutes to quench the digestion, and redissolved in a minimal volume of

water/acetonitrile (90:10 v/v) containing 1% formic acid for LC/MS analysis.

LC/MS

Hypurity Aquastar Pioneer (Thermo Fisher Scientific) column was used in the Waters

2795 separation module. The mobile phase had a mixture of 0.1 % Formic acid (A) in

water and acetonitrile (B). The following gradient was used during the run :

Time, min 0 2 40 45 55 70 70.01 | 75
B 1 1 85 85 99 99 1 1
A 99 99 15 15 1 1 99 99

Flow through from the column was then passed through Q-TOF Ultima API) system

(Waters) under positive electron spray having a cone and capillary voltage of 35 V and 3

KV respectively.
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APPENDIX B

-2nM @5nM 010nM

@20nM @40 nM

Normalized RFU

Fi B1 EGFP silencing efficacy of siRNAs at different concentrations

EGFP-expressing H1299 cells were transfected with siRNAs targeting the EGFP mRNA
or a non targeting (NT) siRNA at final concentrations of 2, 5, 10, 20 or 40 nM.
Fluorescence was measured 24 hours after transfection. Mean and standard deviation are
shown for 12 wells for each condition. Control, mock, and NT refer to untreated cells,
cells treated with the transfection reagent alone, and cells transfected with the NT siRNA,
respectively.
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Figure B2 Western blot analysis of TRBP and Dicer levels in H1299 cells.

A) Comparison of TRBP knockdown (lane 3) relative to control (lane 1) and transfection
with a non-targeting siRNA (lane 2). B) Comparison of Dicer knockdown (lane 3)
relative to control (lane 1) and transfection with a non-targeting siRNA (lane 2). C) Band
intensities were quantified using Bio-Rad Quantity One software. Quantification of
TRBP or Dicer expression relative to B-actin; control ratio normalized to 1. * denotes the
2-tailed t-test comparison of TRBP or Dicer expression relative to control (p < 0.05).
Mean and standard deviation are shown for triplicate silencing experiments.
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Figure B3 Characterization of siRNA-TRBP complex formation after TRBP knockdown

A) EMSA of siRNA-TRBP complex formed in H1299 cell extracts with siRNAs.
Control, mock, NT, and TRBP refer to extracts from untreated cells, cells treated with the
transfection reagent alone, cells transfected with the NT siRNA, and cells transfected
with the TRBP-targeting siRNA, respectively. Arrow denotes the position of siRNA-
TRBP complex. B) Quantification of gel images. Percentage binding was calculated by
normalizing the intensity of siRNA-protein complexes to the siRNA not exposed to
extract (e.g., complexes in Lane 2 vs. unbound siRNA (not shown)). Mean and standard
deviation are shown for triplicate binding experiments.
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A) B)

% Binding to TRBP

Fi B4 Effect of a terminal mismatch at the guide strand 5' end on siRNA-TRBP

complex formation.

A) EMSA of siRNA-TRBP formed in H1299 cell extracts with siRNAs 306 (lanes 1 & 2)
and 306-CC (lanes 3 & 4). B) Quantification of EMSA gel images. Percentage binding
was calculated by normalizing the intensity of the siRNA-TRBP complex (lanes 2 and 4)
to the respective unbound siRNAs (lanes 1 and 3). Mean and standard deviation are
shown for triplicate binding experiments. * denotes the 2-tailed t-test comparison of
TRBP binding of siRNA 306-CC vs. 306 (p < 0.05).
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Figure B5 Effect of a terminal mismatch at the guide strand 5' end on siRNA-TRBP

complex formation.

A) EMSA of siRNA-TRBP complexes formed in H1299 cell extracts with siRNAs 274
(lanes 1 & 2) and 274-UG (lanes 3 & 4). B) Quantification of EMSA gel images.
Percentage binding was calculated by normalizing intensity of siRNA-TRBP complex
(lanes 2 and 4) to the respective unbound siRNAs (lanes 1 and 3). Mean and standard
deviation are shown for triplicate binding experiments. * denotes the 2-tailed t-test
comparison of TRBP binding of siRNA 274-UG vs. 274 (p < 0.05).
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Figure B6 Structure of siRNAs with terminal and internal mismatches
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Figure B6 (Continued)

Terminal stability analysis of siRNAs with terminal mismatches

Table B1 SiRNAs with terminal modifications (Ding et al. 2007)

AAG,
Name | kcal/mol | Antisense sequence (5'- 3') Sense sequence (5' - 3')
GAGACUUGGGCAAUGUGA|GUCACAUUGCCCAAGUCUC
P11 0.1 CT TT
GAGACUUGGGCAAUGUGA|GUCACAUUGCCCAAGUCUA
Al 22 CT TT
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Table B2 Sequence of siRNAs used to target EGFP

Name Antisense sequence(5' - 3) Sense sequence (5' - 3")
si-396 CAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUGTT
5i-396-AG | AAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUGTT
§i-396-UG | UAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUGTT
§i-396-GG | GAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUGTT
§i-396-CA | CAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUATT
si-396-CU | CAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUUTT
§i-396-CC | CAGGAUGUUGCCGUCCUCCTT GGAGGACGGCAACAUCCUCTT
si-306 CUUGUAGUUGCCGUCGUCCTT GGACGACGGCAACUACAAGTT
si-306-CC | CUUGUAGUUGCCGUCGUCCTT GGACGACGGCAACUACAAATT
si-274 UGCGCUCCUGGACGUAGCCTT GGCUACGUCCAGGAGCGCATT
si-274-UG | UGCGCUCCUGGACGUAGCCTT GGCUACGUCCAGGAGCGCGTT
Dicer- UUUGUUGCGAGGCUGAUUCTT GAAUCAGCCUCGCAACAAATT
siRNA
T;I}RIB\IIZ GCUGCCUAGUAUAGAGCAATT UUGCUCUAUACUAGGCAGCTT
Nfl' or si-0 | CCGGGCCGGCCGGCCGGCCTT GGCCGGCCGGCCGGCCCGGTT
si-mm-1 | ACGGGCCGGCCGGCCGGCCTT GGCCGGCCGGCCGGCCCGGTT
si-mm-2 | AAGGGCCGGCCGGCCGGCCTT GGCCGGCCGGCCGGCCCGGTT
si-1-mm-1 | ACGGGCCGGCCGGCCGGCGTT AGCCGGCCGGCCGGCCCGGTT
si-2-mm-2 | AAGGGCCGGCCGGCCGGGGTT AACCGGCCGGCCGGCCCGGTT
si-i-mm-1 | CCGGGCCGGGCGGCCGGCCTT GGCCGGCCGGCCGGCCCGGTT
si-i-mm-2 | CCGGGGCGGCCGGGCGGCCTT GGCCGGCCGGCCGGCCCGGTT
RNA-RNA | GGCUACGUCCAGGAGCGCAUU UGCGCUCCUGGACGUAGCCUU
RNA-DNA | GGCUACGUCCAGGAGCGCAUU TGCGCTCCTGGACGTAGCCTT
DNA-DNA | GGCTACGTCCAGGAGCGCATT TGCGCTCCTGGACGTAGCCTT
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Table B3 siRNAs with terminal modifications (Holen et al. 2005)

%
AAG,

Name (kcal/mol|Silencing| Antisense sequence (5'-3') Sense sequence (5' - 3")

~70 GCACUCAUCAUUGUGCUGCU
Fe775| 13 GCAGCACAAUGAUGAGUGCAA U

~70 ACACUCAUCAUUGUGCUGCU
mlAas| 4.7 GCAGCACAAUGAUGAGUGCAA U

~70 CCACUCAUCAUUGUGCUGCU
mlCas| 4.7 GCAGCACAAUGAUGAGUGCAA U

~70 UCACUCAUCAUUGUGCUGCU
mlUas| 4.7 GCAGCACAAUGAUGAGUGCAA U

Calculating terminal stability of the siRNAs

Terminal stability (AG, kcal/mol) at each end of the siRNA duplex was calculated using

Mfold (Mathews et al. 1999; Zuker 2003) by summing up the base pairing energy of the

initial four base pairs at that 5' end (Schwarz et al. 2003) (Fig. B7). Differential end

stability (AAG, kcal/mol) was calculated by taking the difference in thermodynamic

stabilities at each end.

Sample calculations for differential end stability of a siRNA duplex :

5'- ACGCUGAACUUGUGGCCGUTT - 3' Antisense strand(AS)
5'- ACGGCCACAAGUUCAGCGUTT - 3' Sense strand (SS)

Step 1:

Go the URL mentioned below,

http://dinamelt.bioinfo.rpi.edu/results/twostate/081201/151031/
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Step 2:

In the left box paste the AS sequence from 5' to 3'

In the right box paste the SS sequence from 5' to 3' and submit it to the Mfold server.
Step 3:

After Mfold hybridizes the sequences it leads to the page with Ty, siRNA structure,

Thermodynamic details etc. Click on the Thermodynamic details. Sum the AG for the
rows 2-5 of the table (Fig. B8.A) to get the terminal stability of the antisense end AGas,

kcal/mol.
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Figure B7 Structure of siRNA.

The dotted box shows bases used in calculating stability at that end of the duplex
Step 4:
Repeat Steps 2 through 3 by pasting the SS sequence in the left box and the AS sequence

in the right box for Step 2 to calculate the terminal stability of the other end of the
siRNA, AGgg, kcal/mol (Fig. B8.B).

Step 6:

Differential end stability, AAG = AGags - AGss.
=92-(-104)
=-1.2 kcal/mol
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A)

Structural element AG Information
External loop -0.1 2 ss bases & 1 closing helices
Stack -2.1 External closing pair is Al-U19
. .. 2 18
Stack 2.0 External closing pair is C -G
. S
Stack -2.9 External closing pair is G"-C
. . . 4 .16
Stack -34 External closing pair is G -G
B) Structural element AG Information
External loop -0.1 2 ss bases & 1 closing helices
Stack 2.1 External closing pair is AI-U19
. .. 2 18
Stack 2.0 External closing pair is C"-G
. S
Stack 3.4 External closing pair is G"-C
. . . 4 .16
Stack -1.7 External closing pair is C -G

Figure B8 Mfold 2 state hybridization server webpage listing thermodynamic details.

Tables show contribution and base pairing energy of first four base pairs at A) Antisense
strand end and B) Sense strand end respectively.
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Methods and materials

General methods

siRNAs were purchased from Thermo Scientific Dharmacon (Lafayette, CO).

Lyophilized RNAs were resuspended to 100 pM in TE (pH 8.0) and stored at -800C.

RNAs were 5'-labeled with 33P-'y-ATP (Perkin—Elmer Life and Analytical Sciences,

Boston, MA) using T4 polynucleotide kinase (New England Biolabs, Ipswich, MA).
Labeled strands were purified from unincorporated label using G-25 Sephadex columns
(Roche Applied Science, Indianapolis, IN). Cell cytoplasmic extracts were prepared as
described (Lee et al. 1995). Binding reactions in cell extracts with radiolabeled siRNAs

were performed as described (Pellino e al. 2005). All binding reactions are performed
for 1 h at 37°C. The competency of all extracts for in vitro silencing was tested by

measuring EGFP mRNA transcript levels in H1299 cell cytoplasmic extracts prior to and
following addition of siRNAs (data not shown). EMSAs was performed as previously
described (Kini and Walton 2007) and quantified using a Storm 860 imager
(Amersham/GE Healthcare, Piscataway, NJ). Percent binding was calculated by
normalizing the intensity of the siRNA-protein complex (Fig. 3.5A, lanes 2, 4, 6 and 8,
complexes indicated by arrows) to that of the respective unbound siRNA (Fig. 3.5A,
lanes 1, 3, S and 7). Sequences of all RNAs used in these studies are listed in Table B2.
ATP depletion experiments were carried out in binding buffer lacking ATP and
containing glucose and hexokinase without creatine phosphate and creatine kinase

(Pellino et al. 2005).
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Cell transfection and EGFP quantification

Human lung carcinoma cells (H1299) constitutively expressing EGFP were generously
provided by Dr. Jorgen Kjems, Department of Molecular Biology, University of Aarhus,
Denmark. They were maintained in Dulbecco’s modified Eagle’s medium complemented
with 10 % (vol/vol) fetal bovine serum (Invitrogen), 100 mg/ml of penicillin, and 100
units/ml streptomycin (Invitrogen). 24 h before transfection, .cells were seeded at 50,000
cells/well in 24-well plates in antibiotic free media for siRNA transfection or seeded at
400,000 cells/well in 6-well plates for TRBP plasmid DNA transfection. Cells were

transfected using Lipofectamine 2000 (Invitrogen) (0.8 puL for siRNA transfection and 3
pL for plasmid transfection), according to the manufacturer’s recommendations. SiRNA
or TRBP plasmid DNA was diluted with Opti-MEM (Invitrogen) followed by addition of
Lipofectamine and complex formation. SiRNAs were used at final concentrations of 10
nM and TRBP plasmid DNA at 1 pg. When two siRNAs were transfected

simultaneously, the final, total siRNA concentration was 20 nM. Cells were treated with

this transfection medium for 4 h at 37°C after which the transfection medium was

replaced with regular cell culture medium. 24 h after transfection, the culture medium
was aspirated and EGFP levels were quantified as described (Gredell et al. 2008). It was
previously confirmed that transfection efficiency using established protocols provides
essentially uniform siRNA loading across the different siRNA treatments (Gredell et al.
2008). For EGFP quantification, the fluorescence of each well of the 24-well plates was
measured in 9 locations using a Gemini fluorescence plate reader (Molecular Devices,

Sunnyvale, CA). The mean fluorescence for each well was calculated from these 9
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values. The average fluorescence for a condition was calculated as the mean of multiple
wells (typically 3-4) on the same plate. Relative fluorescence units (RFU) (Fig. 3.1 and
3.2) were calculated by normalizing the multi-well average fluorescence for each
condition to the multi-well average fluorescence of mock transfected wells from the same
plate. At least three wells from at least six different 24-well plates were measured for

each condition (n > 18).

Western Blots

Cells were collected 24 h after plasmid or siRNA transfection. SDS-loading buffer was

added to samples and heat denatured at 95°C for 5 minutes. The samples were

immediately placed on ice, and the proteins were resolved on 4-20% gradient sodium
dodecyl sulfate-polyacrylamide gel (Bio-Rad) at 150V for 90 minutes. Proteins were then

transferred to a PVDF membrane at 100V for 1 h. The membrane was then incubated

with blotting grade milk (Bio-Rad) for 1 h and then incubated overnight at 4°C with

either TRBP antibody (Abnova, Walnut, Ca) or Dicer antibody (Abcam, Cambridge,
MA) at 1:1000 dilution. Blots were then washed with TBS-Tween and incubated with the
horseradish peroxidase-conjugated secondary antibody, and the proteins were detected
using SuperSignal West Femto Maximum Sensitivity Substrate (Pierce Biotechnology,
IL). B-Actin was used as the loading control. Dicer and TRBP knockdown levels were
measured by normalizing to the control cells (no transfection). Images were collected
using a ChemiDoc XRS (Bio-Rad, Hercules, CA), and band intensities were quantified
using Bio-Rad Quantity One software. Dicer and TRBP knockdown were quantified by a

ratio of ratios. Dicer and TRBP levels were normalized to B-Actin loading control for

94



each treatment, and these ratios were then normalized to the ratio for control cells (no
transfection).

Free Energy Calculations

Terminal stability (AG, kcal/mol) at each end of the siRNA duplex was calculated using
mfold (Mathews ef al. 1999; Zuker 2003) by summing the nearest neighbor contributions
for the first five nucleotides (four nearest neighbor energies) at the 5' end (as in (Schwarz
et al. 2003)). Differential end stability (AAG, kcal/mol) was calculated by taking the
difference in thermodynamic stabilities at each end. For example, si-396 has guide strand
sequence of 5'-CAGGAUGUUGCCGUCCUCCTT-3' and passenger strand sequence of
5'-GGAGGACGGCAACAUCCUGTT-3'. Base pairing energies for the duplex were
predicted using the mfold 2-state hybridization server with RNA selected and default
parameters. The four nearest neighbors at the guide strand $' end, CA:GU, AG:UC,
GG:CC, and GA:CU, have a cumulative base pairing energy of -8.7 kcal/mol. The four
nearest neighbors at the passenger strand 5' end, GG:CC, GA:CU, AG:UC, and GG:CC,

have a cumulative base pairing energy of -9.8 kcal/mol. Consequently the differential end
stability, i.e., the thermodynamic asymmetry, for the duplex is AAG = 1.1 kcal/mol.
Positive values of AAG indicate that the sequence is asymmetric in favor of the

appropriate guide strand.

qPCR

Total RNA was extracted using RNeasy Plus Mini Total RNA Purification Kit
(QIAGEN) according to manufacturer’s instructions. cDNA was synthesized using

iScript Select cDNA Synthesis Kit (BIO-RAD laboratories) with a final volume of 20 uL
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including 4 pL of 5X reaction mix, 1 pL of reverse transcriptase and 1 pg of RNA in
every reaction tube. Quantitative real time PCR was performed using iQ™ SYBR®
Green Supermix (BIO-RAD laboratories) on the synthesized cDNA with 12.5 pL of iQ
SYBR green super mix, 5 pL primers(100nM) of GFP ( forward
CACCTACGGCAAGCTGACCCTGAA, reverse CCCTTCAGCTCGATGCGGTTCAC)
and the , 0.5 pL of water and 2.0 pL of cDNA with each biological sample having three

replicates. The DNA was denatured at 95°C initially for 9 min and amplification was

performed for 50 cycles with a denaturing temperature of 950C for 0.20 min, an

annealing temperature of 57°C for 1 min and an extension temperature of 720C for 0.30

min at each cycle. The mRNA expression levels of GFP were calculated using the

threshold cycle value and by normalizing to the housekeeping gene, B-Actin.
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