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Abstract
Mechanistic Studies of Human RISC Loading Complex Function in RNA Interference
by
Cameron Ladd Noland
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Jennifer A. Doudna, Chair

RNA interference (RNAi) pathways are critical eukaryotic post-transcriptional gene regulatory
systems that control the expression of at least one third of all human coding genes. In each of
these pathways, short single-stranded RNAs (ssRNAs) bind to cognate messenger RNAs
(mRNAs) and direct their endonucleolytic cleavage or translational repression by RNA-Induced
Silencing Complexes (RISCs). In the cytoplasmic portion of these pathways, silencing is
triggered by long double-stranded RNA (dsRNA) precursors (pre-siRNAs) or hairpin RNAs
(pre-miRNAs), which are processed by the RNase III enzyme Dicer to yield short 21-23
nucleotide (nt) duplex RNAs termed short-interfering RNAs (siRNAs) and microRNAs
(miRNAs), respectively. These short duplex RNAs are then loaded onto Argonaute2 (Ago2), the
catalytic component of RISC. Ago2 retains one strand of the duplex (the “guide” strand) for
subsequent gene targeting and discards the other. This process of asymmetrically loading siRNA
or miRNA duplexes onto RISCs such that one strand is preferentially retained is fundamental to
the target specificity of RNAi pathways.

Structural studies of the individual components of the RNAi machinery have proven immensely
informative to our mechanistic understanding of the individual steps of RNAi pathways such as
substrate cleavage by Dicer and subsequent mRNA targeting by Ago2. What has been missing is
a clear picture of how different RNAi components functionally interact to transfer small RNAs
from one protein to another in a way that ultimately allows for the selection of the proper guide
strand by Ago2. In Drosophila and humans, protein complexes called RISC Loading Complexes
(RLCs) have been implicated in facilitating this process. At their core, these complexes are
composed of Ago2, Dicer, and a dsSRNA binding protein (dsRBP). Two such complexes exist in
humans and are defined by their associated dsRBP. One complex contains HIV-1 Trans-
activation Response (TAR) RNA Binding Protein (TRBP) and the other contains Protein
Activator of PKR (PACT). Here we have used electron microscopy (EM) and single particle
reconstruction methods to show that human Dicer has an L-shaped architecture consisting of a
long catalytic branch and a shorter DExH/D helicase-containing base branch. Further, we present
a three-dimensional (3D) reconstruction of a highly dynamic human RLC containing Ago2,
Dicer, and TRBP. TRBP interacts with the distal end of Dicer’s helicase branch, whereas Ago2



interacts with Dicer’s catalytic branch. The structural information garnered in this study,
combined with previous biochemical data, led to a testable model for how human RLCs
efficiently transfer Dicer products to Ago2 in an orientation that allows for accurate selection of
the targeting strand.

The preferred guide strand of any given siRNA or miRNA can be predicted with high accuracy
based on the thermodynamics of the duplex ends. The RNA strand that has its 5" end at the less
stable end of the duplex is preferentially loaded onto Ago2 as the guide strand. In flies, an RLC
subcomplex containing Dicer-2 and the dsRBP R2D?2 is involved in sensing the thermodynamics
of siRNAs prior to their loading onto Ago2, although it is unclear which protein is the actual
sensor of thermodynamic asymmetry. In humans the sensor of siRNA thermodynamics has been
unclear, given that Dicer forms a complex with either TRBP or PACT. In plants, some
Dicer/dsRBP heterodimers are involved in sensing siRNA thermodynamics while others are not.
Using in vitro biochemical experiments that were guided by structural insights, we show that
human Dicer products are released and then rebound at a novel site along Dicer’s helicase
domain in a TRBP- or PACT-dependent manner. This novel binding site allows either
Dicer/dsRBP heterodimer to sense siRNA thermodynamic asymmetry such that Dicer binds to
the less stable end of the duplex and the associated dsRBP binds to the more stable end. We
further demonstrate that Dicer itself is the sensor of siRNA thermodynamics and that this
functionality is activated upon association with either TRBP or PACT. These crucial insights
into siRNA positioning by human Dicer/dsRBP complexes led to a revised model for how
strand-selective RISC loading may be achieved by RLCs in human RNAi pathways.

Although structural and biochemical data supports the notion that human RLCs function
similarly to the Drosophila Ago2/Dicer-2/R2D2 RLC in strand-selective RISC loading, a
number of clear differences exist. For example, in humans it has been shown that Ago2 can bind
siRNAs and miRNAs in the absence of Dicer, which is not the case in flies. Furthermore, in
certain cases Ago2 alone binds to duplex RNAs strand-selectively. The extent to which human
RLCs are actually important for Ago2 loading and strand selection has therefore been
controversial. We have used a reconstituted system to determine the degree to which each of the
core components of the human RNAi machinery contributes to RISC loading and guide strand
selection. We show that Ago2 has intrinsic but substrate-dependent strand selection capabilities.
This activity, however, is in many cases enhanced substantially when Ago2 is in complex with
Dicer and TRBP or PACT as a functional RLC. Our findings suggest that rather than functioning
exclusively in human strand selection, Ago2’s binding preferences serve instead as a secondary
RISC loading checkpoint that acts in concert with Dicer/dsRBP asymmetry sensors to ensure
proper strand selection by RLCs. The specific roles of each component in this process are
dictated and fine-tuned by specific duplex parameters such as thermodynamics, 5" nucleotide
identity, and duplex structure. Surprisingly, our results also show that strand selection for some
miRNAs is enhanced by PACT-containing complexes but not by those containing TRBP.
Furthermore, overall mRNA targeting by miRNAs is disfavored for complexes containing TRBP
but not PACT. This key finding reveals the possibility that RLCs containing TRBP may be
optimized for the siRNA pathway, whereas RLCs containing PACT are optimized for the
miRNA pathway. Overall, the body of work presented herein represents a significant step
forward in our understanding of how core components of human RNAi pathways functionally
interact within RLCs to achieve proper target specificity through strand-selective RISC loading.
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Introduction




1.1  The biological importance of post-transcriptional gene regulation by RNAi
Post-transcriptional control of gene expression is essential to organismal survival in all kingdoms
of life. This type of gene regulation operates by diverse means, fine-tuning gene expression in
various cell types at different times. Gene regulation by these means allows for the exquisite
control of biological processes such as developmental timing, defense against pathogens, and
adaptation to novel environments. Additionally, post-transcriptional gene regulation provides
essential safeguards against the expression of mRNAs harboring potentially deleterious
mutations. RNA interference, or RNALI, is a well-conserved post-transcriptional gene regulation
pathway in which genetically encoded or exogenous short, single-stranded RNAs (ssRNAs)
target cognate messenger RNAs (mRNAs) for repression via RNA degradation and/or
translational repression (Bernstein et al. 2001; Jinek and Doudna 2009; Hutvagner et al. 2001;
Zamore et al. 2000). This process is reliant on long double-stranded RNA (dsRNA) precursors
(pre-siRNAs) or stem-loop RNAs (pre-miRNAs), which are processed into shorter duplex RNAs
— short-interfering RNAs (siRNAs) and microRNAs (miRNAs), respectively. These duplexes are
then used as the triggers of gene silencing (Elbashir et al. 2001a; 2001b; Zamore et al. 2000; Lee
and Ambros 2001; Lagos-Quintana et al. 2001; Lau et al. 2001). Since the discovery of RNAI in
1998, over 10,000 miRNA and endogenous siRNA genes have been annotated, with potential
targets covering over a third of all human genes (Lewis et al. 2005; Kozomara and Griffiths-
Jones 2011). RNAi pathways have been shown to be essential for a wide range of basic
biological functions including the control of developmental timing (Pasquinelli et al. 2000;
Reinhart et al. 2000; Wightman et al. 1993; Lee et al. 1993), brain morphogenesis (Giraldez et al.
2005), metabolism (Xu et al. 2003), apoptosis (Brennecke et al. 2003), and viral defense
(Wilkins et al. 2005; Saleh et al. 2009; Wang et al. 2006). Additionally, this system has been
found to play key roles in stem cell maintenance and division and the fine balance between those
processes (Tay et al. 2008; Melton et al. 2010; Hatfield et al. 2005).

Given its regulation of myriad biological processes, it is not surprising that misregulation
of the RNAI system can lead to disaster for an organism. This has been observed when genes
involved in miRNA biogenesis such as the protein DiGeorge Critical Region 8 (DGCRS8) are
missing, which leads to DiGeorge syndrome (Gregory et al. 2004), or when downstream genes
such as TRBP are mutated, as is the case in certain cancers (Melo et al. 2009). Furthermore,
reductions in the levels of the key RNA processing enzyme Dicer have been shown to lead to
geographic atrophy (Kaneko et al. 2011). Lack of Dicer altogether is fatal (Bernstein et al. 2003).
Aside from the individual proteins involved in RNAI, certain miRNAs have been shown to be
oncogenic, leading to the coinage of the term “oncomiRs” (Si et al. 2007; Lu et al. 2008).

RNAI systems have also garnered considerable interest within the biomedical community
due to their potential for treating disease. For example, orally delivered siRNAs targeting a
macrophage gene have been shown to reduce inflammation in mice, a finding that has
implications for diseases such as rheumatoid arthritis and inflammatory bowel disease (Aouadi et
al. 2009). In another key study, siRNAs targeting Herpes Simplex Virus 2 in mice either before
or after exposure to the virus had a protective effect against viral infection (Palliser et al. 2006).
RNAi-based therapeutics have also been aimed at the treatment of cancer. In one recent study,
the administration of siRNAs targeting the nonsense-mediated decay machinery led to immune
recognition and rejection of invading tumor cells in mice (Pastor et al. 2010).

In order to fully understand the interplay between the varied biological functions of
RNALI systems and the deleterious effects that a malfunction may have on an organism, a detailed
mechanistic understanding of those systems is necessary. This knowledge may well lead to the
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development of more advanced RNAi-based treatments for disease. The body of work presented
herein advances our understanding of these mechanisms, focusing on the human system and how
a key protein complex called the RISC Loading Complex (RLC) processes RNAs to achieve
proper target specificity. A sufficient understanding of the impact of this work requires
knowledge of the current state of the field of RNAi and the crucial unanswered questions that
drive the field. The following introduction serves as a primer on the mechanisms of RNAI as
they are currently understood, providing a historical perspective as well as an outlook for the
future.

1.2 The path to the discovery of RNAi

1.2.1 A novel mechanism for gene knockdown by dsRNAs

The field of RNAi1 was fortuitously born of the desire for an alternative to classical genetics for
analyzing gene function. Although classical genetic techniques such as forward mutational
screens had provided an indispensible means for assessing gene function in organisms such as
yeast, C. elegans, and Drosophila, many higher organisms had proven intractable to classical
genetic analysis, and alternative approaches for analyzing gene function were therefore
necessary. A breakthrough came in 1984 when Izant and Weintraub expressed RNAs
complementary to a known mRNA (antisense RNAs) as a means for sequence-specifically
knocking down the expression of those genes approximately 4- to 5-fold (Izant and Weintraub
1984). This technique was quickly expanded for use in mammalian cells, Xenopus oocytes,
Drosophila embryos, and C. elegans (I1zant and Weintraub 1985; Harland and Weintraub 1985;
Melton 1985; Rosenberg et al. 1985; Fire et al. 1991). Gene knockdown was thought to occur
through a blockade of protein translation via RNA:RNA hybridization (Melton 1985).
Unfortunately, this method was generally quite inefficient and variable from gene to gene,
requiring anywhere from 10- to 100-fold excesses of antisense RNA (Melton 1985; Izant and
Weintraub 1984; Harland and Weintraub 1985). Additionally, it soon became clear that the
mechanism of gene knockdown by antisense RNA was not clear-cut when Fire and colleagues
observed in 1991 that not only antisense, but also sense RNAs seemed to inhibit gene expression
when injected into C. elegans oocytes (Fire et al. 1991). This phenomenon was again observed
by Guo and Kemphues in 1995 when it was observed that both sense and antisense RNAs
inhibited par-1 gene expression in C. elegans (Guo and Kemphues 1995). These observations
perplexed many and challenged the previously accepted notion that this form of gene knockdown
was caused by antisense RNA hybridization to complementary sense mRNAs.

It was not until 1998 that Fire and colleagues solved this mystery and opened the door to
the revolutionary new field of RNAi. The key to Fire’s discovery lay in the minutia of the
experimental procedures. In many cases, the antisense RNAs that had been used in the gene
knockdown experiments of the late 80s and early 90s were synthesized in vitro using the
bacteriophage SP6 RNA polymerase. This technique was highly efficient and specific, producing
very few ectopic transcripts and only ~0.2% the transcribed RNAs were aberrant sense RNAs
(Melton et al. 1984). For Fire and colleagues, however, that was not good enough. They
hypothesized that this 0.2% could hybridize with antisense RNAs in vivo, and that the resulting
dsRNAs were in fact responsible for knocking down gene expression. This group found that
when either unc-22 sense or antisense RNAs were injected into C. elegans, very high doses were
required to knock down gene expression, which has the effect of producing twitching animals.
Surprisingly, injecting a 1:1 mixture of sense and antisense RNAs produced strong twitching
phenotypes even at concentrations as low as a few molecules per cell. When that RNA was then
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extracted from the injected animals, they found it to be predominantly double stranded. When the
extracted RNAs were further gel purified and re-injected, they caused a profound decrease in
endogenous unc-22 mRNAs. This effect was hypothesized to be post-transcriptional, given that
dsRNAs corresponding to promoter and intronic regions had no effect on gene expression (Fire
et al. 1998). Fire’s discovery hinted at the existence of some unknown process of multiple-
turnover gene knockdown, which pointed to the exciting possibility that a previously unknown
endogenous system existed for post-transcriptional gene regulation by dsRNAs.

Around the same time that questions were arising regarding the mechanism of antisense
interference, another mystery was taking shape in the field of plant genetics. In 1990, Jorgensen
and colleagues — as well as a group led by Antoine Stuitje — had introduced a chalcone synthase
(CHS) gene into petunias in an attempt to drive its overexpression and induce more brilliant
coloration of the flowers. To their astonishment, this procedure had the opposite effect. Many of
the transgenic flowers lacked pigment completely and others were patterned, which
corresponded to a dramatic decrease in CHS expression (Napoli et al. 1990; van der Krol et al.
1990). This phenomenon was termed co-suppression or post-transcriptional gene silencing
(PTGS), and although antisense interference was one possible explanation, initially no such
antisense RNAs were found. The key here was that groups investigating PTGS in plants had not
looked for small enough RNAs. By enriching for small RNAs, David Baulcombe’s group was
finally able to detect 25 nt dsSRNAs (now referred to as siRNAs) following the transformation of
transgenes into tomato plants (Hamilton and Baulcombe 1999). This finding hinted at a
mechanism of action for PTGS that was similar to that of RNAi, and again implied that an
unknown endogenous gene regulation system existed that used dsRNAs to target genes for
repression.

1.2.2 An extensive endogenous gene regulatory system mediated by dsRNAs

While the mystery of gene knockdown by dsRNAs unraveled, other curious findings related to
the control of developmental timing in C. elegans were being reported. These findings revolved
around the discovery that the /in-4 gene (a heterochronic gene in C. elegans known to negatively
regulate the levels of the LIN-14 protein during development) in fact seemed to encode two
small non-coding RNAs (ncRNAs). One of these RNAs was approximately 61 nt in length and
was predicted to form a stem-loop structure, whereas the other RNA was 22 nt and derived from
the stem of the larger RNA (Lee et al. 1993). Surprisingly, this RNA was complementary to a
conserved repeat sequence found in the 3" untranslated region (3° UTR) of the /in-14 mRNA,
and a deletion mutant in which these regions were missing was found to be a strong gain of
function allele (Lee et al. 1993; Wightman et al. 1993). These studies led to the conclusion that
the larger /in-4 RNA may be post-transcriptionally processed into the smaller one, and that LIN-
14 depletion occurs via sense:antisense hybridization between the /in-4 ncRNA and the /in-14
mRNA. Years later, another 21 nt ncRNA called /et-7 was found to negatively regulate another
heterochronic gene called /in-41 (Reinhart et al. 2000). At the time, researchers were excited by
the possibility that a conserved cascade of these ncRNAs may be responsible for regulating
developmental timing across species (Pasquinelli et al. 2000), but in 2001 the simultaneous
publication of three reports demonstrated that the implications of these early findings were
actually even larger (Lee and Ambros 2001; Lau et al. 2001; Lagos-Quintana et al. 2001). These
seminal studies each identified an extensive class of small regulatory RNAs (thereafter termed
“microRNAs” (miRNAs)) that were derived from similar hairpin precursors and matched regions
within the 3" UTRs of other genes. Many of these miRNAs were conserved across a wide range
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of species and were expressed tissue-specifically. Additionally, the miRNAs were derived from
either the 5'- or the 3" end of their precursor hairpin RNAs and had a strong preference for a 5’
uridine and against a 5" guanosine. Notably, although the experimental protocols used would not
have selected against natural siRNAs, not a single natural siRNA was identified in these studies,
leading to the conclusion that miRNAs were the natural substrates for the RNAi machinery. This
idea dovetailed nicely with the finding that the le-7 RNA was processed from its hairpin
precursor by one of the enzymes that had been found to be central to the siRNA pathway (see
Section 1.3.2; (Hutvagner et al. 2001)). With these discoveries, the lines were blurred between
the siRNA and miRNA pathways. Indeed, as will be discussed below, these pathways overlap at
many points, particularly in humans.

1.3 miRNA and siRNA biogenesis

1.3.1 pri-miRNA processing and nuclear export of pre-miRNAs

With the exception of miRNA genes interspersed within Alu repeats, primary miRNA transcripts
(pri-miRNAs) are produced in the nucleus by RNA Polymerase II and contain 5" 7-methyl
guanosine caps as well as poly(A) tails (Borchert et al. 2006; Cai et al. 2004; Lee et al. 2004a).
These genes are often clustered and transcribed as a single transcript called a primary miRNA
(pri-miRNA), although single, non-clustered pri-miRNAs are also transcribed (Lee et al. 2002).
These pri-miRNAs are rapidly processed in the nucleus by the enzyme Drosha to create ~70 nt
hairpin precursor miRNAs (pre-miRNAs) (Figure 1.1; (Lee et al. 2002; 2003)). Drosha is a
member of a class of endoribonucleases with specificity for dsSRNA called RNase III enzymes.
These magnesium-dependent enzymes function as dimers of two RNase III domains in which a
single cleavage event occurs on each strand of an RNA duplex. The geometry of the RNase III
dimers creates a characteristic 2 nt 3" overhang at the cleavage site. Drosha and the RNase III
enzyme Dicer (see Section 1.3.3) represent special cases where each protein acts as a monomer
but contains two RNase III domains that interact to form an intramolecular heterodimer (Han et
al. 2004; Robertson et al. 1968; Blaszczyk et al. 2001; Gan et al. 2006; Macrae et al. 2006;
Zhang et al. 2004). The pre-miRNA terminus created by Drosha cleavage remains unchanged in
the mature miRNA and its 2 nt 3" overhang is essential for later recognition, transport, and
processing steps (see below). The presence of the pri-miRNA terminal loop structure is not
important for cleavage by Drosha, although a larger terminal loop generally leads to more
efficient cleavage. More important is the presence of at least one ssSRNA segment flanking the
pri-miRNA hairpin and a dsRNA stem of approximately 33 base pairs (bp) (Zeng et al. 2005;
Han et al. 2006; Zeng and Cullen 2005).

Drosha itself is unable to effectively process miRNAs in the absence of another protein
called DGCRS. Together, these two proteins form the Microprocessor complex (Denli et al.
2004; Gregory et al. 2004; Han et al. 2004; Landthaler et al. 2004). To accomplish specific
cleavage, DGCRS recognizes the base junction between the hairpin and flanking sequences,
serving as a molecular anchor and allowing Drosha to cleave ~11 bp up the hairpin stem (Figure
1.1). How exactly DGCRS recognizes the pri-miRNA junction is a matter of debate. DGCRS8 is a
heme-binding protein containing an N-terminal WW domain and two tandem dsRNA binding
domains (dsRBDs). Binding to heme triggers dimerization and enhances pri-miRNA processing
(Barr et al. 2011; Faller et al. 2007; Sohn et al. 2007; Senturia et al. 2010). Precisely how this
dimerization enhances Drosha processing is still unclear. No structural data is available for the
Microprocessor complex, although electron microscopy reconstructions and partial crystal
structures of DGCRS8 seem to suggest that this portion of the complex recognizes pri-miRNAs as
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a trimer that allows for the transient association of Drosha with the pri-miRNA for cleavage
(Faller et al. 2010; Sohn et al. 2007; Senturia et al. 2010; Han et al. 2006).

pri-miRNA H
7mG ARAA...

\

NUCLEUS

| ~22bp CYTOPLASM

| ~11bp

pre-miRNA

Figure 1.1: Canonical pri-miRNA processing in the nucleus.

RNA polymerase II-transcribed pri-miRNAs are processed by the Microprocessor (Drosha/DGCRS) complex in the
nucleus to yield short hairpin RNAs called pre-miRNAs. These RNAs are then exported from the nucleus by
Exportin-5 for further processing in the cytoplasm (see Figure 1.2).

Although most miRNAs arise from preliminary Drosha processing, some miRNAs derive
from intronic pre-mRNA regions and are able to bypass this step. These non-canonical pri-
miRNAs, termed “mirtrons,” are instead generated from the canonical splicing machinery,
forming a mirtron lariat intermediate that is resolved by Debranching Enzyme. Resolved mirtron
lariats then fold into a more canonical pre-miRNA hairpin structure (Ruby et al. 2007; Okamura
et al. 2007; Berezikov et al. 2007). The 5'- and 3" ends of these mirtrons are therefore not
defined by RNase III cleavage by Drosha, but rather by the splice sites themselves (Ruby et al.
2007).

Following cleavage by either the Microprocessor or Debranching Enzyme, the miRNA
and mirtron pathways converge at the point of nuclear export (Okamura et al. 2007). Export from
the nucleus is facilitated by the protein Exportin-5 in a RanGTP-dependent manner. Exportin-5
binds to the pre-miRNA stem through extensive weak interactions and specifically recognizes
the Drosha-processed 2 nt 3" overhang, binding sequence non-specifically with a positively-
charged pocket. The pre-miRNA is anchored by a tight pi-stacking interaction between the
guanidyl moiety of an arginine and the first base pair of the pre-miRNA stem (Okada et al.
2009). Due to its recognition of Drosha-processed ends, Exportin-5 can be thought of as a quality
control checkpoint for pre-miRNAs, only allowing properly processed pre-miRNAs to pass
through the nuclear envelope.

1.3.2 Biogenesis of endogenous siRNAs
Although it was initially thought that siRNAs are not encoded in the genome, the advent of deep
sequencing technologies has allowed for the discovery of numerous endogenous siRNAs (endo-

6



siRNAs) in species ranging from C. elegans to mouse (Czech et al. 2008; Ruby et al. 2006;
Ghildiyal et al. 2008; Tam et al. 2008; Watanabe et al. 2008). Endogenous pre-siRNAs derive
from large inverted repeat structures, bidirectional transcription of overlapping mRNAs, and
pseudogenes. Although endo-siRNAs are primarily involved in retrotransposon suppression,
pseudogene-derived endogenous pre-siRNAs, which arise from base pairing between a protein-
coding gene and an antisense-transcribed pseudogene, can regulate the expression of specific
coding genes (Tam et al. 2008). Biogenesis of endo-siRNAs from their precursors is Drosha-
independent, but Dicer-dependent (Okamura et al. 2008; Song et al. 2011; Ghildiyal et al. 2008;
Watanabe et al. 2008; Tam et al. 2008).

1.3.3 pre-miRNA and pre-siRNA processing

Once they have reached the cytoplasm, pre-miRNAs and pre-siRNAs are processed by the
RNase III enzyme Dicer into their mature miRNA and siRNA forms (Figure 1.2 (Hutvagner et
al. 2001)). Humans express only one Dicer enzyme, and this processing step thus marks a point
of convergence for the miRNA and siRNA pathways (Bernstein et al. 2001). This is in contrast
to Drosophila, which expresses two Dicer proteins (Dicer-1 and Dicer-2). In this case, Dicer-1
mediates pre-miRNA processing and Dicer-2 processes pre-siRNAs (Zamore et al. 2000; Lee et
al. 2004b). The structural reasons for these differing substrate specificities is still under
investigation, but preliminary studies have revealed that the Dicer-2’s dsRNA binding protein
(dsRBP; see Section 1.4) partner R2D2 participates in restricting its processing to dsRNAs
(Cenik et al. 2011). Dicer-1 instead binds to a dsRBP called Loquacious-PB (Logs-PB) and
mounting evidence suggests that Dicer-1’s helicase domain specifically recognizes pre-miRNA
hairpin loops for exclusive production of miRNAs (Tsutsumi et al. 2011; Saito et al. 2005; Ye et
al. 2007; Jiang et al. 2005).

Human Dicer is a ~220 kDa multi-domain enzyme consisting of an N-terminal DExH/D
box RNA helicase domain, a domain of unknown function (DUF283), a PAZ domain, tandem
RNase III domains (RNase IIla and IIlb), and a C-terminal dsRBD. Structural data has been
indispensible in uncovering the mechanism by which Dicer produces mature siRNAs and
miRNAs. Human Dicer’s PAZ domain recognizes duplex RNA ends at the Drosha-processed
termini of pre-miRNAs (Park et al. 2011; Macrae et al. 2006; 2007). This domain, which is also
present in Argonaute (Ago) proteins (see Section 1.5), anchors the 5° phosphate in a conserved
basic pocket, and the 2 nt 3" overhang is bound in a largely hydrophobic pocket, stacking against
a conserved phenylalanine and making extensive backbone contacts along a positively-charged
groove (Park et al. 2011; Lingel et al. 2004; 2003; Ma et al. 2004; Yan et al. 2003). Following
RNA binding, Dicer itself serves as a molecular ruler for ATP-independent cleavage of the
duplex 21-23 nt away, yielding siRNAs and mature miRNAs with two sets of 2 nt 3" overhangs
(Takeshita et al. 2007; Macrae et al. 2007; Zhang et al. 2002; 2004; Macrae et al. 2006;
Bernstein et al. 2001; Elbashir et al. 2001b; Zamore et al. 2000).

Dicer’s helicase domain is required for processing endogenous pre-siRNAs into endo-
siRNAs, and in Drosophila and C. elegans this processing requires that Dicer bind to a dsSRNA
binding protein (dsRBP) partner (Czech et al. 2008; Welker et al. 2010). In these cases Dicer’s
helicase domain likely recognizes blunt-ended long dsRNAs and triggers a conformational
change in Dicer that allows it to process the entire dsSRNA processively without dissociating
(Welker et al. 2011). Interestingly, in humans Dicer’s helicase domain actually has an
autoinhibitory effect on processing of exogenous pre-siRNAs and may have a stimulatory effect
on processing of thermodynamically unstable miRNAs, indicating that the function of this



domain across (and within) species is not clear-cut (Soifer et al. 2008; Tsutsumi et al. 2011;
Welker et al. 2010; 2011; Ma et al. 2008).

The one known pre-miRNA that bypasses Dicer processing is pre-miR-451. This pre-
miRNA is instead processed by the protein Ago2 (See Section 1.5). pre-miR-451 is cleaved after
its 30" base and undergoes uridylation and trimming to generate the mature miR-451 of 23 nt
(Liu et al. 2004; Rivas et al. 2005; Song et al. 2004; Cifuentes et al. 2010; Cheloufi et al. 2010).

8-3

Dicing RISC-Loading Passenger Strand Cleavage

l

dsRBP

C3PO

Passenger Strand Removal

l

Multiple Turnover
mRNA Targeting

Figure 1.2: The canonical human cytoplasmic RNAi pathway.

pre-siRNAs and pre-miRNAs are engaged at their ends by Dicer’s PAZ domain and are cleaved at both strands to
yield a 21-23 nt siRNA or miRNA with 2 nt 3" overhangs. Dicer products are then loaded onto Ago2 with the help
of heat shock proteins and Dicer-associated dsRBPs. For siRNAs, the passenger strand is cleaved by Ago2 and
removed with the aid of the endoribonucleases C3PO (for miRNAs, passenger strands are generally removed
without cleavage). Finally, the guide strand targets cognate mRNAs and if sufficient complementarity exists, the
mRNA is cleaved by Ago2 and removed with the help of Autoantigen La. If insufficient complementarity exists, as
is the case for many natural miRNA targets, gene silencing is instead achieved by stimulating GW protein-
dependent translational repression and mRNA decay (see Section 1.6; Figure 1.4).

1.4  dsRNA binding proteins in RNAi

1.4.1 Introduction to dsRBPs

Double-stranded RNA binding proteins are known to play various roles in RNAi pathways.
These proteins generally contain a series of 2~3 conserved 65~75 amino acid dsRNA binding
domains (dsRBDs) connected by disordered linkers (St Johnston et al. 1992). dsRBDs adopt an
a-B-B-B-a fold in which the N- and C-terminal a-helices pack against one face of a three-
stranded antiparallel B-sheet (Bycroft et al. 1995; Nanduri et al. 1998; Ryter and Schultz 1998;
Ramos et al. 2000; Yang et al. 2010; Yamashita et al. 2011; Stefl et al. 2010; Qin et al. 2010;
Kharrat et al. 1995). For each dsRBD, the protein-dsRNA interaction spans ~16 bp, including
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two minor grooves and the intervening major groove of the helix. These interactions are in part
mediated by hydrogen bonding between the N-terminal a-helix and 2” hydroxyl groups in the
minor groove. The following minor groove is similarly contacted by a loop between the first two
B-strands, and the C-terminal a-helix binds across the intervening major groove, interacting with
non-bridging phosphates (Ryter and Schultz 1998; Ramos et al. 2000). When multiple dsRBDs
are present in a single protein, or when more than one of the same dsRBD bind to a single RNA,
the binding register likely overlaps, as the domains are capable of binding multiple faces of the
dsRNA helix (Ucci et al. 2007).

Not all dsRBDs bind to dsRNA. Instead, these non-canonical dsSRBDs mediate protein-
protein interactions. For example, the C-terminal dsRBDs of both TRBP and PACT are involved
in binding to Dicer in humans (Haase et al. 2005; Laraki et al. 2008; Kok et al. 2007; Lee et al.
2006; Daniels et al. 2009). Additionally, in plants Dicer’s DUF domain adopts a dsRBD fold and
is involved in binding to different protein partners specific to that Dicer isoform (Dlaki¢ 2006;
Qin et al. 2010).

1.4.2 dsRBPs in RNAi

As mentioned above, in Drosophila two dsRBPs, R2D2 and Logs, are known to be involved in
RNAI. Each protein binds exclusively to a separate Dicer protein and assists with the processing
of pre-siRNAs (R2D2) and pre-miRNAs (Logs-PB) respectively (Liu et al. 2003; Saito et al.
2005; Jiang et al. 2005). R2D2 is not strictly required for dicing of pre-siRNAs, but instead
inhibits the processing of pre-miRNAs and is then directly required for siRNA processing at later
stages (see Section 1.5 (Liu et al. 2003; 2006; Tomari et al. 2004b; Cenik et al. 2011; Marques et
al. 2010)). Interestingly, for the processing of endogenous pre-siRNAs by Dicer-2, not R2D2, but
an isoform of Logs (Logs-PD) is required (Marques et al. 2010).

Although in humans there is only one Dicer enzyme, two dsRBPs have been implicated
in facilitating RNAi. The first of these dsRBPs is TRBP, which was originally shown to bind to
the TAR RNA hairpin of the HIV-1 LTR, inducing expression of the LTR synergistically with
the HIV-1 Tat protein (Gatignol et al. 1991). A second dsRBP, PACT, is also involved in RNA..
Both of these proteins bind to an a-helical insertion in Dicer’s helicase domain through their C-
terminal dsRBDs (Wilson et al. manuscript in preparation; (Kok et al. 2007; Lee et al. 2006;
Haase et al. 2005; Laraki et al. 2008; Daniels et al. 2009). The delineation of specific roles for
these proteins in human RNAi pathways has thus far been unclear, likely due to the field’s
tendency to focus exclusively on TRBP and due to a relative lack of sensitive in vitro systems to
study each step of the human pathway. Knockdown of either TRBP or PACT leads to decreases
in both pre-siRNA and pre-miRNA processing as well as downstream gene targeting, indicating
that they may function at multiple and overlapping steps in RNAi pathways (Kok et al. 2007;
Chendrimada et al. 2005; Haase et al. 2005; Lee et al. 20006).

TRBP is known to enhance Dicer’s processing of pre-siRNAs and also facilitates product
binding by Dicer (Chakravarthy et al. 2010; Chendrimada et al. 2005). The mechanism by which
TRBP enhances pre-siRNA processing is unclear, although it may be involved in allosterically
relieving the helicase domain’s autoinhibition of this processing (Ma et al. 2008). Interestingly,
both TRBP and Logs-PB have been shown to induce the processing of different isomiRs by
Dicer, biasing Dicer cleavage sites to produce miRNAs of slightly differing length. This has been
shown to have downstream effects on Ago2 cleavage by altering guide strand selection as well as
the seed sequence (see Section 1.5.2; (Lee and Doudna 2012; Fukunaga et al. 2012)). Although
the mechanism of isomiR formation is unclear, increased production caused by dsRBPs may be



due to the slight underwinding of dsRNA caused by the binding of certain dsRBDs, by the
straightening of bulged dsRNAs, or some combination of the two (Zheng and Bevilacqua 2000;
Ryter and Schultz 1998).

1.5 RISC loading

Following dicing, siRNAs and miRNAs are loaded into the RNAi effector complexes, RISCs
(Hammond et al. 2000). The catalytic core of these complexes is an Ago protein. The best
characterized of these proteins in humans is Ago2, a magnesium-dependent, multiple-turnover
endonuclease containing an N-terminal domain, a PAZ domain, a Mid domain, and a C-terminal
PIWI domain that structurally resembles RNase H (Hutvagner and Zamore 2002; Martinez and
Tuschl 2004; Schwarz et al. 2004; Song et al. 2004; Hammond et al. 2001; Liu et al. 2004).
Drosophila expresses two Ago proteins (Agol and Ago2). As with the other Drosophila RNAi
machinery, the siRNA and miRNA pathways can be delineated based on the propensities of each
Ago protein to be loaded with either type of duplex. Ago2 is a functioning endonuclease, and is
loaded predominantly with siRNAs, whereas Agol lacks robust endonuclease activity and is
loaded primarily with miRNAs. The determinants of this loading preference are in this case the
specific protein components that bind to each Ago (Forstemann et al. 2007; Tomari et al. 2007;
Czech et al. 2009). In mammals, siRNAs and miRNAs do not appear to be differentially sorted
into the four Ago proteins (Agol-Ago4). Ago2, however, is the most highly expressed Ago
protein and is the only human Ago that exhibits endonuclease activity (Meister et al. 2004; Liu et
al. 2004; Dueck et al. 2012; Wang et al. 2012). Since Ago2 binds to both siRNAs and miRNAs,
the delineation of these pathways at this level in humans has been unclear.

1.5.1 RISC-associated proteins

Although implicated as the catalytic endonuclease of RNA1, recombinant human Ago2 has been
shown to be incapable of binding to dsRNA on its own (Rivas et al. 2005; Ye et al. 2011).
Numerous studies have isolated active “RISCs” of vastly differing size ranging from as small as
160kD to a ribosome-associated, 80S complex (Mourelatos et al. 2002; Gregory et al. 2005;
Caudy et al. 2002; Chendrimada et al. 2005; Pham et al. 2004). These complexes contain a host
of expected and unexpected proteins, including Dicer (Maniataki and Mourelatos 2005; Gregory
et al. 2005); Fragile X-Related Protein, VIG (Caudy et al. 2002); RNA helicases MOV10,
Gemin3, and RNA Helicase A (Meister et al. 2005; Hock et al. 2007; Mourelatos et al. 2002;
Robb and Rana 2007); the GW protein TNRC6 (Hock et al. 2007; Landthaler et al. 2008); and
the dsRBPs TRBP and PACT (Haase et al. 2005; Chendrimada et al. 2005; Lee et al. 2006; Kok
et al. 2007). For years little was known about the ways in which these proteins collaborate to
facilitate target knockdown and at what steps, although more recently a clearer picture of the
proteins involved in the RISC loading process has begun to emerge.

1.5.2 RISC loading

Across organisms, heat shock proteins facilitate optimal duplex RNA binding by Ago2 (Miyoshi
et al. 2010; Iwasaki et al. 2010; Iki et al. 2010; Pare et al. 2009; Johnston et al. 2010). In
Drosophila, RISC loading also requires a preformed complex called the RISC Loading Complex
(RLC) containing Ago, Dicer, and a dsRBP. The existence of such a complex was first described
in flies with the observation that R2D2, a dsRBP that binds to Dicer-2, functionally links dicing
and RISC activity (Liu et al. 2003). Following cleavage, Dicer-2 releases its product siRNAs and
is unable to rebind them in the absence of R2D2 (Liu et al. 2003; Preall et al. 2006). Dicer-2 and
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R2D2 bind siRNA products coordinately, which is required for subsequent loading of siRNAs
onto Ago2 (Liu et al. 2003; 2006). Interestingly, Dicer-2 and R2D2 serve as “gatekeepers” for
Ago2 loading that promote siRNA loading, but select against miRNA loading. Conversely,
miRNAs are preferentially loaded onto Agol by a poorly understood mechanism (Tomari et al.
2007).

Similar RISC Loading Complexes have been shown to exist in humans. In the minimal
human RLCs, the Ago2 PIWI domain binds to Dicer’s RNase Illa domain, and the C-terminal
dsRBD of TRBP (or PACT) binds to Dicer’s DExH/D helicase domain (Tahbaz et al. 2004;
Sasaki and Shimizu 2007; Haase et al. 2005; Kok et al. 2007). Beyond these biochemical studies,
the molecular architecture of RLCs and how the structural arrangement of its component parts
relates to RISC loading has not been investigated. Despite the clear existence of RLCs in
humans, their strict requirement for Ago2 loading has been less apparent. When the human
RNAI system is reconstituted in Saccharomyces cerevisiae, Dicer and TRBP are required for
Ago?2 loading (Suk et al. 2011). Furthermore, in certain respects TRBP has been shown to be
analogous to R2D2, in that it is required for Dicer to bind siRNA products and potentially
transfers those siRNAs to Ago2 (Chendrimada et al. 2005; Chakravarthy et al. 2010). On the
other hand, mouse embryonic stem cells that are Dicer-deficient are still capable of siRNA-
mediated gene knockdown, indicating that Ago2 is somehow loaded in these cells (Murchison et
al. 2005; Kanellopoulou et al. 2005). Despite this observation, in a wild type setting
Ago2/Dicer/dsRBP complexes have been shown to be the primary complexes involved in RISC
loading in humans (Liu et al. 2012). However, whether Dicer and dsRBPs play important roles in
RISC loading within these complexes remains an open question.

Numerous crystal structures of all or part of human Ago2 as well as various Ago
homologs have demonstrated how loaded duplex RNAs are bound. This structural data indicates
that the guide strand has its 3" end bound by the PAZ domain and its 5" end is anchored within a
conserved basic pocket between the Mid and PIWI domains. Anchoring of the 5" end of the
guide RNA is critical for proper target cleavage (Yuan et al. 2005; Parker et al. 2004; Wang et al.
2008b; 2008c; 2009¢c; Ma et al. 2005; Nakanishi et al. 2012; Elkayam et al. 2012; Schirle and
Macrae 2012). This pocket makes base-specific contacts with the 5 nucleotide of the guide
RNA, with a preference for a 5" uridine or 5" adenosine as opposed to cytidines or guanosines —
a structural feature that was expected based on sequencing of Ago-bound small RNAs (Hu et al.
2009; Frank et al. 2010; Wang et al. 2009c; Elkayam et al. 2012). Once Ago2 has been loaded
with a duplex RNA, the first two nucleotides of the guide are splayed apart from their
complementary bases, which is supported by kinetic data indicating that 5" terminal mismatches
enhance Ago?2 activity (Haley and Zamore 2004; Ma et al. 2005; Wang et al. 2008c; Parker et al.
2005; Elkayam et al. 2012). The guide strand directs the endonucleolytic cleavage of the
passenger strand at the phosphodiester bond that lies directly across from the 10" and 11"
nucleotides of the guide RNA, as measured from the 5 end (Rand et al. 2005; Kim et al. 2007;
Matranga et al. 2005; Leuschner et al. 2006). This processing site lies within the Ago2 PIWI
domain and cleavage occurs via a catalytic tetrad consisting of Asp-Asp-Asp-Glu residues (Liu
et al. 2004; Rivas et al. 2005; Wang et al. 2009c; Nakanishi et al. 2012). Based on these
structural studies, it is important to note that the specific orientation of an siRNA or miRNA
when bound to Ago?2 is essential for the cleavage of the passenger strand as opposed to the guide
strand. Loading of Ago2 in the wrong orientation would thus lead to the downstream targeting
of an entirely different set of genes.
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In the case of miRNAs, the passenger strand (also referred to as miRNA*) is not cleaved,
but rather is removed from the complex intact (Kawamata et al. 2009). Argonaute itself makes
few contacts with the passenger strand, priming it for release (Parker et al. 2005; Ma et al. 2005).
Human and Drosophila Ago2, however, is thought to be incapable of releasing passenger strands
on its own (Wang et al. 2009a). This process is facilitated by another magnesium-dependent
endoribonuclease, C3PO, which has a strong stimulatory effect on RISC activity (Liu et al.
2009). C3PO is a multimeric complex composed of 6 copies of the protein Translin and two
copies of TRAX. These proteins form an asymmetric barrel that places the complex’s active site
residues on the positively charged interior of the barrel. The mechanism by which this complex
removes and degrades passenger strand RNA is still unclear (Ye et al. 2011; Tian et al. 2011).

Once the passenger strand has been removed from Ago2, the resulting single-stranded
guide RNA-containing complex, termed “holo-RISC”, is competent for the multiple-turnover
targeting of mRNAs that are complementary to the guide strand (Kim et al. 2007; Martinez et al.
2002; Hutvagner and Zamore 2002). Structures of holo-RISC have shown that bases 2-6 of the
guide strand RNA (called the “seed” sequence) remain solvent-exposed, which has important
implications for target recognition. The complementarity of these bases with target mRNAs is
absolutely essential for that process, and thus seed sequence pairing is the most accurate
predictor of a miRNA target (Yuan et al. 2005; Haley and Zamore 2004; Wang et al. 2008b;
Lewis et al. 2003; Selbach et al. 2008; Back et al. 2008; Lim et al. 2005; Schirle and Macrae
2012; Elkayam et al. 2012; Nakanishi et al. 2012). As previous studies had alluded to, for
effective target knockdown this complementarity generally must reside at either end of the 3’
UTR of a targeted gene (at least 15 nt from the termination codon). Additionally, miRNA-
mediated gene silencing appears to be tunable based on the number of seed sequences present in
close proximity within a given 3" UTR, with multiple sites acting synergistically (Selbach et al.
2008; Doench et al. 2003; Grimson et al. 2007; Baek et al. 2008). These parameters (and the
genomic studies that have validated them) reveal that each miRNA can directly regulate targets
that number in the 100s, with over 30% of all human genes under the exquisite control of RNAi
(Lewis et al. 2005; Lim et al. 2005; Selbach et al. 2008; Baek et al. 2008).

1.5.3 Strand selection parameters

Cloning of large populations of natural miRNAs led to the discovery that mature miRNA guide
strands can derive from either end of their precursor hairpin duplex (Lee and Ambros 2001;
Lagos-Quintana et al. 2001; Lau et al. 2001). Additionally, although each strand of an siRNA
duplex could theoretically have an equal chance of being incorporated into RISC as the guide
strand, this was often not the case (Schwarz et al. 2003; Khvorova et al. 2003). One of the most
pressing mechanistic questions in the field of RNAi therefore involves determining how the
guide strand is detected so that siRNAs and miRNAs are loaded onto Ago2 in the proper
orientation to allow for retention of that strand. Ideally, a complete understanding of the
parameters involved in strand selection will allow for the design of siRNAs that incorporate the
desired RNA strand into RISC to the exclusion of the other.

One of the most salient strand selection parameters has to do with the thermodynamics of
siRNA or miRNA duplex ends. The free energy of duplex unwinding can be calculated based on
the nearest neighbor model, which takes into consideration the stabilities of each base pair within
the context of its nearest neighbor (for example, two GC pairs separated by an AU pair are less
stable then two neighboring GC pairs; see Figure 1.3; (Tinoco et al. 1971; 1973; Borer et al.
1974; Xia et al. 1998; O'Toole et al. 2005; Mathews et al. 1999; Freier et al. 1986)). This model

12



can be used to calculate the free energy differences between the duplex ends by determining the
relative contributions that the 2 nt overhangs and last four base pairs at either end make to the
overall duplex stability. Calculating the end stabilities in such a way allows for accurate guide
strand prediction. When both duplex ends have similar stabilities, either strand is able to be
loaded into RISC. However, when the siRNA ends are thermodynamically asymmetric, that is,
when one end of the duplex is more stable than the other, the strand for which the 5" end lies at
the less stable end of the duplex will become the guide strand (Schwarz et al. 2003; Khvorova et
al. 2003). The exact mechanism by which the RLC senses thermodynamic asymmetry of siRNA
ends is unclear, but research in Drosophila has provided some clues. R2D2 and Dicer-2 bind to
nascent siRNAs in a directional manner such that R2D2 consistently binds to the more stable
siRNA end and Dicer-2 binds to the less stable end. At the time it was suggested that R2D2 is the
actual sensor of thermodynamic asymmetry and recruits the less stable duplex end to Dicer-2.
This conclusion was based on the observation that Dicer-2 cannot bind to siRNAs on its own
(Tomari et al. 2004b). Additionally, although directional binding of siRNAs by human Dicer and
TRBP or PACT has not been shown, TRBP has been suggested to sense the thermodynamic
stabilities of siRNA (Gredell et al. 2010). The possibility that Dicer is in fact the sensor of
thermodynamic asymmetry was never directly tested in either of these cases. The mechanism of
strand selection in humans is unclear. Although Ago2/Dicer/dsRBP RLCs have been shown to be
the primary complexes involved in RISC loading in humans (Liu et al. 2012), separate work has
demonstrated that in Dicer knockout cells Ago2 is in some cases able to sense the proper guide
strand (Betancur and Tomari 2012). The extent to which human Ago2/Dicer/dsRBP complexes
are actually true RLCs that contribute to strand selection has therefore been a topic of vigorous
debate.
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3’ - UUACCGGAACCCGUUGCCAUU - 57
R RN
5’ - UGGCCUUGGGCAACGGUAAUU - 3’

3’ - UUACCGGAACCCGUUGCCAUU - 5'

RN UnexttoU= -0.1
5’ — UGGCCUUGGGCAACGGUAAUU - 37

3’ — UUACCGGAACCCGUUGCCAUU - 57
R R R U nextto A/U = -0.6
5’ — UGGCCUUGGGCAACGGUAAUU - 3’

3’ - UUACCGGAACCCGUUGCCAUU - 5°

R R A/U next to C/G = -2.11
5’ - UGGCCUUGGGCAACGGUAAUU - 3’

3’ — UUACCGGAACCCGUUGCCAUU - 57
R RN C/G nextto C/G = -3.26
5’ — UGGCCUUGGGCAACGGUAAUU - 37’
3’ — UUACCGGAACCCGUUGCCAUU - 57
RN R C/G next to G/C = -3.42
5’ — UGGCCUUGGGCAACGGUAAUU - 37’
3’ — UUACCGGAACCCGUUGCCAUU - 57
R RN G/C next to G/C = -3.26
5’ — UGGCCUUGGGCAACGGUAAUU - 37’

Nearest Neighbor Sum = -12.75
Terminal A/U Penalty = +0.45

Total = -12.3 kcal/mol

3’ - UUACCGGAACCCGUUGCCAUU - 57
RN

5’ - UGGCCUUGGGCAACGGUAAUU - 3’
-12.3 kcal/mol -8.0 kcal/mol
Figure 1.3: Nearest neighbor calculations of siRNA duplex end stabilities.
Free energy (kcal/mol) was calculated for the terminal 4 base pairs and the 2 nt 3" overhang for each end of the
duplex using experimentally-derived values (Xia et al. 1998; Mathews et al. 1999; Tinoco et al. 1973; Borer et al.
1974; O'Toole et al. 2005; Freier et al. 1986). Calculation steps for the left end of the duplex shown are given as an
example. Based on these calculations, the top strand of the duplex is predicted to be the guide strand (shown in red).

1.6  Modes of gene regulation by RNAi

1.6.1 mRNA cleavage

Of the four human Ago proteins, both Agol and Ago2 are capable of cleaving the passenger
strand, whereas only Ago2 is competent to cleave target mRNAs (Meister et al. 2004; Wang et
al. 2009a). mRNA cleavage requires extensive complementarity between the guide RNA and its
target. A number of factors are structurally important for coordinating this cleavage. 5’
complementarity is particularly important, whereas guide-target mismatches are tolerated better
at the 3" end of the guide strand. In fact, these 3" mismatches promote product release and thus
multiple turnover (Haley and Zamore 2004; Liu et al. 2011). Target binding is thought to occur
in two steps. During nucleation of the seed sequence, the mRNA target begins to pair with the
exposed nucleotides 2-6 of the guide RNA, and the guide strand is anchored at its 5'- and 3" ends

14



by the Mid/PIWI and PAZ domains, respectively. As the duplex propagates, the 3" end of the
guide strand is then released due to topological restraints. This release likely also allows for an
optimal geometry within the catalytic site (Wang et al. 2009c). Much like the passenger strand,
target mRNAs are cleaved at the phosphodiester bond ten nucleotides from the 5 end of the
guide strand (Elbashir et al. 2001c; 2001b; Rivas et al. 2005). This cleavage is mediated by the
catalytic tetrad, which is thought to coordinate two magnesium ions to activate a water for
nucleophilic attack on the phosphate backbone of the target RNA and stabilize the leaving group
(Wang et al. 2009c; Nakanishi et al. 2012). In humans, multiple-turnover mRNA targeting is
facilitated by Autoantigen La, which removes cleaved mRNA products (Liu et al. 2011).

1.6.2 Mechanisms of miRNA-mediated translational repression

The mechanism of gene knockdown by miRNAs is far less clear-cut than for siRNAs. Although
some miRNAs with extensive complementarity to their target genes are able to direct mRNA
cleavage, this is generally not the case (Okamura et al. 2007; Yekta et al. 2004). Instead of
directly cleaving target mRNAs, miRNAs are known to silence genes by translational repression
and mRNA deadenylation and decay. These functions require the recruitment of Ago2 to
cytoplasmic processing bodies, or P-bodies (Liu et al. 2005b; Sen and Blau 2005; Pillai et al.
2005). Given that translation and mRNA stability are intricately related, the relative
contributions of each form of repression to miRNA-directed gene silencing has been the topic of
lively debate for years (discussed in Section 1.6.4). This section will focus on the mechanisms of
translational repression by miRNAs.

In humans, translational repression by miRNAs was first reported for the miRNA /ez-7,
which exclusively represses cap-dependent translation of its target. At the time no change in
mRNA levels was observed. Furthermore, repressed mRNAs were shifted to lighter fractions of
polysomal density gradients, which indicated that repression occurred at the level of translation
initiation (Pillai et al. 2005). miRNA-mediated translational repression requires the glycine-
tryptophan repeat-containing protein GW182 (TNRC6 in humans), which binds directly to Ago2
(Eulalio et al. 2008). This interaction is thought to affect 5" cap-dependent mRNA circularization
during translation initiation. Normal cap-dependent translation requires the circularization of
mRNA transcripts via Poly(A)-Binding Protein (PABP) interacting with elF4G, which
strengthens the cap-binding protein eIF4E’s interaction with the 5 cap. This causes mRNA
transcripts to form a closed-loop that is essential for optimal translation efficiency. Translational
repression by miRNAs can be partially explained by the finding that GW 182 binds to PABP and
interferes with the PABP-elF4G interaction, thereby disrupting the closed-loop of the mRNA
transcript and affecting cap binding by elF4E (Figure 1.4 A; (Fabian et al. 2009; Zekri et al.
2009; Humphreys et al. 2005; Mathonnet et al. 2007; Thermann and Hentze 2007)). This likely
has the synergistic effect of exposing the mRNA ends to deadenylase and decapping complexes
(see Section 1.6.3). Beyond the effects of miRNAs on cap binding, RISC has also been shown to
associate with elF6. This factor prevents joining of the 40S and 60S ribosomal subunits, and its
depletion causes the de-repression of miRNA targets (Chendrimada et al. 2007). As would be
expected based on this finding, targeted mRNAs are known to be enriched for 40S, but not 60S
ribosomal subunits (Wang et al. 2008a). These findings suggest dual modes of miRNA-mediated
repression of translation initiation.

In addition to the evidence linking miRNAs to a decrease in translation initiation, some
studies have pointed to an effect on the elongation stage of translation. This was based on the
fact that some miRNAs were found to be associated with polysomes following sucrose gradient
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sedimentation (Nottrott et al. 2006; Petersen et al. 2006; Maroney et al. 2006). A more recent
study demonstrated that these populations, however, represent non-polysomal mRNPs that
simply co-sediment with polysomes even under conditions where ribosomal subunit joining is
blocked (Thermann and Hentze 2007). It therefore appears that the true effect of miRNAs on
translation lies at the initiation stage (Figure 1.4 B).

1.6.3 Mechanisms of miRNA-mediated mRNA decay

In addition to having an effect on translation initiation, substantial evidence suggests that
miRNAs destabilize their target mRNAs. miRNA-mediated mRNA deadenylation was first
demonstrated in zebrafish, where it was shown that miR-430 expression early in embryogenesis
promotes the deadenylation of hundreds of maternal mRNAs, leading to their degradation
(Giraldez et al. 2006). miRNA-directed deadenylation has since been shown to be widespread in
other organisms (Guo et al. 2010; Wu et al. 2006; Eulalio et al. 2009; Wu et al. 2010). As with
translational repression, miRNA-mediated mRNA decay also requires GW proteins, which serve
as a platform for recruiting mRNA degradation machinery to Ago2-bound transcripts (Eulalio et
al. 2008; Liu et al. 2005a; Chen et al. 2009). GW proteins recruit both the CCR4-NOT and
PAN2-PAN3 deadenylase complexes to Ago2-bound mRNAs (Figure 1.4 C; (Chen et al. 2009;
Behm-Ansmant et al. 2006; Fabian et al. 2009; 2011)). GW182 binding to PABP is also essential
for deadenylation, likely bringing the poly(A) tail in close proximity to the deadenylase
complexes (Fabian et al. 2009; Zekri et al. 2009; Huntzinger et al. 2010; Jinek et al. 2010). As a
result of translational inhibition and/or deadenylation, the 5" cap is exposed for decapping by the
DCP1-DCP2 complex, and subsequent 5°-3" degradation by Xrnl is triggered (Figure 1.4 D;
(Chen et al. 2009; Behm-Ansmant et al. 2006; Rehwinkel et al. 2005)).

1.6.4 Ordered, biphasic gene silencing by miRNAs

Although evidence for both miRNA-mediated translational inhibition and mRNA decay is
abundant, these processes are closely linked, and thus questions lingered for some time as to the
relative importance of each type of inhibition on the overall miRNA-directed repression profile.
It was unclear if translational inhibition occurs first, triggering mRNA decay, or if the
deadenylation associated with mRNA decay was the true trigger for miRNA-mediated
translational repression. Ultimately, the sequence of events during miRNA-mediated gene
silencing has proven quite difficult to assess in vivo, and thus this subtle distinction has for years
been a topic of debate.

The first studies to address this question on a global scale used stable isotope labeling
with amino acids in cell culture (SILAC) and microarrays to simultaneously examine the effects
of miRNAs on protein and mRNA levels (Baek et al. 2008; Selbach et al. 2008). Based on the
fact that changes in protein levels as measured by SILAC and changes in mRNA levels as
measured by microarray were similar, these groups concluded that mRNA destabilization is
likely responsible for the bulk of the loss in protein synthesis observed in response to miRNAs.
This observation was true for the majority of miRNA targets, although a small subset of genes
emerged in each case that appeared to be regulated exclusively at the level of translation. Using
ribosome profiling, which is less biased towards well-expressed proteins, one of these groups
went on to show that for at least 84% of miRNA targets, the major contributor to decreased
protein expression was mRNA decay (Guo et al. 2010). For the remaining 16% of targets
inhibited through translational repression, the possibility existed that partial deadenylation and
the resulting disruption of the mRNA closed-loop was the true cause of repression — a case where
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the methods used would have artifactually indicated that translational repression was the major
cause of repression.

A major caveat of the above studies is that they were carried out at steady state and were
therefore insufficient to determine the initial steps of miRNA-mediated gene silencing. Even if
mRNA decay was the major contributor to silencing at later time points, this destabilization
could have been triggered initially by translational repression. Indeed, early kinetic analyses
demonstrated that miRNA-induced translational inhibition occurs within 15 minutes in cell
extracts, whereas deadenylation begins later (Mathonnet et al. 2007; Fabian et al. 2009). These
studies, however, were conducted in vitro using cell lysates, leading to speculation that they may
not accurately reflect the in vivo repression dynamics. It was not until recently that the kinetic
resolution of these repression events was achieved in vivo in zebrafish, Drosophila, and human
cells. Each of these reports independently demonstrated that translational repression precedes
mRNA decay by assaying protein expression and mRNA levels at time points as early as one
hour (Béthune et al. 2012; Bazzini et al. 2012; Djuranovic et al. 2012). Importantly, early
translational repression was not accompanied by even minor deadenylation, ruling out the
possibility that partial deadenylation would break the closed-loop of the mRNA, thereby causing
translational repression. Furthermore, in one study ribosome density along repressed mRNAs
was probed by ribosome profiling at early timepoints. miRNA repression led to an overall
reduction in ribosome occupancy, but a uniform density along the transcript, bolstering the
developing consensus that miRNAs direct translational repression at the initiation step rather
than by affecting elongation or by causing ribosome drop-off (Bazzini et al. 2012). Taken
together, these studies indicate that miRNA-mediated silencing is biphasic, beginning at the level
of direct repression of translation initiation. This repression then triggers mRNA deadenylation
and decay, which becomes the dominant effect at steady state (Figure 1.4).

‘409’) DCP1-DCP2
X A4
7mG

elF4E

CCR4-NOT

C () )PANZ-PANS

Figure 1.4: miRNA-mediated translational repression and mRNA decay.

(A) Following the targeting of a mRNA 3" UTR by Ago2 and the GW protein TNRC6, PABP recruitment breaks the
closed-loop of the mRNA by preventing elF4G from interacting with PABP, which in turn reduces the affinity of
elF4E for the cap. (B) As a result, translation initiation is inhibited. (C) TNRC6 also recruits the CCR4-NOT and
PAN2-PANS3 deadenylase complexes, placing them in the proximity of the poly-(A) tail with the help of PABP. (D)
The transcript is then exposed to the decapping complex DCP1-DCP2.

17



1.7  Research rationale

Scientific interest in RNA1 pathways has grown exponentially since their discovery in 1998.
Despite this, ten years later when I joined the Doudna Lab numerous gaps still existed in our
mechanistic understanding of these systems, particularly in humans. A paucity of structural data
existed for the individual human components of the RNAi machinery and how they come
together as a functional whole. Striking differences were also emerging between human RNAi
systems and those systems in which RNAi was originally studied, in particular necessitating a
detailed analysis of the RISC loading process in humans. Furthermore, the notion that a human
RISC Loading Complex per se even existed had been called into question, which would require a
thorough analysis of the individual contributions of each component part of the core RNAi
machinery to overall gene silencing.

For the most part, structural information regarding the RNAi machinery has been
piecemeal. A wealth of structural information now exists for both prokaryotic and eukaryotic
Ago proteins — including human Ago2 — which has provided a detailed picture of how these
proteins bind guide RNAs and direct the cleavage of cognate mRNAs (Elkayam et al. 2012;
Schirle and Macrae 2012; Nakanishi et al. 2012; Wang et al. 2009¢; 2008b; 2008c; Frank et al.
2010; Parker et al. 2005; Ma et al. 2005). In addition to Argonaute, the structure of a Giardia
Dicer protein was pivotal to our understanding of how Dicer proteins recognize, measure, and
cleave their dsSRNA substrates into siRNAs and miRNAs of the expected size (Macrae et al.
2006). Despite all of this structural information, one glaring void has been structural data that tell
us how the proteins that comprise the core RNAi machinery interact functionally. In other words,
imagining dicing as Point A and siRNA/miRNA binding by Ago2 as Point B, no structural
information that might indicate how a Dicer product gets from Point A to Point B existed. Based
on biochemical data and analogy to the Drosophila system, it seemed clear that RLCs comprised
of Ago2, Dicer, and TRBP or PACT might be involved. The interactions between each of these
proteins had been mapped to specific domains of each protein, but knowledge of how these
interactions result in a macromolecular protein complex capable of orienting Dicer products
based on subtle duplex thermodynamics and transferring them to Ago2 was out of grasp. The
aim of the work presented in Chapter 2 was to break this barrier by determining the 3D
molecular architecture of a core human RLC composed of Ago2, Dicer, and TRBP using
electron microscopy and single particle reconstruction. This study yielded a view of a
conformationally dynamic complex that gave insights into the overall RISC loading process.

The information garnered from this initial structural study led to a series of biochemically
testable hypotheses as to how dsRNAs are processed by — and transferred through — this
incredibly dynamic protein complex. Previous studies of the RISC loading process in Drosophila
informed these hypotheses — a decision driven by an intuitive sense that these two systems
simply were not as different as they seemed (Preall et al. 2006; Tomari et al. 2004b; Liu et al.
2003; 2006). The experiments presented in Chapter 3 began to answer these questions
biochemically, detailing how information gained for the human system makes mechanistic sense
based on our EM reconstruction. A view of how siRNA orienting by Dicer/dsRBP complexes
might lead to strand-specific Ago2 loading in humans emerged from this study.

Finally, a topic of lively debate in the RNAI field has been the extent to which human
RLCs are even involved in the RISC loading process at all. Previous studies had shown that
human Ago2 is capable of binding siRNAs and targeting genes for silencing in the absence of
Dicer (Murchison et al. 2005; Kanellopoulou et al. 2005). Furthermore, it had been shown that —
at least in some cases — Ago2 can select the proper guide strand of an siRNA or miRNA in the
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absence of Dicer (Betancur and Tomari 2012). Despite this, certain evidence pointed to human
RLCs being the main players in RISC loading in wild type cells (Liu et al. 2012). Chapter 4
expands on these initial studies to show that original conclusions that the formation of RLCs in
humans was inconsequential did not fully appreciate the true complexity of the RISC loading
process. These expanded findings solidified the importance of human RLCs in RISC loading and
had the unexpected result of unearthing specific roles for TRBP and PACT in both strand
selection and target cleavage that are reminiscent of the functional specialization of dsRBPs in
Drosophila.
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Chapter 2

Electron Microscopic Analysis of the
Human RISC Loading Complex '

* A portion of the work presented in this chapter has previously been published as part of the
following paper: Wang, H-W., Noland, C., Siridechadilok, B., Taylor, D.W., Ma, E., Felderer,
K., Doudna, J.A., Nogales, E. (2009). Structural insights into RNA processing by the human
RISC-loading complex. Nature Structural & Molecular Biology 16, 1148-1153.

1 Dr. Hong-Wei Wang planned the experiments and performed EM analysis of various samples.
Cameron Noland purified core proteins, reconstituted RLC complexes, and performed the
preparation and analysis of the glutaraldehyde crosslinked complexes by EM. Dr. Bunpote
Siridechadilok performed the preparation and analysis of the uncrosslinked RLC by EM. David
Taylor performed the preparation and analysis of the GraFix crosslinked RLC by EM. Dr. Enbo
Ma purified core proteins and reconstituted RLC complexes. Dr. Karin Felderer prepared and
analyzed the human Dicer sample by EM.
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2.1 Introduction

High-resolution structural information exists for a variety of single RNAi components and has
been essential to informing our understanding of the key mechanistic steps of RNAi pathways.
For example, the structures of human Ago2 bound to a guide RNA as well as homologous
structures have provided a detailed understanding of how duplex binding and mRNA targeting
occurs (Elkayam et al. 2012; Schirle and Macrae 2012; Nakanishi et al. 2012; Wang et al.
2009c¢). Additionally, the structure of a Giardia intestinalis Dicer protein has proven essential to
our understanding of how this protein positions, measures, and cleaves pre-siRNAs to yield
product siRNAs of a discrete size (Macrae et al. 2006). However, certain insights from this
original Dicer structure do not translate to the human system. For example, subtle structural
differences within domains that are conserved between Giardia and human Dicer proteins have
dramatic effects on processes such as substrate recognition and product size measuring (Park et
al. 2011). Furthermore, the Giardia Dicer protein is highly truncated, at only ~23% the size of
human Dicer. Several domains found in human Dicer are not present in Giardia, namely the
DExH/D helicase domain, the DUF domain, and the C-terminal dsRBD.

One of the key structural problems for the RNAI field regards determining how Dicer
functionally interacts with other core RNAIi proteins. Human Dicer is known to associate with
Ago?2 and either TRBP or PACT to form RLCs, and it is currently unclear how these complexes
may achieve the hand-off of Dicer products to Ago2. In particular, it is unknown how nascent
siRNAs might be oriented based on the thermodynamics of the duplex and loaded onto Ago2 in
an orientation that allows for retention of the guide strand. Knowledge of the 3D structure of
human RLCs would likely provide insights into this process. Unfortunately, due the lack of
conservation between the Giardia and human Dicer proteins, the structure of Giardia Dicer is
not informative in terms of the formation of these complexes. Biochemical studies have shown
that a portion of the Ago2 PIWI domain binds to a region of Dicer’s RNase Illa domain that is
not conserved in Giardia (Tahbaz et al. 2004; Sasaki and Shimizu 2007). Furthermore, the C-
terminal dsRBPs of TRBP and PACT have both been shown to bind to a region within Dicer’s
helicase domain; a domain that Giardia lacks (Haase et al. 2005; Lee et al. 2006; Kok et al.
2007; Laraki et al. 2008; Daniels et al. 2009). This interaction in particular is essential for the
RISC loading process in Drosophila and has been suggested to be important in humans as well
(Liu et al. 2003; Tomari et al. 2004b; Chendrimada et al. 2005; Liu et al. 2006). A structural
analysis of human Dicer in isolation and as a component of RLCs would therefore contribute to a
more detailed understanding of the connections between the pre-siRNA processing and mRNA
targeting steps of RNAi pathways.

In this study, we have used electron microscopy and single particle reconstruction to
determine the low-resolution structure of human Dicer, revealing that it has an L-shaped
architecture. Another EM structure of human Dicer supporting this architecture was
independently solved by another group (Lau et al. 2009). We show that the short base branch of
Dicer is composed of the DExH/D helicase domain, whereas the longer branch contains the
catalytic domains. Single particle analysis was also used to determine the molecular architecture
of an in vitro reconstituted human RLC containing Ago2, Dicer, and TRBP. This reconstruction
revealed a conformationally dynamic complex in which TRBP binds to the distal end of Dicer’s
DExH/D helicase domain, and Ago2 binds to Dicer’s catalytic branch. Docking of available Ago
and Dicer structures into the EM density provided key insights into the transfer and orientation
of nascent siRNAs during strand-specific RISC loading in humans.
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2.2 Structure determination by electron microscopy

Electron microscopy can be used to determine the three-dimensional structures of
macromolecules using a rapidly developing technique called single particle reconstruction. This
technique holds many advantages over classical methods of structure determination such as x-ray
crystallography and NMR. Single particle reconstruction is often referred to as “crystallography
without crystals,” the basis of which is rooted in the observation that the set of translationally
repeating “images” in a crystal is similar to the image of a random field of isolated molecules
(called single particles) that makes up an electron micrograph (Frank 1996). In fact, structure
determination by single particle reconstruction holds many advantages over crystallography. One
clear advantage is that the notorious “phase problem” of x-ray crystallography is avoided
altogether, given that images — as opposed to diffraction — are the source of data in EM. Another
advantage of EM is that it enables the study of conformationally dynamic proteins in conditions
that mimic their native environment, allowing for the monitoring of biologically relevant protein
movements in ways that crystallography simply does not allow for (Kostek et al. 2006; Hall et al.
2007; Leschziner and Nogales 2007). Single particle reconstruction by EM also requires the use
of far less protein sample, which is advantageous in cases where protein yield is an issue. In
general, an EM grid only requires ~4 uL of sample at ~25-50 nM concentration. Concentrations
of at least 1 mg/mL are generally required for crystallography, and a typical sparse matrix screen
would require ~100 uL of a sample at that concentration. Although crystallography techniques
are continually being developed to allow the use of smaller sample volumes (Villasefior et al.
2012; Chapman et al. 2011), electron microscopy is still generally the more viable option when
considering a sample of low concentration and small volume.

Electron microscopy is not without its drawbacks. One major problem with EM arises
when using the technique of negatively-staining samples with heavy metal salts such as uranyl
formate, which increases contrast but only provides a picture of the solvent-accessible portion of
the molecule, resulting in a significant loss of resolution and interior detail. Another significant
problem that is unique to negatively-stained samples is that a high degree of flattening can occur
due to air-drying of the sample (see Section 2.3). This flattening can in certain cases reach up to
60% of certain dimensions of a protein (Frank 1996). In a more advanced technique called cryo-
electron microscopy (cryoEM) the sample is not stained but instead frozen in vitreous ice,
circumventing these problems. Reconstructions using cryoEM reflect a macromolecule’s native
structure, including interior details. Rapid advancements in instrument design, data collection,
and data processing techniques have all contributed to the attainment of sub-nanometer
resolution structures by cryoEM, and the number of structures that approach atomic resolution
continues to grow (Baker et al. 2010). Unfortunately, since protein assemblies scatter electrons
only slightly more strongly than vitreous ice (see Section 2.2.1), this technique results in a very
low signal:noise ratio that requires the collection of large data sets and precludes the study of low
molecular weight proteins. Due to this size constraint, cryoEM is currently not amenable to the
study of RISC Loading Complexes.

2.2.1 The basics of transmission electron microscopy

The maximal theoretical resolving power of any microscope is a function of the wavelength of
the light source being used, and thus the resolution limit for a traditional light microscope is
~200 nm. For comparison, the length of a prokaryotic ribosome is ~20 nm and a peptide bond
length is ~1.32 A. In order to resolve the shorter distances required to image a macromolecular
protein complex, a much shorter wavelength particle such as an electron must therefore be used
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(Alberts et al. 2002; Berg et al. 2010). In principle, a transmission electron microscope shares
many similarities to a traditional light microscope, where light from a light source is first focused
by a condenser lens, passes through a specimen, and is then re-focused and magnified by an
objective lens, allowing for imaging of the sample. In transmission electron microscopy (TEM),
the “light source” is instead an electron source. These electrons travel in a vacuum through a set
of electromagnetic condenser lenses, pass through the sample (which is held in place on a
support grid), and are then magnified by an electromagnetic objective lens. The resulting
electron beam can then be imaged either on a fluorescent screen or charge-coupled device
(CCD).

The ultimate image viewed by TEM is dictated by the ways in which electrons interact
with the sample. Most electrons from the incident beam will pass directly through a thin sample
without interacting with it, while some will be scattered by the atoms in the sample. There are
two forms of this scattering: “elastic” and “inelastic.” Elastic scattering involves no transfer of
energy to the sample, and the angle of such scattering contains high-resolution information about
the sample itself. In inelastic scattering, energy is transferred to the sample and excites secondary
electrons, which contribute to noise in the image and radiation damage of the sample. The ratio
of elastic to inelastic scattering is tied to atomic number, where elastic scattering dominates at
higher atomic number. This principle is problematic for the imaging of biological samples,
which are composed of atoms with low atomic numbers. This leads to a situation where
extremely poor contrast is achieved at electron doses that are low enough to limit radiation
damage of the sample. As mentioned above, heavy metal staining of the sample is one way to
partially alleviate this problem (Frank 1996).

2.2.2 Two-dimensional analysis by EM

Single particle reconstruction involves the task of deriving the 3D structure of a macromolecule
from a set of theoretically random two-dimensional (2D) projection images of that molecule in
every possible orientation. A prerequisite for 3D structure determination is therefore an analysis
of these 2D particle projections and their in-plane angular relationships to one another. This
process involves first computationally boxing/selecting each individual particle in an electron
micrograph. Even using negative stain, the low signal:noise ratio for single particles poses a
formidable problem in terms of 2D (and 3D) analysis. Large amounts of data with sufficient
redundancy are required such that averaging and classification methods will boost the signal of
each particle view. As a rule of thumb >10,000 particles are often used for negative stain and
>40,000 particles for cryoEM data, although sample heterogeneity can easily push those limits to
>100,000 particles.

Once a sufficient number of particles have been boxed, the goal is to class each particle
according to its specific orientation on the EM grid and then average together particles that fall
into the same classes to increase the signal:noise ratio. Classification is achieved computationally
through iterative rounds of multivariate statistical analysis (MSA) and multi-reference alignment
(MRA; (van Heel 1984)). This process typically begins with a reference-free alignment of the
particles, which is achieved through a pixel-by-pixel cross-correlation analysis of the salient
features that define the entire raw particle stack. Similar particles are grouped together as class
averages. These classes can then be used as references for a new alignment of the raw particles in
a process called MRA. Each raw particle in the stack is compared sequentially to each initial
reference class by cross-correlation and placed into the class with the highest fit. In theory, after
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several iterations this process results in a set of high-signal class averages, each of which
represents a unique view of the macromolecule of interest (Frank 1996).

2.2.3 From 2D to 3D: random conical tilt, projection matching, and refinement

With a set of class averages in hand, the problem becomes one of relating each 2D view of the
molecule to its relative orientation in 3D space. Solving this problem requires the determination
of the Euler angles for each particle. This task is often initially achieved by the Random Conical
Tilt (RCT) method, which involves taking two sets of images for each field of view
(Radermacher et al. 1987). In one image, the sample is untilted, and in the other the sample is
tilted by ~55°. The relative in-plane angular relationships between the particles are determined
during 2D classification and averaging of the untilted particles, as discussed above. Using this
angular information as well as the fixed tilt angle, the tilted particles can then be back projected
to construct what is called a class volume. This class volume is missing a significant amount of
data due to the specific orientation of data collection, so different class volumes must then be
merged by cross-correlation analysis to arrive at an initial 3D reconstruction.

The initial model attained through RCT is often refined through a process called
projection matching (Penczek et al. 1994). In this method, the RCT reconstruction is filtered to a
low resolution and a set of reference projections are computed that encompass the entire Euler
sphere (these projections can be thought of as an idealized set of class averages for each possible
view of the macromolecule). Each raw particle is then classed with the best-fit reference
projection and assigned its Euler angles accordingly. Particles are then back projected to arrive at
a refined model. This process is repeated iteratively to attain a final, refined 3D reconstruction.

2.3  Methods

2.3.1 Expression and purification of recombinant TRBP

Human TRBP cDNA was cloned into the vector pHMGWA (Busso et al. 2005) from the entry
vector pENTR-TEV-D-TOPO (Invitrogen), with the result that the expressed protein would have
an N-terminal 6xHis-MBP-TEV tag. This vector was transformed into E. coli BL21 (DE3) cells
and transformed cells were grown with shaking (180 rpm) at 37°C in 750 mL LB medium
supplemented with 0.1% glucose and 100 ug/mL ampicillin until the cells reached an OD of 0.6.
Expression was then induced by the addition of 0.4 mM IPTG and the cells were grown at 16°C
overnight. Cells were pelleted by centrifugation at 4,000 rpm for 20 minutes at 4°C and
resuspended in 30 mL Lysis Buffer (20 mM HEPES, pH 7.5; 500 mM NaCl; 10% glycerol; 10
mM imidazole; 0.5% Triton X-100; 1X EDTA-free protease inhibitor cocktail (Roche); and 1
mM TCEP). Cells were then lysed by two passes through a French press cell homogenizer.
Lysates were cleared by centrifugation at 16,500 rpm for 30 minutes at 4°C. Supernatants were
then applied to 5 mL nickel-NTA Superflow resin (Qiagen) that had been pre-equilibrated with
Wash Buffer (20 mM HEPES, pH 7.5; 500 mM NaCl; 10% glycerol; 30 mM imidazole; and 1
mM TCEP) and rotated gently at 4°C for 30 minutes. The resin was then spun down at 2,400
rpm for 5 minutes and the supernatant removed prior to 4 washes in batch with 45 mL Wash
Buffer. Bound proteins were eluted with 15 mL Elution Buffer (20 mM HEPES, pH 7.5; 500
mM NaCl; 10% glycerol; 300 mM imidazole; and 1 mM TCEP) by rotating for 20 minutes at
4°C. To remove the 6xHis-MBP tag, ~1 mg of 6xHis-tagged TEV protease was added and the
sample was dialyzed against Dialysis Buffer (20 mM HEPES, pH 7.5; 500 mM NaCl; 10%
glycerol; 10 mM imidazole; and 1 mM TCEP) overnight at 4°C.
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Following dialysis, the sample was passed through a 5 mL HisTrap column (GE) to
remove the 6xHis-tagged TEV protease, cleaved 6xHis-MBP tag, and any remaining uncleaved
protein. The resultant flow through was then dialyzed against Buffer A (20 mM HEPES-KOH,
pH 7.5; 150 mM NaCl; 5% glycerol; and 1 mM TCEP) for two hours, replacing the buffer with
fresh Buffer A after 1 hour. To remove contaminating nucleic acids, the dialyzed sample was
bound to a 5 mL HiTrap Heparin column (GE) that had been pre-equilibrated with Buffer A.
TRBP was eluted from the column using a 100 mL linear gradient of NaCl (150 mM to 1 M).
Fractions containing TRBP were then pooled and concentrated to ~1 mL using an Amicon Ultra
concentrator (Millipore) before application to a HilLoad 16/60 Superdex 200 prep grade gel
filtration column (GE) that had been pre-equilibrated with Gel Filtration Buffer (50 mM HEPES-
KOH, pH 8.0; 300 mM KCI; 10% glycerol; 1 mM TCEP). Fractions containing TRBP were
pooled and concentrated to > 5 mg/mL and flash frozen in liquid nitrogen either as a large pool
or in small aliquots depending on the downstream application. This purification strategy yielded
a sample that was completely pure as visualized by SDS-PAGE (Figure 2.1 B) and contained an
additional GSTF sequence at its N-terminus due to the original fusion construct.

2.3.2 Expression and purification of recombinant human Dicer

Human Dicer cDNA was cloned into a pFastBac vector (Invitrogen) using the restriction sites
Sfol and Xhol. The purified vector was then transformed into DH10Bac E. coli cells (Invitrogen)
and plated on LB plates containing 50 ug/mL kanamycin, 7 ug/mL gentamycin, 10 ug/mL
tetracycline, 33 ug/mL X-Gal, and 0.1 mM IPTG. Colonies were grown in the dark at 37°C for
48-72 hours and a white colony was selected, which contained recombinant bacmid DNA. SF9
cells in a 6-well dish containing 2 mL cells/well at 10° cells/mL were then transfected with 1 ug
purified bacmid DNA using the FuGENE HD (Roche) transfection reagent. Following
transfection, cells were incubated at 27°C for 72 hours. A primary viral amplification was
performed where 500 uL of the transfection supernatant was applied to 10 mL SF9 cells. After
an additional 5 days at 27°C, a secondary amplification was performed where 1 mL of the
primary amplification supernatant was applied to 100 mL SF9 cells and incubated at 27°C for 5
days. This process yielded high titer baculovirus expressing 6xHis-TEV-Dicer.

To induce large-scale Dicer expression, High5 cells (0.6 x 10° cells/mL) were infected
with baculovirus (10 mL/L) for 48 hours. Cells were then harvested by centrifugation at 2,000
rpm for 20 minutes at 4°C and resuspended in 35 mL Lysis Buffer. Cells were gently lysed by 12
strokes using a B pestle in a 40 mL Dounce homogenizer. Lysates were then cleared by
ultracentrifugation at 40,000 rpm for 1.5 hours at 4°C. Cleared lysates were applied to 5 mL
nickel-NTA Superflow resin and a nickel purification, TEV protease cleavage, and an orthogonal
nickel purification were each carried out in a manner that was identical to that performed for
TRBP.

Flow through from the HisTrap column was dialyzed against HiTrap Q Buffer A (20 mM
HEPES-KOH, pH 7.5; 150 mM KCI; 5% glycerol; and 1 mM TCEP) for two hours. Buffer was
removed and replaced with fresh buffer after the first hour of dialysis. Following dialysis the
sample was applied sequentially to 5 mL HiTrap S and HiTrap Q columns (GE) connected in
tandem that had been pre-equilibrated with HiTrap Q Buffer A. Dicer flowed through the HiTrap
S column and bound to the HiTrap Q column. Dicer was eluted from the column using a 100 mL
linear gradient of KCI (150 mM to 1 M). Fractions containing Dicer were then pooled and
concentrated to ~1 mL using an Amicon Ultra concentrator (Millipore) before application to a
HiLoad 16/60 Superdex 200 prep grade gel filtration column (GE) that had been pre-equilibrated
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with Gel Filtration Buffer. Fractions containing Dicer were again pooled and concentrated to >2
mg/mL and flash frozen in liquid nitrogen either as a large pool or in small aliquots depending
on the downstream application. This purification strategy yielded a sample that was completely
pure as visualized by SDS-PAGE (Figure 2.1 B) and contained an additional GA sequence at its
N-terminus due to the nature of the original fusion construct.

2.3.3 Expression and purification of recombinant human Ago2
Human Ago2 cDNA was cloned into the pFastBac vector and high-titer baculovirus was
generating using a method identical to that used for Dicer. To induce large-scale Ago2
expression, ES-SF9 cells (10° cells/mL) were infected with baculovirus (10 mL/L) for 72 hours.
Cells were then harvested by centrifugation at 2,000 rpm for 20 minutes at 4°C and resuspended
in 35 mL Ago2 Lysis Buffer (50 mM Na,HPO,, pH 8; 300 mM NacCl; 5% glycerol; 10 mM
imidazole; 1x EDTA-free protease inhibitor cocktail; 0.5% Triton X-100; and 1 mM TCEP).
Cells were gently lysed by 12 strokes using a B pestle in a 40 mL Dounce homogenizer. Lysates
were then cleared by ultracentrifugation at 40,000 rpm for 1.5 hours at 4°C. Cleared lysates were
applied to 5 mL nickel-NTA Superflow resin that had been pre-equilibrated with High Salt Wash
Buffer (50 mM Na,HPO,, pH 8; 1 M NaCl; 5% glycerol; 20 mM imidazole; 1| mM TCEP) and
rotated gently at 4°C for 30 minutes. The resin was then spun down at 2,400 rpm for 5 minutes
and the supernatant removed. Resin was resuspended in High Salt Wash Buffer and applied to a
gravity column. The resin was then washed with 200 mL High Salt Wash Buffer followed by
200 mL Low Salt Wash Buffer (the same as High Salt Wash Buffer, but with 300 mM NaCl).
Bound proteins were eluted from the column with 25 mL Ago2 Elution Buffer (Low Salt Wash
Buffer supplemented with 300 mM imidazole). TEV protease cleavage was performed overnight
at 4°C as the sample was dialyzed into Ago2 Dialysis Buffer (50 mM Na,HPO,, pH §; 300 mM
NaCl; 5% glycerol; 10 mM imidazole; 1 mM TCEP).

Following dialysis, an orthogonal nickel purification was performed as with TRBP and
the HisTrap flow through was concentrated to 5 mL and dialyzed against Ago2 Buffer A (10 mM
KH,POy4, pH 7.4; 150 mM KCI; 1 mM TCEP) for two hours at 4°C. Buffer A was removed and
replaced with fresh buffer after the first hour. This sample was then applied to a 5 mL Bio-Scale
CHTS Ceramic Hydroxyapatite column (Type I; Bio-Rad) and Ago2 was eluted from the column
using a 100 mL linear gradient of KH,PO4 (10 mM to 500 mM). Fractions containing Ago2 were
then pooled and concentrated to ~1 mL using an Amicon Ultra concentrator (Millipore) before
application to a HiLoad 16/60 Superdex 200 prep grade gel filtration column (GE) that had been
pre-equilibrated with Gel Filtration Buffer. Fractions containing Ago2 were again pooled and
concentrated to >2 mg/mL and flash frozen in liquid nitrogen either as a large pool or in small
aliquots depending on the downstream application. This purification strategy yielded a sample
that was completely pure as visualized by SDS-PAGE (Figure 2.1 B) and contained an
additional GA sequence at its N-terminus due to the nature of the original fusion construct.

2.3.4 Invitro reconstitution of the human RLC with or without TRBP

A RISC Loading Complex binding reaction was carried out in a final volume of 500 uL Gel
Filtration Buffer containing 3 nmol Dicer, 6 nmol Ago2, and 11 nmol TRBP (assuming a dimer).
In the case of the Dicer/Ago2 complex, TRBP was left out of the reaction. Reactions were
incubated for 30 minutes at 4°C and then applied to a Superose 6 10/300 GL column (GE). A
representative chromatogram is shown in Figure 2.1 A. For the RLC containing TRBP, fractions
containing Dicer, Ago2, and TRBP were conservatively pooled to ensure that no free Ago2 or
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TRBP was present, giving the purified sample shown in Figure 2.1 B. For Dicer/Ago2
complexes, fractions were pooled conservatively to ensure that no free Ago2 was present.
Samples were concentrated to ~5 uM and flash frozen in small aliquots.
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Figure 2.1: Purification of recombinant core human RNAIi proteins and complexes.

(A) Superose 6 elution profile for the RISC Loading complex containing TRBP. Peak 1 contains Dicer, TRBP and
Ago2 in complex, while Peak 2 contains free Ago2 and TRBP. Blue and red lines reflect the absorbance of the
fractions at 280 and 260 nm wavelengths, respectively (B) SDS-PAGE analysis of purified core RLC proteins
(TRBP, PACT, Dicer, and Ago2), Dicer/dsRBP heterodimers (Dicer/TRBP and Dicer/PACT), and RISC Loading
Complexes (Ago2/Dicer/TRBP and Ago2/Dicer/PACT).

2.3.5 Glutaraldehyde crosslinking of protein complexes

A 25% EM grade glutaraldehyde stock (Sigma) was used to make a series of 1 mL secondary
stocks containing 100 mM HEPES-KOH, pH 7.5 and 0-0.5% glutaraldehyde. For crosslinking
reactions to test for the optimal glutaraldehyde crosslinking concentration, 5 ug RLC was
combined with increasing amounts of glutaraldehyde (0-0.35%) and brought to a final volume of
14 uL with Gel Filtration Buffer. Reactions were incubated for 10 minutes at room temperature
before quenching with 1 uL 1 M Tris-HCl, pH 7.5 followed by an additional 5-minute incubation
at room temperature. Samples were then analyzed by SDS-PAGE to determine the optimal
glutaraldehyde concentration for crosslinking (Figure 2.2).

% Glutaraldehyde: - ——;—;e

S @ @mem @ | - Crosslinked RLC

Dicer - S S s e a—

Ago2 -

TRBP -

Figure 2.2: Glutaraldehyde crosslinking of the human RLC containing TRBP.
Coomassie Blue-stained SDS-PAGE gel of RLC complexes with increasing concentrations of glutaraldegyde.
0.02% glutaraldehyde completely shifts the Dicer band into the crosslinked RLC band.

Final 14 uL RLC crosslinking reactions for analysis by electron microscopy consisted of 1 uM
RLC and 0.02% glutaraldehyde in Gel Filtration Buffer and were incubated for 10 minutes at

room temperature. Reactions were then quenched by the addition of 1 uL 1 M Tris-HCL, pH 7.5
followed by a 5 minute incubation at room temperature.
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2.3.6 GraFix crosslinking of protein complexes

The recently described GraFix sample preparation technique was used to enrich for crosslinked
RLC (Kastner et al. 2008). 100 pl of RLC complex was applied to a 2 ml 5-25% (v/v)
glycerol/0.02-0.1% (v/v) glutaraldehyde gradient in a 2.2 mL ultracentrifuge tube. After
centrifugation at 45,000 g in a TLS-44 rotor (Beckman) for 6 h at 4°C, 200 pl fractions of the
gradient were collected using a glass capillary with a peristaltic pump from the bottom of the
tube. We then analyzed the fractions by SDS-PAGE and used the fraction corresponding to the
~350 kDa crosslinked RLC for single particle analysis (Figure 2.9 A).

2.3.7 Electron microscopy

Human Dicer, RLC or RLC subcomplex samples — either with or without crosslinking — were
diluted to a concentration of 30-40 nM in EM Buffer (20 mM Tris-HCIL, pH 7.5; 100 mM KClI; 3
mM MgCl,; 1 mM TCEP) immediately before applying them to glow-discharged holey carbon
grids with a thin layer of carbon over the holes. After adsorption for 1 min, we stained the
sample consecutively with three 70 uL. drops of 2% (w/v) uranyl formate solution, gently blotted
off the residual stain and air-dried the sample in a hood. We examined the specimens under an
FEI Tecnai-12 Bio-Twin electron microscope equipped with a LaB6 filament and operated at
120-kV acceleration voltage using a nominal magnification of 49,000x. For tilt-pair images, we
recorded the same area of a specimen first at 55° and then at 0° tilt angles. We recorded images
either on SO-163 film or on a Gatan 1k x 1k CCD camera using low-dose mode with an
exposure dose of 20-30 e/A”. The defoci range used to collect the 0° tilt image was -0.8 um to -
1.1 um, and that used for the 55° tilt image was -1.5 pm. We developed films using full-strength
D19 for 12 min and digitized the micrographs without apparent drift and astigmatism using a
Nikon Coolscan 8000 with a scanning step of 12.7 pum, resulting in a pixel size of 2.59 A. The
scanned images were first converted from their transmission values to optical densities using the
PROC2D program of the EMAN image processing package (Ludtke et al. 1999). The CCD-
recorded micrographs had a pixel size of 3.61 A and were directly used in the image processing.

2.3.8 Image processing

For human Dicer, tilt pairs of particles were picked manually using WEB (Frank et al. 1996).
Particle images from the micrographs were high-pass and low-pass filtered, normalized, boxed
and reduced into boxes of 100 A - 100 A square pixels, with final pixel size of 5.18 A using
SPIDER (Frank et al. 1996). For the 3D reconstruction of human Dicer, the untilted images were
imported into IMAGIC for reference-free 2D alignment and classification through several
iterations of MSA analysis and MRA (van Heel et al. 1996). The tilted partners in each class
were then used to generate 3D reconstructions by back projection using the RCT reconstruction
method in SPIDER (Radermacher et al. 1987). The best six RCT class volumes were aligned,
merged, and low-pass filtered to 50 A resolution, then utilized as an initial model for projection
matching refinement using the untilted particles in an iterative process with decreasing angular
steps (Penczek et al. 1994). A final volume of human Dicer at a resolution of 34 A was
calculated from 3,433 untilted particles. The GraFix-prepared RLC was reconstructed using the
same strategy. For this sample, a total of 2,600 tilted pairs were collected and used for RCT to
generate an initial model. About 9,000 untilted single particle images of the GraFix-prepared
RLC underwent heterogeneity analysis against the initial model by a maximum likelihood
algorithm using Xmipp (Scheres et al. 2007) and 2,000 particles were used for the final
reconstruction (see below). For the other specimens, the particle images underwent reference-
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free 2D alignment and classification in IMAGIC to generate a final 100 to 200 class averages
with 20~40 particles in each class. The class averages were compared to the 2D reprojections of
either ab initio reconstructed or synthetic 3D models by MRA in SPIDER. The best-matched
pairs were aligned and tiled together for clear illustration of their similarity and difference. The
difference maps were calculated between class averages of the analyzed sample and the WT
Dicer protein both matching the same projection view.

Supervised heterogeneity analysis of the RLC dataset was done following the same
strategy as Gao and colleagues using two initial models (Gao et al. 2004). One initial model was
the 3D reconstruction of human Dicer low-pass filtered to 50 A resolution. The other was the 50
A low-pass filtered model of the back-projected 3D reconstruction from all the crosslinked RLC
class averages using their corresponding matched partners’ Euler angles. Each particle in the
RLC dataset was assigned two cross-correlation coefficients to the top matched reprojections of
each of the two models. The difference between the two coefficients was used as a measure of
the similarity of each particle to a certain model. The cross-correlation histogram of the entire
dataset against the two models was then used to sort the particles into three groups, and to
generate independent reconstructions from each group.

The uncrosslinked RLC, Dicer/Ago2 complex, and GraFix-prepared RLC were subjected
to heterogeneity 3D analysis using the maximum likelihood reconstruction method (Scheres et
al. 2007). Briefly, each dataset was first aligned to the Dicer 3D model (for the GraFix-prepared
RLC, its own ab initio RCT initial model was used), and an arbitrary number of initial models
from randomly defined subgroups were generated for further analysis (4 for the uncrosslinked
RLC, 2 for the Dicer/Ago2, and 4 for the GraFix-prepared RLC datasets). For each dataset, the
initial models only have statistical differences. We then used the Xmipp ml refine3d command
in the Xmipp software package (Scheres et al. 2007), to reconstruct the four 3D models for the
Dicer/Ago2/TRBP complex, the two models for the Dicer/Ago2 sample, and the four models for
the GraFix-prepared RLC using an iterative maximum-likelihood reconstruction algorithm. The
most abundant subpopulation of the GraFix-prepared RLC among the four had about 3,000
particles and was used for projection matching refinement to gain higher resolution than the
maximum-likelihood model. The final reconstruction utilized ~2,000 particles after projection
matching refinement. With overall similar shape to the above map, reconstructions from the
other populations of the GraFix-prepared RLC particles have relatively low resolution and are
noisy, probably due to the flexibility of the assemblies.

2.3.9 Docking of atomic models in the 3D EM density map

Docking of atomic models was done either using rigid-body docking programs within the Situs
2.0 software package (Wriggers and Birmanns 2001), or by visual inspection and manual
docking using Chimera (Pettersen et al. 2004). More specifically, the atomic model of human
DEAD-box RNA helicase DDX3X (PDB 2I4I; (Hogbom et al. 2007)) was docked in the
DExH/D domain using Colores within Situs 2.01. The Giardia intestinalis Dicer crystal structure
(PDB 2QVW; (Macrae et al. 2006)) was docked in the human Dicer platform density using the
Fit-Model-In-Map function in Chimera guided by the biochemical evidence for the orientation,
and then adjusted locally using Colacor of Situs 2.0. The guide strand-containing Thermus
thermophilus Argonaute crystal structure (PDB 3DLH; (Wang et al. 2008c)), the Giardia Dicer
crystal structure and the atomic model of human DEAD-box RNA helicase DDX3X were
docked in the GraFix-prepared RLC 3D map by Fit-Model-in-Map of Chimera. All figures with
three-dimensional models were generated using Chimera.
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2.4 Results

2.4.1 Single particle reconstruction of human Dicer

We began by examining the structure of human Dicer by negative stain EM. The molecules
appeared as well-dispersed, elongated particles with a length of ~20 nm (Figure 2.3). Using
RCT methodology (Radermacher et al. 1987) followed by projection matching refinement
(Penczek et al. 1994), we obtained a three-dimensional reconstruction of human Dicer at a
resolution of ~34 A (0.5 FSC criteria) from a final set of about 3,400 particle images (Figure
2.3). The final three-dimensional density map appears as an “L” shape containing a main vertical
platform and a bilobal base branch that extends perpendicularly at the bottom. The curved ‘cap’
of the central platform protrudes in the same direction as the base branch. This arrangement
defines an inner space or cavity delimited by an internal surface of the platform that is
remarkably flat in the vertical direction and mostly concave in the horizontal direction (Figure
2.3).
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Figure 2.3: EM reconstruction of human Dicer.
(A) Representative tilted-pair electron micrographs of negatively-stained human Dicer particles at 0 and -55 degrees,
respectively. Some individual particles are marked in yellow circles. Scale bar corresponds to 50 nm. (B)
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Reprojections of the Dicer 3D reconstruction (first and fourth rows) and corresponding reference-free class averages
(second and fifth rows). Box dimension corresponds to 41.8 nm. (C) 3D reconstruction of human Dicer shown in
different orientations. The main structural elements are labeled. The channel in the middle of the volume is indicated
by dashed lines. (D) Angular distribution map for the human Dicer reconstruction. The size of the spot relates to the
number of particles falling in that particular view. (E) FSC curve for the human Dicer reconstruction showing the
resolution of the map to be 34 A using the 0.5 criterion.

With the overall protein shape defined, we next tried to dissect human Dicer’s molecular
architecture. Compared with the Giardia intestinalis Dicer, whose crystal structure is known
(Macrae et al. 2006), human Dicer is substantially larger in size and includes an extra domain at
its N-terminal end — the DExH/D helicase (Figure 2.4 A). Despite lacking the DExH/D domain,
Giardia Dicer has full dicing activity. Similarly, a human Dicer mutant that lacks the DExH/D
domain also retains dicing activity (Ma et al. 2008). These data suggest that the DExH/D domain
is likely to be a discrete structural element within human Dicer. Although the catalytic core of
Dicer, as approximately defined by the Giardia crystal structure, cannot fit within the base
branch, it could fit within the reconstruction’s platform, with an optimal cross-correlation
coefficient of 0.55 in two possible orientations. The more biologically relevant orientation has
the flat surface of the crystal structure, previously shown to be the site of RNA binding (Macrae
et al. 2007), aligned along the flat vertical surface that faces the central cavity in our
reconstruction (Figure 2.4 B). In contrast, the two-lobed volume of the base branch agrees
well with the size of the DExH/D domain (68 kDa compared to the calculated 70 kDa from the
volume at 3¢ threshold). The crystal structure of its homolog, the human DEAD-box RNA
helicase DDX3X (PDB 2I41 (Hogbom et al. 2007)), can be docked within the base branch
volume with a cross-correlation coefficient of 0.40 (Figure 2.4 B). These observations lead us to
propose a working model in which the DExH/D domain of Dicer corresponds to the base branch
region in our reconstruction.

To test this model, we examined a DExH/D domain-truncated version of human Dicer
(ADExH/D) by EM. The truncated protein showed a strong tendency to dimerize, limiting the
number of useful particles and precluding the attainment of a reliable three-dimensional
reconstruction of this smaller protein (about 140 kDa). However, we were able to use reference-
free two-dimensional alignment and classification to sort the ADExH/D particles and to obtain
high-quality class averages. The class averages are more rod-like than those seen for the full-
length enzyme and seem to lack the base branch, in agreement with our proposed assignment of
the base branch to the DExH/D domain. To further test our hypothesis of the location of the
DExH/D domain, we generated a ‘synthetic’ three-dimensional model of the ADExH/D protein
by erasing the base branch from the three-dimensional reconstruction of the full-length Dicer
(Figure 2.4). We then compared reprojections of this three-dimensional model to the
experimental, reference-free two-dimensional class averages of the ADExH/D mutant. For each
class average, we selected the best match out of the reprojections on the basis of the highest
cross-correlation coefficient. This analysis retrieved more than 20 good matches to different
views of the hypothesized three-dimensional model, covering most of the views. When
compared with the same views of the full-length Dicer model and the experimental class
averages, the density corresponding to the base branch is obviously missing in the ADExH/D
mutant (Figure 2.4 C). This result, together with our docking of the DDX3X helicase, supports
our initial proposal that the DExH/D domain of human Dicer is located at the base branch in the
three-dimensional reconstruction.
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Figure 2.4: Architecture of human Dicer.

(A) Domain architecture schematics of human (upper) and Giardia (lower) Dicer. (B) Docking results of the atomic
model of Giardia Dicer (Macrae et al. 2006) and the human DEAD-box RNA helicase DDX3X (Hogbom et al.
2007) in red. (C) The synthetic three-dimensional model (grey solid surface) generated by removing the density
corresponding to the base branch (blue wire) in the human Dicer reconstruction was used to match the reference-free
2D class averages (right) of the intact human Dicer. The second rows are reprojections from the synthetic Abase
branch model (left) and the corresponding reference-free class averages (right) of the ADExH/D mutant. The third
rows are the difference maps of the 2D class averages between intact human Dicer and the mutant at 3¢ threshold
(right) and the superimposition of them (red) to the corresponding projections of the synthetic model (left). Scale
bars in all figures indicate 5 nm.

2.4.2 The molecular architecture of the human RISC loading complex

Previous work has shown that the human RISC-loading complex can be reconstituted from
individually purified Dicer, Ago2 and TRBP in a 1:1:1 stoichiometric ratio (Macrae et al. 2008).
We used this complex to determine the molecular architecture of the human RLC by negative
stain EM. Although this complex seems to be stable at the ~1 uM concentrations used during
biochemical reconstitution, it tends to dissociate on EM grids either due to the lower
concentration used (around 50 nM) or due to the stain. A 2D analysis revealed that in addition to
the L-shaped particles corresponding to Dicer, a substantial number of globular particles with the
shape and size of the dissociated Ago2 could be easily recognized in the micrographs of this
sample (Figure 2.5 A, blue arrowheads).

To overcome the instability of the complex at low concentrations (or potentially in the
negative stain solution) and achieve better definition of the RLC’s architecture, we sought to
obtain intact assemblies by crosslinking them with glutaraldehyde immediately after elution from
a gel filtration column and before dilution for negative staining. Titration experiments showed
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that 0.02% (v/v) glutaraldehyde crosslinks a substantial amount of the complex in its native 1:1:1
ratio but does not generate larger species (Figure 2.2). Under the electron microscope, the
crosslinked specimen showed fewer dissociated components in the background than did the
uncrosslinked sample (Figure 2.5 B). We performed iterative two-dimensional reference-free
alignment and MSA classification (van Heel et al. 1996) of about 4,000 negatively-stained
particles and sorted them into 200 classes. Some class averages emerged immediately with
apparent additional densities when compared to the Dicer-only sample. We matched the 200
class averages with different projection views of Dicer’s three-dimensional density using MRA
and found that more than two-thirds of the class averages have significant additional densities
(Figure 2.5 C). This indicated that although one-third of the particles still correspond to Dicer
alone, the rest are likely to retain all or part of the RLC components.
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Figure 2.5: 2D EM analysis of glutaraldehyde crosslinked, negatively-stained RLC.
(A) Electron micrograph of negatively-stained uncrosslinked RLC. Small globular particles with dimensions and
shape corresponding to Ago2 are indicated by blue arrowheads. (B) Electron micrograph of negatively-stained RLC
complex that was crosslinked with 0.02% glutaraldehyde. Yellow circles indicate apo-Dicer particles. Red circles
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indicate RLC particles or RLC subcomplexes. (C) Gallery comparing reference-free class averages of crosslinked
RLC with their best-matched projection views of the 3D reconstruction of Dicer. The difference maps of the 2D
class averages between the crosslinked RLC and the apo-Dicer at 3o threshold (in red) are superimposed onto the
projection views.

The class averages with additional densities were further sorted manually into three
categories based on location and size of the extra densities. The first category includes particles
with a small additional density attached to Dicer’s base branch, the region of Dicer assigned to
the DExH/D domain (Figure 2.6 A). The location of this density is variable around the tip of the
DExH/D domain. The second category includes particles with a larger additional density located
on the inner side of the L between the base branch and the cap at the top of the platform (Figure
2.6 B). This density also shows a range of positions and shapes but consistently remains close to
the central cavity. The particles in the third category seem to have both the additional density
connected to the DExH/D domain and the density facing the inner surface of the platform
(Figure 2.6 C). We propose based on previous biochemical data that these additional densities
correspond to TRBP and Ago2, respectively (Haase et al. 2005; Laraki et al. 2008; Kok et al.
2007; Sasaki and Shimizu 2007; Tahbaz et al. 2004).

To more firmly and objectively assign the extra densities, we examined a crosslinked
complex composed of only Ago2 and Dicer, which was reconstituted in the same manner as the
RLC. Similar image analysis revealed class averages clearly falling in the second category that
show a large density occupying the inner space between Dicer’s platform and the base branch
(Figure 2.6 D). The larger size of Ago2 in these class averages compared to those in RLC
suggests a more rigid configuration of Ago?2 in the complex or a different orientation within the
complex. These results further suggest that particles in Category 1 probably correspond to a
Dicer/TRBP complex, that particles in Category 2 probably correspond to a Ago2/Dicer
complex, and that Category 3 is formed by particles corresponding to the full RLC. Consistent
with these assignments, our efforts to reconstitute Ago2 and TRBP with the ADExH/D Dicer
mutant showed that Ago2 can still bind to Dicer but TRBP cannot (data not shown). This finding
further supports a model in which Ago2 interacts with the C-terminal region of Dicer and TRBP
interacts directly with the DExH/D domain.

A C

Figure 2.6: Molecular architecture of the human RLC containing TRBP.
(A) Comparison of Category 1 of the cross-linked RLC reference-free class averages (upper) with the corresponding
projection views of the 3D map of human Dicer (lower). The difference maps of the 2D class averages between the
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crosslinked RLC and the apo-Dicer at 3o threshold (in red) are superimposed onto the projection views. (B)
Comparison of Category 2 of the cross-linked RLC reference-free class averages (upper) with the corresponding
projection views of the 3D map of human Dicer (lower). The difference maps of the 2D class averages between the
crosslinked RLC and the apo-Dicer at 3¢ threshold (in red) are superimposed onto the projection views. (C)
Comparison of Category 3 of the cross-linked RLC reference-free class averages (upper) with the corresponding
projection views of the 3D map of human Dicer (lower). The difference maps of the 2D class averages between the
crosslinked RLC and the apo-Dicer at 3¢ threshold (in red) are superimposed onto the projection views. (D)
Comparison of the cross-linked Ago2/Dicer complex reference-free class averages (upper) with corresponding
projection views of the three-dimensional map of human Dicer. The difference maps between the crosslinked
Dicer/Ago2 complex and apo-Dicer class averages at 3¢ threshold (in red) are superimposed onto the projection
views. Shown here are the three clearest class averages out of a total of 100. Scale bars indicate 5 nm.

2.4.3 TRBP may stabilize the Ago2/Dicer interaction

Because we matched the 200 class averages of the crosslinked RLC sample to the corresponding
projection views of the three-dimensional density of Dicer, we were able to reconstruct a three-
dimensional map by back-projecting all the class averages with their assigned Euler angles. This
‘all-in’ reconstruction was similar to the Dicer reconstruction but had some additional density in
the proposed location of Ago2 (Figure 2.7 A, gold structure as a low-pass filtered model at 40-A
resolution). We next performed supervised classification (Gao et al. 2004) on all the particles by
matching them against two initial reference models, one being the low-pass filtered Dicer
reconstruction (Figure 2.7 A, gray structure) and the other being the low-pass filtered all-in RLC
reconstruction (Figure 2.7 A, gold structure). The histogram of cross-correlation values roughly
agrees with our two-dimensional analysis that about one-third of particles are probably Dicer
alone (Figure 2.7 B, model I). The one-third of particles that correlated better to the all-in model
produced a final three-dimensional reconstruction with a prominent globular density narrowly
attached to the cap and located in the inner space of the L between the platform and the base
branch (Figure 2.7 B, model III). The remaining third of the particles in the center of the
histogram produced a three-dimensional reconstruction with intermediate features, suggesting
that they are a mixture of the two states (Figure 2.7 B, model II).

In none of the three models was there a clear density extending from the base branch
corresponding to TRBP, probably owing to the flexibility of the TRBP molecule and/or its
attachment to the DExH/D domain (based on sequence analysis, TRBP is composed of three
small-sized RNA binding domains connected by flexible linkers. See Figure 3.8 A). Similarly,
the density corresponding to Ago2 in the RLC reconstruction III could not account for the entire
Ago2 atomic model (at the 3o threshold, this density corresponds roughly to 50 kDa, about half
of Ago2’s molecular weight; Figure 2.7 B, model III). We propose on the basis of this result
and on the initial reference-free 2D analysis in Figure 2.6 that even when Ago2 is present in the
complex it can take on different positions within the RLC. Therefore, it is likely that flexibility
results in the reduced density seen in reconstruction III. The low occupancy of Ago2 and TRBP
even in the crosslinked samples potentially reflects a relatively low affinity among the RLC
components.
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Figure 2.7: Supervised heterogeneity analysis of glutaraldehyde crosslinked RLC.

(A) Histogram of cross-correlation values obtained for the crosslinked RLC particles that compares two initial
models: apo-Dicer (left, grey surface), and the “all-in” reconstruction from the crosslinked RLC sample (right, gold
surface). The X-axis is the difference value between the cross-correlation coefficients of the raw particle with the
right model (CCiigy) and the left model (CCieq), respectively. The values were scaled to a range from -1 to 1. (B) The
histogram in (A) was split into three groups of particles (I, I, and III) to be used in three separate reconstructions.

In addition to the data described above, we carried out an analysis of the heterogeneity
present in the uncrosslinked RLC and Ago2/Dicer complexes using a maximum-likelihood
strategy (Scheres et al. 2007). This study showed that in the absence of crosslinking, a prominent
Ago?2 density is observed in some particles of the sample that includes TRBP, in agreement with
the three-dimensional reconstruction results (Figure 2.8 A). In the absence of TRBP, however,
the Ago2/Dicer complex disassociates entirely under the conditions used for EM grid
preparation, such that only the apo-Dicer structure is present in the particle data set (Figure 2.8
B). These results suggest that TRBP increases the affinity of Ago2 for Dicer and generally

stabilizes the complex during dilution and grid preparation.
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Figure 2.8: Maximum-likelihood analysis of uncrosslinked RLC and Dicer/Ago2 complex.
(A) From about 4,000 particles of uncrosslinked RLC, we generated four subclasses and calculated their 3D
reconstructions. Among the four models, model I has an obvious additional density between the platform and the
base branch, whereas model IV has no additional densities when compared with the apo-Dicer reconstruction. (B)
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About 2,000 particle images of uncrosslinked Dicer/Ago2 complex underwent similar analysis to generate two
subclasses and 3D reconstructions were created for each. Both models lack the additional density that exists in the
RLC. Scale bars indicate 5 nm.

2.4.4 Ago2 may bind Dicer at its two termini

To further verify the RLC’s architecture and to better characterize the interactions between its
component parts, we used the GraFix technique to prepare RLC complexes for single particle
analysis. This recently developed methodology has proven to be valuable for structural analysis
of low-stability molecular assemblies by crosslinking the complexes gradually as they are
separated on the basis of molecular weight and shape in a double gradient of glutaraldehyde and
glycerol (Kastner et al. 2008; Herzog et al. 2009). The homogeneity of the RLC samples
improved using this method, with the fraction containing the 360-kDa species appearing mono-
disperse by EM observation (Figure 2.9).
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Figure 2.9: 2D EM analysis of GraFix-prepared human RLC.

(A) SDS-PAGE analysis of GraFix sedimentation fractions. The fraction shown in lane 6 was used for further single
particle EM analysis. (B) Electron micrograph of negatively-stained particles of the GraFix-prepared RLC. (C)
Comparison of the reference-free 2D class averages (Left column of each panel) matched with reprojections (Middle
column of each panel) and the corresponding views (Right column of each panel) of the final 3D reconstruction of
the GraFix-prepared RLC.
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We performed de novo single particle reconstruction of the dataset collected from this
sample using the RCT method, maximum-likelihood analysis and projection matching
refinement and obtained a reconstruction at a resolution of ~33 A (Figure 2.10 A). When
compared with the reconstruction of Dicer alone, the reconstruction of this GraFix-prepared RLC
has a prominent density in the middle of the molecule that connects the top of the platform and
the tip of the base branch. The location of the density agrees well with the two-dimensional class
averages in Categories 2 and 3 (Figure 2.6 B, C) and the maximum-likelihood reconstructed
models I and II of the uncrosslinked RLC (Figure 2.8 A), suggesting the density to be Ago2. In
agreement with this observation, the atomic model of a Thermus thermophilus Argonaute can be
docked unambiguously in the difference map between RLC and Dicer reconstructions (Figure
2.10 B; (Wang et al. 2008c)). The docking suggests that Ago2 connects the top of the Dicer
platform and the tip of Dicer base branch, giving rise to a triangular architecture for the complex.
On one end, Ago2’s PIWI domain interacts with Dicer’s platform; on the other end, Ago2’s N-
terminal domain interacts with Dicer’s base branch density. Although there are additional
densities in this reconstruction beyond those corresponding to Ago2 and Dicer that could
represent TRBP (especially at the base branch), it is difficult to interpret the location and shape
of TRBP because of its possibly elongated shape and flexibility. Nonetheless, these data,
together with those derived from the conventionally crosslinked sample, suggest that Ago2 may
transiently interact with TRBP to form a closed complex with Dicer. We also note the substantial
difference density observed in the region assigned to the DExH/D domain of Dicer in the GraFix
sample when compared to Dicer alone. This implies a possible structural rearrangement or
change in relative conformational dynamics of the helicase region upon association with Ago2
and/or TRBP.

S 0 104 52 ;2 26 21 17 15A
Figure 2.10: 3D EM reconstruction of GraFix-prepared human RLC.
(A) 3D reconstruction of the RLC shown in different orientations. (B) Docking of the atomic model of Thermus
thermophilus Argonaute (Wang et al. 2008c) in the major part of the difference map (yellow transparent map)
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calculated between the 3D reconstructions of the RLC shown in (A) and that of Dicer alone (shown as the wire
map). Argonaute domain color code: cyan, N-terminal domain; orange, PAZ domain; pink, Mid domain; blue, PIWI
domain. The docking is shown in four different views along the vertical axis. The front part of the RLC in the fourth
view was removed to show the Argonaute docking more clearly. Scale bars represent 5 nm. (C) Angular distribution
map for the GraFix-prepared RLC reconstruction. The size of the spot relates to the number of particles falling in
that particular view. (D) FSC curve for the GraFix-prepared reconstruction showing the resolution of the map to be
~33 A using the 0.5 criterion.

2.5 Discussion

The model presented here represents the first view of the molecular architecture of a human RLC
and provides a structural framework for predicting and testing how siRNA duplexes may be
passed from Dicer to Ago2 during the RISC loading process (Figure 2.11). Ago2 binds to
Dicer’s catalytic (platform) branch near the cap and shows substantial conformational flexibility
in its attachment to Dicer. Previous biochemical studies suggested that this interface corresponds
to the Ago2 PIWI domain in contact with a conserved insertion in Dicer’s RNase IIla domain
(Sasaki and Shimizu 2007; Tahbaz et al. 2004). This information suggested the overall
orientation of Dicer’s catalytic core structure in the reconstruction map, with the C-terminal
RNase III domains located near the top of the platform density. Beginning with this approximate
orientation, we carried out quantitative docking of the Giardia Dicer crystal structure into the
platform region of the three-dimensional volume of human Dicer using an automatic software
algorithm (Fit-Model-In-Map in Chimera followed by COLACOR in Situs 2.0; (Figure 2.4
(Pettersen et al. 2004; Wriggers and Birmanns 2001)). The most biologically relevant of the top
two docking results positions the flat surface of the crystal structure, which has been shown to
accommodate double-stranded RNA, facing the flat surface of the reconstruction (Macrae et al.
2007). Such a model implies that this is the initial binding site of substrate pre-siRNA.
Interestingly, a later report that used EM to image internally epitope-tagged Dicer proteins
indicated that the catalytic domain of Dicer is actually flipped 180° within the EM density of the
catalytic branch compared to our model (Lau et al. 2012). This places the PAZ domain at the cap
region of Dicer’s catalytic branch and the RNase III domains near the helicase branch.
Additionally, based on a recently solved structure of the RIG-I helicase, which is more closely
related to Dicer’s DExH/D domain than the DDX3X helicase, it appears that the helicase domain
likely extends the full length of the base of human Dicer (Kowalinski et al. 2011).

Our RLC reconstruction shows considerable extra density at the proposed binding
interface between Ago2 and Dicer’s cap region. This connecting density may account for the
extra 127-amino-acid insertion in human Dicer’s RNAse Illa domain that is not present in the
Giardia Dicer enzyme (Sasaki and Shimizu 2007). This connection thus likely requires the
extension of that region up from the RNase Illa domain, but this extension is certainly possible
given the insertion’s size. An internal epitope tagging approach to verify the location of this
insertion in the structure would likely be fruitful in refining our model. The extra density in the
RLC reconstruction presented here can accommodate the atomic model of the Thermus
thermophilus Argonaute containing a guide strand RNA adjacent to the long axis of the Dicer
density (Wang et al. 2008c). Modeling a duplex RNA onto Dicer shows that the position of Ago2
leaves ample room for pre-siRNA binding (Figure 2.11 A). These Dicer substrates may
potentially be fed to Dicer though a channel that is present in the helicase base branch of our
apo-Dicer reconstruction (Figure 2.3 C; (Lau et al. 2009; 2012)).

Notably, our docking of the Thermus thermophilus Ago positions the Ago PAZ domain
above the Dicer DExH/D domain in such a manner that the distance along Dicer’s helicase
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branch between the Ago2 PAZ domain and Dicer’s catalytic branch can accommodate a 21-23 nt
siRNA. Thus, it would in theory be possible for a product RNA to be bound along this axis in the
step directly preceding complete RISC loading (Figure 2.11 B).

TRBP is known to be important for Dicer binding to its siRNA product and potentially
for recruiting siRNAs to Ago2 (Chendrimada et al. 2005; Chakravarthy et al. 2010). Our 2D
analysis indicates that TRBP is flexibly bound to the Dicer DExH/D domain, in agreement with
existing biochemical data (Figure 2.6; (Haase et al. 2005; Kok et al. 2007)). The position of
TRBP at the distal end of the Dicer DExH/D domain indicates that it may bind to Dicer products
coordinately with Dicer along the helicase domain length. Furthermore, TRBP’s high level of
flexibility indicates that it may be able to bridge the Dicing and mRNA targeting steps by
handing off nascent siRNAs to Ago2 directly. Such a process would be reminiscent of that
shown biochemically in Drosophila with an RLC containing Ago2, Dicer-2, and the dsRBP
R2D2 (Liu et al. 2003; 2006).

This model also has potential implications for guide strand selection during RISC
loading. In general, the strand of a thermodynamically asymmetric siRNA duplex whose 5" end
lies at the less stable end of the duplex will become the guide strand when loaded into Ago2
(Schwarz et al. 2003; Khvorova et al. 2003). In Drosophila, Dicer-2/R2D2 RLC subcomplexes
facilitate this process by binding thermodynamically asymmetric siRNAs in a directional manner
such that Dicer-2 binds the less stable end and R2D2 binds the more stable end prior to loading
onto Ago2 (Tomari et al. 2004b). Although it is currently unknown whether human Dicer and
TRBP (or PACT) orient siRNAs in a similar manner (We address this question in Chapter 3), it
is tempting to propose such an siRNA-orienting mechanism in light of our structure. An
analogous thermodynamics sensor in which TRBP binds the more stable end of siRNA duplexes
would position the 3" end of the guide strand at the distal end of Dicer’s helicase domain, near
Ago2’s PAZ domain. TRBP could then conformationally shift to directly pass this end of the
guide strand to the Ago2 PAZ domain (Figure 2.11 B). Based on known structures of guide
RNA-bound Ago proteins, this would prime Ago2 for loading of the siRNA in the proper
orientation to allow for cleavage of the passenger strand and retention of the guide strand (Rand
et al. 2005; Wang et al. 2009c; Matranga et al. 2005; Leuschner et al. 2006; Schirle and Macrae
2012; Elkayam et al. 2012; Nakanishi et al. 2012).

In the event than an siRNA is produced by dicing of a pre-siRNA that is positioned in the
less favored direction with respect to RISC loading (for example, if the end of the duplex that is
bound by the PAZ domain of Dicer is more stable than the end to be produced by RNase III
cleavage), the siRNA could potentially be reoriented by release into the bulk solvent followed by
rebinding in the correct orientation, as has been observed in Drosophila extracts (Preall et al.
2006). In this respect, TRBP would act as a checkpoint for strand-selectivity that ensures the
proper orientation of the siRNA prior to its handoff to Ago2. Given that human Dicer forms two
separate RLCs that are defined by the presence of either TRBP or PACT, it is unclear if both
Dicer/TRBP and Dicer/PACT subcomplexes would have similar roles in strand-selective RISC
loading. A study of strand selection in plant RNAi pathways has shown that certain Dicer/dsRBP
heterodimers are able to orient duplex RNAs based on end stabilities while others cannot
(Eamens et al. 2009). Further biochemical studies will therefore be necessary to determine the
specific roles that TRBP- and PACT-containing RLCs may play in the process of strand-
selective RISC loading in humans.
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Figure 2.11: Proposed working model for the human RLC.
The 3D density map of the RLC is shown as a semitransparent surface. The atomic model of the DExH/D helicase
domain (red ribbon), the Giardia Dicer atomic model (grey-yellow-green-orange ribbon, colored as in Figure 2.4 B)
and the Thermus thermophilus Argonaute (grey-cyan-orange-pink-blue, colored as in Figure 2.10 B) are docked in
the density map. TRBP is shown as a string of three yellow spheres with a flexible linker connecting it to the
DExH/D domain. Its potential motion range is marked by dashed yellow arrows. (A) Proposed RNA orientation
during and directly following Dicer. An atomic model of an siRNA (guide strand in purple and passenger strand in
yellow) is aligned vertically adjacent to Dicer’s catalytic branch. (B) Proposed transfer of nascent siRNA onto
Ago2’s PAZ domain. The distance between the PAZ domain of Ago2 and the “elbow” of Dicer allows the
accommodation for a 21 nt siRNA. TRBP would likely facilitate this handoff.
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Chapter 3

Human RLCs Pre-Orient siRNAs for
Strand-Selective RISC Loading '

* A portion of the work presented in this chapter has previously been published as part of the
following paper: Noland, C.L., Ma, E., Doudna, J.A. (2011). siRNA repositioning for guide
strand selection by human Dicer complexes. Molecular Cell 43, 110-121.

1 Dr. Enbo Ma designed and performed the activity assay with the bipartite Dicer enzyme.
Cameron Noland performed all other published experiments and unpublished work described.
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3.1 Introduction

RISC association with duplex siRNAs and miRNAs involves the selection of a guide strand to be
used for downstream targeting events. Based on crystallographic studies of human Ago2, it is
clear that Dicer-generated duplex RNAs bind to Ago2 such that the 3" end of the guide strand
binds to the PAZ domain, while the 5" end is anchored by the Mid domain (Schirle and Macrae
2012; Elkayam et al. 2012). The specific loading of the guide strand in this way is essential to the
overall efficiency of siRNAs an miRNAs, as accidental flipping of this orientation would lead to
passenger strand retention and off-target gene silencing. Determining both the mechanism by
which the RN A1 machinery properly orients siRNAs and miRNAs for loading to Ago2, as well
as the specific duplex parameters required for designing siRNAs that maximize the loading of
the guide strand have thus been the subject of significant scientific inquiry (Czech et al. 2009;
Khvorova et al. 2003; Krol et al. 2004; Okamura et al. 2009; Sano et al. 2008; Schwarz et al.
2003). Currently, little is known about the transit of nascent siRNAs to Ago2 in humans,
although TRBP has been implicated in facilitating this process (Chendrimada et al. 2005).

The most accurate determinant of guide strand selection has to do with the
thermodynamic properties of siRNA and miRNA duplexes. In thermodynamically asymmetric
duplexes, the strand that has its 5° end at the less stable end of the helix will be preferentially
loaded onto Ago2 as the guide strand (Czech et al. 2009; Schwarz et al. 2003; Khvorova et al.
2003). In Drosophila, this selection process is assisted by the Dicer-2/R2D2 RLC subcomplex,
which binds siRNAs in a directional manner such that the dsSRBP R2D2 interacts with the more
thermodynamically stable siRNA end and Dicer-2 interacts with the less stable end (Tomari et al.
2004b; Liu et al. 2006). It remains unclear which RLC component protein represents the actual
sensor of siRNA thermodynamic asymmetry. dsRBPs have been proposed to sense siRNA
thermodynamics, but these propositions were based on indirect evidence that did not
simultaneously test for the ability of Dicer proteins to sense duplex thermodynamics (Tomari et
al. 2004b; Gredell et al. 2010; Eamens et al. 2009).

How human Dicer and its associated dsRBPs might pre-orient duplex RNAs for proper
guide strand selection upon Ago2 loading has been unclear, but our structural study of a human
RLC containing Ago2, Dicer, and TRBP has indicated that a system analogous to that noted in
Drosophila would make structural sense (see Chapter 2). Specifically, it would allow TRBP to
bind the 3" end of the guide strand and potentially transfer that end directly to the Ago2 PAZ
domain (Wang et al. 2009b). However, given that Dicer binds to both TRBP and PACT to form
two separate RLCs in humans, it is difficult to draw a direct analogy to the Drosophila
thermodynamics sensor. Indeed, it has been shown that certain plant Dicer/dsRBP heterodimers
are capable of sensing duplex thermodynamics, while others are not (Eamens et al. 2009).

In the present study, we use a structurally informed approach to determine how human
Dicer/dsRBP heterodimers orient nascent siRNA duplexes for strand-selective RISC loading.
Our EM data have shown human Dicer has an L-shaped architecture. The long arm of Dicer
contains the catalytic center and binds to Ago2, and the short arm contains the N-terminal
helicase domain and binds to TRBP and PACT (Kok et al. 2007; Lau et al. 2009; Tahbaz et al.
2004; Wang et al. 2009b). Using reconstituted human Dicer/dsRBP/siRNA complexes, we show
here that nascent siRNAs are released and repositioned along Dicer’s helicase domain following
cleavage in order to enable sensing of siRNA thermodynamic asymmetry. We demonstrate that
Dicer itself is capable of sensing this asymmetry and that this functionality is activated upon
association with either TRBP or PACT. Taken together, these findings support a model for
human siRNA processing in which two distinct RNA binding sites on Dicer enable the
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repositioning of product RNAs, allowing the for sensing of siRNA thermodynamic asymmetry
by Dicer/dsRBP RLC subcomplexes to guarantee the proper orientation of the duplex prior to
strand-selective RISC loading.

3.2  Methods
3.2.1 Expression and purification of recombinant PACT
Human PACT cDNA was cloned into the vector pHMGWA (Busso et al. 2005) from the entry
vector pENTR-TEV-D-TOPO (Invitrogen), with the result that the expressed protein would have
an N-terminal 6xHis-MBP-TEV tag. The initial steps of this purification up through the TEV
protease cleavage step were identical to that of TRBP (see Section 2.3.1).

Following overnight TEV protease cleavage, the sample was dialyzed against HiTrap S
Buffer A (20 mM HEPES-KOH, pH 7.5; 150 mM KCIl; 5% glycerol; and 1 mM TCEP) for two
hours, replacing the buffer with fresh Buffer A after 1 hour. The dialyzed sample was then bound
to a 5 mL HiTrap S column that had been pre-equilibrated with Buffer A. PACT was eluted from
the column using a 100 mL linear gradient of KC1 (150 mM to 1 M). Fractions containing PACT
were then pooled and concentrated to ~1 mL using an Amicon Ultra concentrator (Millipore)
before application to a HiLoad 16/60 Superdex 200 prep grade gel filtration column (GE) that
had been pre-equilibrated with Gel Filtration Buffer (50 mM HEPES-KOH, pH 8.0; 300 mM
KCI; 10% glycerol; 1 mM TCEP). Fractions containing PACT were pooled and concentrated to
>5 mg/mL and flash frozen in liquid nitrogen either as a large pool or in small aliquots
depending on the downstream application. This purification strategy yielded a sample that was
completely pure as visualized by SDS-PAGE (Figure 2.1) and contained an additional GSTF
sequence at its N-terminus due to the original fusion construct.

3.2.2 Expression and purification of a recombinant TRBP truncation mutant

The first two dsRBDs of TRBP were cloned into the vector pHMGWA (Busso et al. 2005) from
the entry vector pENTR-TEV-D-TOPO (Invitrogen), with the result that the expressed protein
would have an N-terminal 6xHis-MBP-TEV tag. The expression and purification of this
construct was identical to that of wild type TRBP (see Section 2.3.1).

3.2.3 Expression and purification of recombinant wild type SPNR

Human SPNR cDNA was cloned into the vector pHMGWA (Busso et al. 2005) from the entry
vector pENTR-TEV-D-TOPO (Invitrogen), with the result that the expressed protein would have
an N-terminal 6xHis-MBP-TEV tag. The expression and purification of this construct was
identical to that of wild type TRBP (see Section 2.3.1).

3.2.4 Expression and purification of a recombinant SPNR-TRBP fusion protein

The two dsRBDs of SPNR including the intervening linker were fused to the C-terminal dsSRBD
of TRBP and its N-terminal linker by PCR (see Figure 3.10 B) and cloned into the vector
pHMGWA (Busso et al. 2005) from the entry vector pPENTR-TEV-D-TOPO (Invitrogen), with
the result that the expressed protein would have an N-terminal 6xHis-MBP-TEV tag. The
expression and purification of this construct was identical to that of wild type TRBP (see Section
2.3.1).
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3.2.5 Expression and purification of a recombinant SPNR-Dicer protein

The two dsRBDs of SPNR including the intervening linker were ligated at their C-terminus to a
second copy of the linker via an engineered BamHI restriction site. This cassette was then fused
to the N-terminus of human Dicer via PCR using primers that would introduce a TEV protease
cleavage site at Dicer’s N-terminus (see Figure 3.11 A). This construct was then cloned into the
pFastBac vector. Baculovirus was amplified and protein was expressed via a method identical to
that of wild-type Dicer (see Section 2.3.2) with the exception that following the initial nickel
purification, the sample was immediately loaded onto a HiLoad 16/60 Superdex 200 prep grade
gel filtration column.

3.2.6 Invitro reconstitution of Dicer/dsRBP heterodimers

Heterodimer binding reactions were carried out in a final volume of 500 uL Gel Filtration Buffer
containing 3 nmol Dicer and 11 nmol dsRBP (assuming a dimer). Reactions were incubated for
30 minutes at 4°C and then applied to a Superose 6 10/300 GL column (GE). Fractions were
pooled conservatively to ensure that no free dsSRBP was present. Samples were concentrated to
~1 mg/mL and flash frozen in small aliquots.

3.2.7 Preparation of dsRNAs

All ssRNAs studied were chemically synthesized by Integrated DNA Technologies or
Dharmacon. RNAs were gel purified on a 15% denaturing PAGE gel and washed thoroughly to
remove contaminating urea. dSRNAs were prepared by first incubating equimolar amounts of
each ssSRNA together in Annealing Buffer (100 mM HEPES, pH 7.5; 30 mM KCI; 3 mM MgCl,)
at 65°C for 10 minutes. Reactions were then slow-cooled by removing the heat block and placing
it on the benchtop to equilibrate to room temperature.

3.2.8 UV photocrosslinking assays

10 pL photocrosslinking reactions composed of 100 nM protein, 10,000 cpm 5° **P-labeled RNA
(~50 nM), and 1x Dicing Buffer (20 mM HEPES, pH 7.5; 25 mM KCI; 1.5 mM MgCly; 1%
glycerol; 0.01% Igepal 630-CA; 0.1 mg/mL BSA; 0.1 mg/mL tRNA; 2.5 mM TCEP) were pre-
incubated at room temperature under foil for one hour. Reactions were then moved to a 96-well
plate and exposed to 302 nm light for 15 minutes by placing a handheld UV lamp over the plate.
In the case of the chimeric Dicer protein, reactions were then subjected to TEV-cleavage for 30
minutes under foil at room temperature. Reactions were run on a 4-20% SDS-PAGE gel. Gels
were dried for 2 hours and observed by phosphorimaging following an overnight exposure. Data
was quantified using ImageQuant TL software.

3.2.9 Competition assays

18 pL competition assays containing 2,000 cpm “P-labeled dsRNA (~15 nM), 10 nM protein,
and 1x Dicing Buffer were preincubated for one hour on ice to allow for substrate binding but
not cleavage. Reactions were then transferred to pre-warmed tubes containing 2 pL unlabeled
siRNA of the appropriate concentration (from 0-fold to 100-fold over the concentration of
substrate dsRNA) in 1x Dicing Buffer and incubated at 37°C for an additional 60 minutes.
Reactions were split and 10 pL aliquots were run on either a 15% denaturing PAGE gel to
analyze dicing efficiency or a 6% native PAGE gel to analyze product binding. Gels were dried
overnight and exposed for ~8 hours prior to analysis by phosphorimaging. Data quantification
was carried out using ImageQuant TL.
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3.2.10 Biotin affinity purifications

18 pL reactions containing 15 nM dsRNA 40a/b, 10 nM protein, and 1x Dicing Buffer were pre-
incubated for one hour on ice to allow for substrate binding but not cleavage. Reactions testing
for siRNA pulldown were then transferred to tubes containing 2 pL siRNA 12a/b of the
appropriate concentration (from 0-fold to 100-fold over the concentration of substrate dsSRNA)
and containing 1,000 cpm **P-labeled siRNA and incubated at 4°C for an additional 60 minutes.
Reactions testing for protein pulldown were left at 4°C without adding siRNA. Samples were
applied to 10 pL Avidin agarose resin and incubated for one hour at 4°C. Each sample was
washed 5 times and before boiling in 20 pL 2x SDS Sample Buffer (125 mM Tris-HCIL, pH 6.8;
20% glycerol; 4% SDS; 0.04% (w/v) bromophenol blue; 200 mM DTT) and run on either a 15%
denaturing PAGE gel in the case of the siRNA pulldown assay or a 4-20% gradient SDS-PAGE
gel in the case of the protein pulldown assay. Denaturing PAGE gels were dried overnight and
exposed for ~8 hours prior to analysis by phosphorimaging. SDS-PAGE gels were silver stained.

3.2.11 Nickel affinity purifications

Dicer was incubated at a final concentration of 1 uM in a 50 pL reaction containing Wash Buffer
(20 mM HEPES, pH 7.5; 150 mM KCI; 30 mM imidazole; 10% glycerol; 1 mM TCEP) either
with or without 1 uM 6xHis-TRBP or 6xHis-SPNR for one hour on ice. Reactions were then
applied to 20 pL nickel-NTA agarose and incubated for an additional hour on ice. Samples were
washed 3 times with 200 uL. Wash Buffer and then boiled in 20 pL 2x SDS Sample Buffer and
run on a 4-20% gradient gel. Proteins were visualized by Coomassie Blue staining.

3.2.12 Western blotting

Mouse embryonic stem cells (conditional and Dicer null) were cultured as described (Murchison
et al., 2005) and lysed in Lysis Buffer (50 mM Tris-HCI, pH 8.0; 170 mM NaCl; 5 mM EDTA;
20 mM NaF; 0.5% Nonpidet-40; 1 mM DTT) supplemented with protease inhibitors (Roche).
Lysates were cleared by centrifugation at 14,000 rpm for 15 minutes at 4°C. Supernatants were
applied to centrifugal filter units and spun for an additional 5 minutes at 14,000 rpm at 4°C.
Samples were then run on a 10% SDS-PAGE gel. 10 ng of recombinant Dicer and bipartite Dicer
were run as controls. Following transfer to a PVDF membrane, proteins were probed with
antibody 1414 (1:750), which targets Dicer’s N-terminal region (Kanellopoulou et al., 2005).

3.2.13 Immunoprecipitations for mass spectrometry

1.4 mL lysate from Dicer null mouse embryonic stem cells was incubated with antibody 1414
(1:75) for one hour at 4°C with rocking. This lysate was then transferred to 30 uL Protein A
beads and incubated for 2 hours with rocking at 4°C. The supernatant was removed and beads
were washed 5 times with 1 mL Immunoprecipitation Buffer (50 mM Tris-HCI, pH 7.4; 150 mM
NaCl; 10% glycerol; 0.5% Nonpidet-40) supplemented with protease inhibitors (Roche). Beads
were then boiled in SDS Sample Buffer, passed through a centrifugal filter unit and run on a 10%
SDS-PAGE gel.

3.2.14 Native gel shifts

20 uL binding reactions were carried out on ice for 45 minutes and consisted of 0.5 pM siRNA
12a/b (see Table 3.1) and either 0, 0.5, or 1 pM protein in Binding Buffer (20 mM HEPES, pH
7.5; 300 mM KCI; 5% glycerol; 1 mM TCEP). Following this incubation, 6 uL. 25% sucrose was
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added to each tube and binding reactions were resolved by 6% native PAGE at 4°C and RNAs
were stained for 10 minutes with SYBR Gold (Invitrogen) before imaging.

3.3  Results

3.3.1 Either TRBP or PACT is required for product binding by Dicer

We were interested to know the extent to which the roles of TRBP and PACT overlap in RNA..
TRBP had previously been shown to be necessary for product binding by Dicer (Chendrimada et
al. 2005; Chakravarthy et al. 2010), and although PACT had been shown to bind to Dicer and
had been generally demonstrated to be involved in RNAi, a more specific role had yet to be
defined (Lee et al. 2006; Kok et al. 2007). In order to determine whether or not PACT is
sufficient to impart product-binding activity on Dicer, we incubated constant concentrations of a
21nt siRNA (siRNA 12a/b, see Table 3.1) with increasing concentrations of either Dicer alone or
the Dicer/TRBP or Dicer/PACT heterodimers. Following this initial incubation, binding
reactions were run on a 6% native gel at 4°C to resolve free RNA from bound RNA. As
expected, Dicer alone did not bind to the product RNA, whereas the Dicer/TRBP heterodimer
bound efficiently to the same siRNA (Figure 3.1 A). Interestingly, the same was true for a
Dicer/PACT heterodimer, although the specific affinities of each complex for siRNAs may
differ, as evidenced by the presence of unbound RNA even at the highest concentration of
Dicer/PACT (Figure 3.1 B).

A B
Dicer Dicer/TRBP Dicer Dicer/PACT
Fold-Excess Protein: 0 1 2 0 1 2 Fold-Excess Protein: 0 1 2 0 1 2
Dicer/TRBP + siRNA y LJ i 1 Dicer/PACT + siRNA b b

eesms | ST [N —

Figure 3.1: TRBP and PACT are sufficient to impart product binding activity on Dicer.

(A) Increasing concentrations of Dicer or Dicer/TRBP heterodimer were incubated with a constant amount of
siRNA 12a/b on ice for one hour prior to being applied to a 6% native gel. (B) Increasing concentrations of Dicer or
Dicer/PACT heterodimer were incubated with a constant amount of siRNA 12a/b on ice for one hour prior to being
applied to a 6% native gel.

3.3.2 The Dicer/TRBP heterodimer binds differently to substrate and product RNAs

Negative stain electron microscopy indicates that Dicer has an L-shaped structure, and that
TRBP binds to the distal end of Dicer’s N-terminal helicase base branch, consistent with
biochemical data (Lau et al. 2009; Lee et al. 2006; Wang et al. 2009b). Additionally, TRBP is
required for high affinity binding of product, but not substrate dsRNAs (see Section 3.3.1
(Chakravarthy et al. 2010; Chendrimada et al. 2005)). These studies suggest the possibility that
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substrate and product dsRNAs might bind to different regions of Dicer. For pre-siRNA cleavage
to occur, a substrate must be bound along the catalytic arm of Dicer. However, the similarity
between the length of the helicase domain and the length of an siRNA duplex in our 3D EM
reconstructions hinted that following dicing, products might re-localize to Dicer’s helicase
domain.

To test this hypothesis, we reconstituted the human Dicer enzyme by co-expression of an
N-terminal “Helicase” fragment containing the N-terminus through the PAZ domain and a
separate C-terminal “Catalytic” fragment containing the RNaselll domains and C-terminal
dsRBD (Figure 3.2 A). This bipartite Dicer lacks a small region of polypeptide corresponding to
a flexible loop and co-elutes with full length Dicer on a sizing column (data not shown), thus its
structure is likely to be identical to that of the intact protein. Dicing assays confirmed that this
two-piece Dicer retains catalytic activity that is highly similar to that of the wild type protein
(Figure 3.2 B). Following purification, this bipartite Dicer was combined with an equimolar
amount of TRBP to reconstitute a Dicer/TRBP complex.
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Figure 3.2: A bipartite Dicer is reconstituted by co-expressing two Dicer fragments.
(A) Upper: Diagram of human Dicer’s domain structure. Red slash indicates the approximate location of the
interface between the two parts of the bipartite Dicer. Lower: Cartoon of recombinant bipartite Dicer. (B)
Recombinantly expressed wild type (WT) or bipartite Dicer was incubated for one hour at 37°C with a **P-labeled,
37 nt dsRNA substrate containing 2 nt 3" overhangs. Samples were then run on a 15% denaturing polyacrylamide
gel. Separate product bands represent the products formed when Dicer cleaves from either end of the dsRNA
substrate.

To determine how the Dicer/TRBP complex positions Dicer substrates relative to
products, we used a set of 5-iodo-uracil-modified substrate and product dsSRNAs that could be
photocrosslinked to nearby tryptophan, tyrosine, and histidine residues of the protein complex by
exposing binding reactions to 302 nm light (Figure 3.3 A, Table 3.1 (Tomari et al. 2004b;
2004a; Dietz and Koch 1987; Willis et al. 1993; Norris et al. 1996)). Substrate mimics consisted
of a 37 bp chimeric dsSRNA with one blunt end and a 2 nt 3" overhang at the other end to
promote unidirectional binding of the overhang by Dicer’s PAZ domain (Rose et al. 2005).
Deoxyribonucleotides present at the cleavage sites in each strand prevented the dicing reaction
from occurring (data not shown). A single 5-iodo-uracil modification was incorporated at
different locations along each dsRNA. Given that the 3" overhangs of Dicer substrates are
proposed to bind the PAZ domain (present in the helicase portion of the bipartite Dicer), care
was taken to place substrate modifications at sites distant from this overhang. Product mimics

48



consisted of 21 nt thermodynamically symmetric siRNA duplexes with a single 5-iodo-uracil
modification. Modified strands were radiolabeled at their 5° ends so that photocrosslinked
proteins could be identified by mobility using SDS-PAGE.

These experiments showed that regardless of sequence, Dicer substrates photocrosslink to
both the C-terminal catalytic Dicer fragment and the N-terminal helicase fragment, indicating
that pre-siRNAs may be bound in both catalytic- and noncatalytic conformations. Interestingly,
Dicer products preferentially crosslink to the helicase fragment (Figure 3.3 B, C). These
differential photocrosslinking propensities for substrates versus products are consistent with
siRNA repositioning within the Dicer/TRBP complex following substrate cleavage.
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Figure 3.3: Human Dicer binds pre-siRNA substrates and siRNA products at distinct sites.
(A) Diagram of synthetic, modified RNAs used for photocrosslinking to the bipartite Dicer enzyme. Stars indicate
the location of S5-iodo-uracil modifications. Green areas indicate the presence of deoxyribonucleotides at the
cleavage site. Red and blue strands indicate RNAs designed based on the same starting sequence. Overhangs are 2 nt
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3" overhangs. siRNAs are thermodynamically symmetric. Strands containing 5-iodo-uracil modifications were 5
radiolabeled and all unmodified strands had a 5 phosphate. See also Table 3.1. (B) Photocrosslinking assay using
bipartite Dicer enzyme. Substrate mimics or siRNAs were incubated with the bipartite Dicer/TRBP complex at room
temperature followed by irradiation with 302 nm light. Photocrosslinked proteins were detected based on size by
SDS-PAGE. (C) Quantification of three experimental replicates (mean +/- SD) showing the ratio of
photocrosslinking to the bipartite Dicer’s helicase domain versus the catalytic domain.

Table 3.1: dsRNA sequences. Green lettering indicates the presence of a deoxyribonucleotide. Red lettering
denotes a 5-iodo-uracil base. Yellow highlights mark mismatched bases.

57— GUCACAUUGCCCAAGUCUCUTTTGAAAGUUCACGAUU -3’

Chimeric dsRNA A
3’—- UUCAGUGUAACGGGUUCAGAGAAAACUUUCAAGUGCUAA -5’

5"- GUCACAUUGCCCAAGUCUCUTTTGAAAGUUCACGAUU -3’

Chimeric dsRNA B 3'- UUCAGUGUAACGGGUUCAGAGAAAACUUUCAAGUGCUAA -5’

57— GAUUUCUUCCCUUCUGAUGUAAACGCCCUAAGCGGUU -3’

Chimeric dsRNA C 37— AACUAAAGAAGGGAAGACUACTTUUGCGGGAUUCGCCAA -5’

57— GUCACAUUGCCCAAGUCUCUTTTGAAAGUUCACGAUU -3’

hi ic d
Chimeric dsRNA D 37— UUCAGUGUAACGGGUUCAGAGAAAACUUUCAAGUGCUAA -5’

SiRNA A 57— GUCACAUUGCCCAAGUCUCTT -3’
3'- TUCAGUGUAACGGGUUCAGAG -5
. 57— GUCACAUUGCCCAAGUCUCTT -3’
siRNA B
3’- TUCAGUGUAACGGGUUCAGAG -5
. 57— CAUCAGAAGGGAAGAAAUCAA -3’
siRNA C
3'’- AUGUAGUCUUCCCUUCUUUAG -5
. 57— GUCACAUUGCCCAAGUCUCTT -3’
siRNA D/ (1)
3'- TUCAGUGUAACGGGUUCAGAG -5
57— UGAGGUAGUAGGUUGUAUAGUUUGAAAGUUCACGAUUAUU -3

dsRNA 40a/b .
3’—- UUACUCCAUCAUCCAACAUAUCAAACUUUCAAGUGCUAAUAA-biotin -5’

SiRNA 12a/b 5"- GAUUUCUUCCCUUCUGAUGUU -3’
3'- AACUAAAGAAGGGAAGACUAC -5
SiRNA 2 57— UUCACAUUGCCCAAGUCUCTT -3'
3’- TUCAGUGUAACGGGUUCAGAG -5
SiRNA 3 57— UUCACAUUGCCCAAGUCUCUT -3'
3’'- TTCAGUGUAACGGGUUCAGAG -5
SiRNA 4 5'- UUCACAUUGCCCAAGUCUCUT -3’
3’- TUCAGUGUAACGGGUUCAGAG -5
SiRNA 5 5'- GUCACAUUGCCCAAGUCUATT -3’
3’- TUCAGUGUAACGGGUUCAGAG -5
SiRNA 6 5"- GUCACAUUGCCCAAGUCUAUT -3'
3’- TTCAGUGUAACGGGUUCAGAG -5
SiRNA 7 5"- GUCACAUUGCCCAAGUCUAUT -3'
3’- TUCAGUGUAACGGGUUCAGAG -5

3.3.3 The Dicer/TRBP heterodimer releases nascent siRNAs for re-binding

The product repositioning that we detected could occur by two potential mechanisms. Either
siRNAs are released from the Dicer/TRBP complex and rebound in a new orientation, or they are
reorganized without ever dissociating from the complex (Figure 3.4 A). Studies using
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Drosophila embryo lysates or recombinant human Dicer and human cell extracts have led to
conflicting views of siRNA fate immediately following dicing. In Drosophila, competition
experiments indicated that siRNA products are released from Dicer prior to RISC loading (Preall
et al. 2006). Rose and colleagues, on the other hand, presented a model in which siRNAs remain
bound to human Dicer and enter directly into RISC based on the observation that in some cases
Dicer’s processing polarity is predictive of silencing efficacy (Rose et al. 2005).

To clarify the immediate fate of nascent siRNAs within the Dicer/TRBP complex before
Ago2 loading, we developed a native PAGE product-binding assay using a reconstituted human
dicing system. A 40 bp pre-siRNA substrate was used (dsSRNA 40a/b; see Table 3.1) that had
one blunt end and a 2 nt 3" overhang at the other end. The strand containing the 2 nt 3" overhang
also had a 5" biotin modification to further promote unidirectional dicing. As anticipated, this
dsRNA vyields a single cleavage product upon incubation with Dicer (data not shown). The
amount of product bound could be readily tracked by mobility shift on a 6% native gel (Figure
3.4 B). Briefly, substrates were pre-incubated with the Dicer/TRBP heterodimer on ice to allow
for binding but not cleavage (Figure 3.4 B, Lane 3). Reactions were then transferred to tubes
containing increasing concentrations of unlabeled siRNA 12a/b competitor (Table 3.1) at 37°C
to initiate the dicing reaction. If products remain bound to the Dicer/TRBP complex as they are
moved to the helicase branch, increasing amounts of cold siRNA would compete with product
binding to a similar extent as when the complex was instead pre-incubated with a labeled siRNA
product. However, if products were first released and then re-bound by the helicase domain, one
would expect a higher level of competition than in the case of a pre-bound product.
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Figure 3.4: A Dicer product binding native PAGE assay.

(A) Schematic of potential post-processing mechanisms of siRNA repositioning. Products are either reorganized
within the complex (upper left) or released and re-bound (upper right) prior to repositioning along Dicer’s helicase
domain (lower). (B) Dicer product binding native PAGE assay. **P-labeled pre-siRNA 40a/b (Lanes 1, 3 and 5) or
siRNA 12a/b (Lanes 2 and 4) were pre-incubated either alone (Lanes 1 and 2) or with the Dicer/TRBP heterodimer
on ice for one hour and either left on ice for another hour (Lanes 1-4) or transferred to 37°C to initiate dicing for one
hour (Lane 5). 3 uL 25% sucrose was added to each sample prior to running on a 6% native polyacrylamide gel.

Product binding and dicing assays showed that excess unlabeled siRNA effectively
competed with the 40a/b dicing product for binding to the Dicer/TRBP heterodimer without
significantly affecting dicing efficiency (Figure 3.5 A). We reproducibly observed a ~67%
decrease in product binding when 100-fold excess competitor was present. By contrast, binding
decreased by only ~11% when Dicer was pre-incubated with a 21 nt siRNA instead of the 40a/b
substrate, indicating that we are seeing bona fide product release (Figure 3.5 B). To control for
non-specific effects, we repeated these competition experiments with an unrelated, unlabeled 116
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nt structured human Alu RNA and observed only a ~16% decrease in product binding (Figure
3.5 B). None of these decreases were accompanied by a commensurate decrease in overall dicing
activity (Figure 3.5 C). To address the possibility that these data simply reflect an ability of
Dicer to bind both substrates and products simultaneously, we performed biotin affinity
purification assays using the biotinylated 40a/b pre-siRNA substrate. Dicer/TRBP was pre-bound
to this substrate on ice, and increasing concentrations of radiolabeled siRNA 12a/b were then
added to the reactions. Despite the fact that the Dicer/TRBP complex was purified by this
method, radiolabeled product RNA was not precipitated at any of the concentrations tested
(Figure 3.5 D, E). Our data are consistent with a model in which the Dicer/TRBP heterodimer
releases nascent siRNAs into the bulk solvent and then rebinds them along Dicer’s helicase
domain rather than reorienting them within the confines of the complex.
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Figure 3.5: Human Dicer/TRBP releases nascent siRNA products prior to repositioning.

(A) Product binding competition assay. Dicer/TRBP complex was pre-incubated with radiolabeled 40a/b substrate at
4°C. To initiate cleavage, reactions were transferred to tubes at 37°C containing increasing concentrations of
unlabeled competitor siRNA 12a/b. Upper: 6% native PAGE analysis shows a decrease in bound product as the
concentration of competitor siRNA is increased. Lower: 15% denaturing PAGE analysis demonstrates that
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competitor siRNA 12a/b has a negligible effect on dicing activity. (B) Quantification of product bound by
Dicer/TRBP (Bound siRNA/Total siRNA) using data from three experimental replicates (means). Red circles: As
the competitor concentration is increased, the fraction of bound product decreases substantially. Blue squares:
Increasing concentrations of a structured Alu RNA did not compete away bound product. Green diamonds: When
siRNA 12a/b is pre-bound, increasing concentrations of unlabeled siRNA 12a/b do not lead to a significant decrease
in the fraction of bound product. Values for each condition were normalized to the fraction of product bound when
no competitor was present. (C) Quantification of product formation for dicing reactions (Fraction cleaved/Total)
using data from three experimental replicates (means). Red circles: Increasing concentrations of cold siRNA 12a/b
have a limited effect on dicing activity. Blue squares: Unlabled Alu RNA also fails to compete with dicing activity.
Values for each condition were normalized to the fraction substrate cleaved when no competitor was present. (D)
Dicer/TRBP cannot bind both substrates and products simultaneously. Dicer/TRBP complex was pre-incubated with
dsRNA 40a/b on ice followed by a secondary one hour incubation on ice with increasing concentrations of siRNA
12a/b containing 1,000 cpm **P-labeled siRNA 12a/b. Reactions were then applied to Avidin agarose resin and
incubated on ice for one hour. Reactions were washed 5 times and run on a 15% denaturing PAGE gel. (E)
Biotinylated substrate RNAs can precipitate the Dicer/TRBP heterodimer. Dicer/TRBP was pre-incubated in the
presence and absence of dsRNA 40a/b on ice for one hour. Reactions were then applied to Avidin agarose resin and
incubated on ice for one hour. Reactions were washed 5 times run on a 4-20% gradient gel. Proteins were visualized
by silver staining.

3.3.4 The Dicer/TRBP heterodimer senses siRNA thermodynamic asymmetry

A previous report demonstrated that the Dicer-2/R2D2 heterodimer functions as a sensor for
siRNA thermodynamic asymmetry to direct strand specific RISC loading in Drosophila (Tomari
et al. 2004b). We sought to determine the extent to which the Dicer/TRBP heterodimer functions
analogously in humans. To test for sensing of siRNA asymmetry by human complexes, we used
a set of synthetic siRNAs identical to that used previously (Figure 3.6 A; Table 3.1 (Tomari et
al. 2004b)). Briefly, these RNAs were each based on the thermodynamically symmetric sequence
of siRNA 1 (this siRNA is identical to siRNA D in Figure 3.3 A, see Table 3.1), in which one
strand contains a 5-iodo-uracil modification at the 20™ base counting from the 5" end. siRNAs 2-
4 contained a single mismatch at one end to introduce thermodynamic asymmetry. The 5-iodo-
uracil modification lies on either the 3" overhang of the presumptive guide strand, passenger
strand, or both. siRNAs 5-7 instead had a mismatch introduced at the opposite end of the duplex,
flipping the asymmetry and thus the predicted guide strands of the duplexes.

These modified siRNAs were incubated with the Dicer/TRBP complex, followed by
irradiation with 302 nm light and separation on an SDS-PAGE gel. If the Dicer/TRBP
heterodimer behaves analogously to the Dicer-2/R2D2 heterodimer, Dicer would photocrosslink
preferentially to siRNAs that have a 5-iodo-uracil modification located at the less stable end of
the duplex. TRBP, on the other hand, would be expected to photocrosslink preferentially to
siRNAs containing the photocrosslinkable base at the more stable end. We found that the
Dicer/TRBP heterodimer did exhibit this crosslinking pattern (Figure 3.6 B, C), indicating that
this human Dicer/dsRBP heterodimer functions as a sensor for siRNA asymmetry similar to that
reported in flies. Based on additional crosslinking data, this sensor is also functional in the larger
context of a full RLC containing Ago2 (Figure 3.6 B, C).
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Figure 3.6: Human Dicer/TRBP heterodimers sense siRNA thermodynamic asymmetry.

(A) Diagram of synthetic, modified siRNAs used for asymmetry sensing assays. Stars indicate the location of 5-
iodo-uracil modifications. Strands containing S5-iodo-uracil modifications were 5° end radiolabeled and all
unmodified strands were 5” phosphorylated. Overhangs are 2 nt 3" overhangs. Curved ends indicate the presence of
a mismatched base pair. Predicted guide strands are colored red and passenger strands are colored blue. See text for
further details. (B) Photocrosslinking assay using reconstituted wild type Dicer/TRBP (upper panel) and
Dicer/TRBP/Ago2 (lower panel) complexes. Modified siRNAs were incubated with Dicer/TRBP complex at room
temperature followed by irradiation with 302 nm light. Photocrosslinked proteins were detected based on size by
SDS-PAGE. (C) Quantification of the relative photocrosslinking of siRNAs 2, 3, 5, and 6 to Dicer versus TRBP in
asymmetry sensing assays using data from three experimental replicates (mean +/- SD). In the context of both the
Dicer/TRBP heterodimer and the core RLC containing TRBP, Dicer was preferentially photocrosslinked when the
5-iodo-uracil modification was introduced at the less stable end of the duplex, whereas TRBP preferentially
photocrosslinked to the more stable end.

3.3.5 Heterodimer formation is required for asymmetry sensing in humans

To test the extent to which Dicer or TRBP alone are capable of sensing siRNA thermodynamic
asymmetry, we subjected each protein separately to photocrosslinking assays. Although Dicer
photocrosslinked to siRNAs in control reactions using the Dicer/TRBP heterodimer, Dicer alone
was unable to photocrosslink to any of the siRNAs tested (Figure 3.7 A, B). This observation is
consistent with the low affinity that this protein has for siRNAs in the absence of a dsRBP (see
Figure 3.1; (Chakravarthy et al. 2010)). We also found that although TRBP photocrosslinked to
each siRNA, it did so with no pattern related to siRNA thermodynamic asymmetry (Figure 3.7
A, B).
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Figure 3.7: Neither Dicer nor TRBP alone sense siRNA thermodynamic asymmetry.

(A) Photocrosslinking assay using free Dicer and TRBP. Dicer alone or TRBP alone was incubated with siRNA 2, 3,
5, or 6 prior to irradiation with 302 nm light. Photocrosslinked proteins were detected based on size by SDS-PAGE.
Upper: Dicer alone does not detectably photocrosslink to any of the modified siRNAs used in this study. For
comparison, the left lane shows the level of Dicer that photocrosslinks to siRNA 2 in the context of the Dicer/TRBP
heterodimer (D/T). Lower: TRBP alone photocrosslinked to each siRNA, but not with any pattern related to the
thermodynamic asymmetry of siRNA ends. For comparison, the left lane shows the level of TRBP that
photocrosslinks to siRNA 3 in the context of the Dicer/TRBP heterodimer (D/T). (B) Quantification of the relative
photocrosslinking of siRNAs 2, 3, 5, and 6 to Dicer or TRBP alone (Fraction crosslinked/Total) in asymmetry
sensing assays using data from three experimental replicates (means +/- SD). Data were normalized to the levels of
Dicer or TRBP that photocrosslinked to siRNA 2 or 3, respectively, in the context of the Dicer/TRBP heterodimer.
Note that the y-axis is plotted on a logarithmic scale.

In light of the fact that neither Dicer nor TRBP alone could recapitulate asymmetric
photocrosslinking to siRNA ends, we wondered whether heterodimer formation is necessary for
the human asymmetry sensor to function. Wild type TRBP consists of three dsSRBDs connected
by flexible linker regions (Figure 3.8 A). The two N-terminal dsRBDs have a high affinity for
dsRNA (Parker et al. 2008), whereas the C-terminal dsRBD is responsible for binding to Dicer
(Kok et al. 2007). We therefore expressed a TRBP truncation mutant that lacks the C-terminal,
Dicer-binding dsRBD. When combined with purified Dicer, no evidence of complex formation
was detected by size exclusion chromatography (Figure 3.8 B, C). This truncated TRBP was
pre-incubated with equimolar amounts of human Dicer and subjected to photocrosslinking
assays. We found that under these conditions, Dicer again did not detectably photocrosslink to
any of the siRNAs. By contrast, the truncated TRBP did photocrosslink, but again with no
pattern related to the thermodynamic asymmetry of the siRNA ends (Figure 3.8 D). These
findings indicate that heterodimer formation is required for sensing of siRNA thermodynamic
asymmetry, and that neither Dicer nor TRBP is competent for this function in their free states.
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Figure 3.8: Heterodimer formation is required to sense siRNA thermodynamic asymmetry.

(A) Diagram of wild type and truncated TRBP domain structures. The dsRBD responsible for binding to Dicer is
shown in blue. (B) Superose 6 elution profile for Dicer and truncated TRBP. The peak underlined in red contains
Dicer and the peak underlined in green contains unincorporated truncated TRBP. (C) SDS-PAGE analysis of elution
fractions from B. Lanes are labeled as in B. (D) Dicer/TRBP heterodimer formation is necessary for sensing siRNA
thermodynamic asymmetry. Dicer and truncated TRBP were pre-incubated on ice prior to incubation with siRNAs
1-7 at room temperature. Reactions were then irradiated with 302 nm light and analyzed by SDS-PAGE. siRNAs
were only photocrosslinked to the truncated TRBP protein, and with no pattern related to siRNA thermodynamic
asymmetry. For reference, the far right reaction contained wild type Dicer/TRBP complex photocrosslinked to
siRNA 2.

3.3.6 dsRBPs activate Dicer’s asymmetry sensing functionality

In light of the finding that Dicer cannot sense siRNA asymmetry outside of the context of the
Dicer/TRBP complex, we asked whether or not siRNA asymmetry sensing could be rescued by
substituting PACT for TRBP, since PACT also binds to Dicer’s helicase domain (Lee et al.
2006) and imparts product-binding activity on Dicer (Figure 3.1). We subjected the Dicer/PACT
heterodimer to the same photocrosslinking assays as for the Dicer/TRBP heterodimer. Likely due
to the specific geometry of the photocrosslinking reaction, we saw no crosslinking to PACT in
this experiment (Figure 3.9 A). Interestingly, however, we did observe photocrosslinking to
Dicer in the context of this heterodimer. When we compared the total fraction of Dicer
photocrosslinked for each siRNA, we saw a similar pattern of crosslinking to that of Dicer in the
context of the Dicer/TRBP heterodimer (Figure 3.9 A, B). Dicer reproducibly photocrosslinked
more readily when the 5-iodo-uracil modification was located at the less stable end of the duplex.
This pattern indicates that the Dicer/PACT heterodimer is also capable of sensing the
thermodynamic asymmetry of siRNA ends.
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Figure 3.9: Human Dicer/PACT heterodimers sense siRNA thermodynamic asymmetry.

(A) The Dicer/PACT heterodimer senses siRNA thermodynamic asymmetry. siRNAs 2, 3, 5, and 6 were incubated
with Dicer/PACT complex at room temperature followed by irradiation with 302 nm light. Photocrosslinked
proteins were detected based on size by SDS-PAGE. No detectable crosslinking to PACT was observed. (B)
Quantification of the fraction Dicer photocrosslinked (Fraction crosslinked/Total) to siRNAs 2, 3, 5, and 6 in
asymmetry sensing assays using data from 3 experimental replicates (mean +/- SD) using either Dicer, the
Dicer/PACT heterodimer, or the Dicer/TRBP heterodimer.

Based on this finding, we hypothesized that asymmetry sensing requires Dicer to be in
complex with a dsRBP, but not necessarily TRBP or PACT. To investigate this prediction, we
created a chimeric dsRBP in which we fused the two dsRBDs from the unrelated spermatid
perinuclear RNA binding protein (SPNR) to the C-terminal Dicer binding domain of TRBP
(Figure 3.10 B; (Schumacher et al. 1995; 1998)). Wild type SPNR does not bind to Dicer
(Figure 3.10 A). We reconstituted a heterodimer consisting of this chimeric dsSRBP and Dicer
(Figure 3.10 C, D) and subjected the complex to photocrosslinking assays to test for a functional
asymmetry sensor. This tethering of SPNR dsRBDs, which are not implicated in RNAi, to
TRBP’s Dicer binding dsRBD was sufficient to impart asymmetry sensing capability to the
heterodimer (Figure 3.10 E, F).
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Figure 3.10: Dicer/Chimeric dsRBP heterodimers sense siRNA thermodynamic asymmetry.

(A) Wild type SPNR does not bind to Dicer. Dicer was pre-incubated with or without 6xHis-TRBP or 6xHis-SPNR
for one hour. Binding reactions were then applied to nickel-NTA agarose resin and incubated at 4°C for one hour.
The resin was washed 3 times and samples were run on a 4-20% gradient gel. Proteins were visualized by
Coomassie Blue staining. (B) Diagram of chimeric dsRBP domain structure. Sequence N-terminal to the vertical red
line derives from SPNR. Green boxes indicate dsSRBDs from SPNR. Sequence C-terminal of the vertical red line
derives from TRBP. Blue box indicates TRBP’s Dicer binding dsRBD. (C) Superose 6 elution profile for the
Dicer/Chimeric dsRBP heterodimer. The peak underlined in red contains the heterodimer and the peak underlined in
green contains unincorporated protein. (D) SDS-PAGE analysis of elution fractions from C. Lanes are labeled as in
C. (E) Dicer/Chimeric dsRBP complex was incubated with siRNAs 2, 3, 5, or 6 at room temperature prior to
irradiation with 302 nm light. Photocrosslinked proteins were detected based on size by SDS-PAGE. (F)
Quantification of the relative photocrosslinking of siRNAs 2, 3, 5, and 6 to Dicer versus the dsRBP in asymmetry
sensing assays using data from 3 experimental replicates (mean +/- SD). Dicer was preferentially photocrosslinked
when the 5-iodo-uracil modification was introduced at the less stable end of the duplex, whereas the dsRBP
preferentially photocrosslinked to the more stable end.

The above results strongly suggest that Dicer is the protein sensor for siRNA
thermodynamic asymmetry in humans. One clear question, however, was whether or not the
third dsSRBD of TRBP may itself retain some residual asymmetry sensing capabilities in a
complex with Dicer. To rule out this possibility, we constructed a second fusion protein in which

58



the SPNR dsRBDs were fused directly to the N-terminus of Dicer via an SPNR-derived linker
containing an engineered TEV cleavage site (Figure 3.11 A, B), giving a physically linked
heterodimer containing no sequence from TRBP or PACT. We performed photocrosslinking
assays with this protein with an added TEV cleavage step following exposure to 302 nm light.
Although the background of SPNR crosslinking was higher in this case (likely due to residual
crosslinking that occurred following TEV cleavage), Dicer clearly retained its preference for
crosslinking to the less stable end of siRNA duplexes in the absence of TRBP (Figure 3.11 C,
D). Taken together, these data demonstrate that Dicer itself is the functional sensor of siRNA
thermodynamic asymmetry in humans, and that Dicer-associated dsRBPs play an essential
positioning role to allow this sensing to occur.
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Figure 3.11: Human Dicer is a protein sensor of siRNA thermodynamic asymmetry.

(A) Diagram of chimeric Dicer domain structure. Green boxes indicate SPNR dsRBDs. Small red box indicates
TEV cleavage site. Purple box represents full length Dicer. Diagonal break indicates a break from scale. (B) SDS-
PAGE analysis of wild type recombinant Dicer versus chimeric Dicer. (C) Chimeric Dicer was incubated with
siRNAs 2, 3, 5, or 6 at room temperature prior to irradiation with 302 nm light. Following TEV cleavage,
photocrosslinked proteins were detected based on size by SDS-PAGE. (D) Quantification of the relative
photocrosslinking of siRNAs 2, 3, 5, and 6 to Dicer versus the dsRBP in asymmetry sensing assays using data from
3 experimental replicates (mean +/- SD). Care was taken to ensure that the small residual signal corresponding to
uncleaved fusion protein was not entered into the analysis. Dicer was preferentially photocrosslinked when the 5-
iodo-uracil modification was introduced at the less stable end of the duplex, whereas the dsRBP preferentially
photocrosslinked to the more stable end.
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Previous characterizations of mouse embryonic stem cells in which portions of Dicer’s
RNaselll domains are excised have demonstrated that although these cells cannot process Dicer
substrates, exogenous siRNAs are still able to knock down gene expression (although strand
selection was not specifically examined in either case (Murchison et al. 2005; Kanellopoulou et
al. 2005). One interpretation of these results is that Dicer is not necessary for RISC loading in
mammals. However, in both cases it was possible that a truncated form of Dicer containing the
DExH/D helicase domain was still expressed. Such a Dicer fragment could retain its TRBP- and
siRNA-binding capacity and may therefore sense siRNA thermodynamic asymmetry through the
interactions proposed here. To investigate the possibility that such a Dicer fragment is expressed
in these knockout cells, we performed a western blot analysis of cell lysates using an antibody
that recognizes Dicer’s N-terminus (Murchison et al. 2005; Kanellopoulou et al. 2005).
Interestingly, in the mouse knockout cells, but not the conditional (un-floxed) control cells, we
detected a band corresponding to ~100 kDa (Figure 3.12). To rule out the possibility that this
signal represented a non-specific antibody interaction with a protein expressed at higher levels in
the mouse knockout cells than in the control cells, we used the same antibody to
immunoprecipitate this fragment from cell lysates and ran the eluate on an SDS-PAGE gel. We
then cut a band from the gel corresponding to the size of the fragment and submitted the sample
for analysis by mass spectrometry. We were able to detect three tryptic fragments of mouse
Dicer each corresponding to the N-terminal portion of the protein using a cross-correlation cutoff
that yielded results with greater than 95% confidence (Table 3.2). A large, N-terminal fragment
of Dicer is therefore expressed in these mouse Dicer “knockout” cells, indicating that although
Dicer’s main catalytic function is absent in these cells, it is possible that other Dicer functions
such as asymmetry sensing are still carried out.

Dicer - | S

hDicer N-Terminal Fragment - s - mDicer N-Terminal Fragment

Figure 3.12: Mouse Dicer null embryonic stem cells express an N-terminal Dicer fragment.
Whole cell lysates were run on a 10% SDS-PAGE gel, transferred to a PVDF membrane, and probed with antibody
1414 (Kanellopoulou et al. 2005). Recombinant wild type and bipartite Dicer proteins were run as controls.

Table 3.2: Mouse Dicer peptides present in Dicer null embryonic stem cells.

dicerl [Mus musculus]

Ion% # Sequence Amino Acids
81.2% 1 K. TFIAVLLTK.E 70-80

77.8% 1 K.FLLFTDTLLR.K 343-354
72.7% 1 R.AQTASDAGVGVR.S | 1071-1084

3.4 Discussion
Considerable efforts have shed light on the mechanisms of both dicing and target mRNA
cleavage in RNAI, but the process by which an siRNA is strand-selectively transferred to Ago2
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from Dicer in humans has been poorly understood. In this study, we used biochemical
approaches to investigate the post-processing fates of siRNAs within the Dicer/TRBP and
Dicer/PACT RLC subcomplexes as they are positioned and pre-oriented for strand-selective
RISC loading. The findings presented here allow us to propose a model for siRNA positioning
and RISC loading by RLCs that begins to establish the molecular basis of this process in humans
(Figure 3.13).

Our data provide evidence that the Dicer/TRBP heterodimer binds Dicer substrates and
products by distinct mechanisms. Dicer substrates are engaged by the catalytic region of the
enzyme, as would be necessary for productive dicing. TRBP seems to stabilize this interaction,
as human Dicer did not photocrosslink to substrates in the absence of TRBP in our assays (data
not shown). Following cleavage, dicing products are released into the bulk solvent, similar to the
Drosophila system and in contrast to previous models of the human enzyme (Preall et al. 2006;
Rose et al. 2005). Rose and colleagues approached this question by using modified pairs of
synthetic pre-siRNAs that restricted Dicer binding to one or the other end of the duplex, but that
would nonetheless each produce the same siRNA products. They reported that the processing
polarity of Dicer affects the extent of gene silencing in human cells, and concluded based on this
finding that human Dicer does not release its products before RISC loading. This report,
however, did not examine the potential effects that differing dicing efficiencies across different
substrates would have on overall silencing. Additionally, the effects of heterogeneous product
formation (21- versus 22 nt siRNAs) on silencing were not examined for all cases in which it
occurred. While it is possible that the product release observed here is not obligate or that
additional factors prevent siRNA dissociation in vivo, our in vitro data strongly favor a model of
product release prior to repositioning.

We show that the Dicer/TRBP heterodimer rebinds its siRNA products (or exogenously
administered siRNAs) at Dicer’s helicase domain. Given PACT’s similar binding site on Dicer
and the fact that this dsRBP also imparts product binding on Dicer, the same is likely true for the
Dicer/PACT heterodimer. Based on recently published EM structures, this repositioning
represents an almost 90° shift in binding orientation, although it is possible that RNA binding to
the helicase domain induces a conformational shift in Dicer that alters this angle (Lau et al. 2009;
Wang et al. 2009b). This staging step allows an siRNA to be bound coordinately between Dicer
and TRBP (which binds at the distal end of Dicer’s helicase branch, see Figures 2.6 and 3.13).
Bound in this way, an siRNA can be oriented by the heterodimer according to the
thermodynamic asymmetry of its ends in a way that would not be possible if the products were
bound along Dicer’s catalytic domain, far from TRBP or PACT. Interestingly, a recent EM study
showed that Dicer’s PAZ domain is located at the distal end of the catalytic branch (Lau et al.
2012). This finding suggests that the end of the siRNA that is bound to Dicer might not be
engaged by the PAZ domain.

Our findings have demonstrated that the human core RLCs are capable of sensing the
thermodynamic asymmetry of siRNA ends in vitro. These complexes bind siRNAs directionally
such that Dicer interacts with the less stable end of the duplex and its associated dsRBP interacts
with the more stable end. This finding alone, however, does not directly address the question of
which component represents the functional thermodynamic asymmetry sensing machinery. A
previous report concluded that TRBP alone preferentially photocrosslinks to the more stable end
of siRNA duplexes, which led to the conclusion that TRBP functions to sense siRNA
thermodynamic asymmetry in humans, whereas Dicer acts as more of a passive element in the
asymmetry sensing process (Gredell et al. 2010). These findings, however, were inconsistent
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across all siRNAs tested. Perhaps more importantly, given that in the same report the very
siRNA strands that were found to photocrosslink to TRBP preferentially in the context of an
asymmetric duplex were also crosslinked preferentially to TRBP when incubated as separate
ssRNAs, one cannot rule out the possibility that these findings reflect a photocrosslinking artifact
related to the tendencies of individual ssRNAs to crosslink preferentially rather than to duplex
stability.

In our study, the fact that TRBP alone photocrosslinks with no pattern related to
thermodynamic asymmetry argues that its function is not to bind the more stable end of an
siRNA and then directionally recruit that RNA to Dicer, as was previously proposed. Rather, our
experiments using various heterodimers and chimeric proteins demonstrate that asymmetry
sensing is only activated upon heterodimer formation, and that Dicer itself is the bona fide sensor
of siRNA thermodynamic asymmetry. In this light, Dicer-associated dsRBPs likely act as
positioning elements that hold siRNA products in place while Dicer senses the thermodynamic
stabilities of siRNA ends and binds preferentially to the less stable end.

Given that our data show siRNAs to be bound by Dicer’s DExH/D helicase domain, it is
tempting to implicate this domain in Dicer’s asymmetry sensing functionality. Although in our
assays asymmetry sensing does not require ATP, recent reports have shown that certain helicases
are capable of unwinding short stretches of RNA in an ATP-independent manner (Liu et al.
2008). Partial unwinding of an unstable siRNA end could potentially allow Dicer to bind that
siRNA end more favorably, imparting the observed directionality of product binding by
Dicer/dsRBP heterodimers. Unfortunately, point mutations in Dicer’s helicase domain render the
protein highly unstable, precluding a direct analysis of this hypothesis. Clearly, further structural
and biochemical analyses of the precise nature of siRNA binding by Dicer/dsRBP complexes are
necessary to firmly establish the mechanistic basis of this asymmetry sensor.

In terms of strand-selective RISC loading by the core human RLCs, it is of mechanistic
significance that asymmetry sensing by the heterodimers investigated here leads TRBP or PACT
to preferentially bind the 3" end of the guide strand (which lies at the more stable end of the
duplex). In our previously reported EM structure of a reconstituted RLC containing TRBP, we
modeled the crystal structure of a guide strand-containing Thermus thermophilus Argonaute into
the EM density (Wang et al. 2009b). Intriguingly, this docking placed the Ago PAZ domain near
TRBP and the outer edge of Dicer’s helicase domain. In binding the 3" end of the guide strand,
TRBP or PACT thus likely holds that end of the siRNA in close proximity to the Ago2 PAZ
domain and in the proper orientation for guide-strand binding by the apposed domain. Given
TRBP’s apparently high level of flexibility, it is possible that this protein or PACT could directly
hand off the 3" end of the guide strand to Ago2 in a RISC-priming step that leads to a previously
proposed state in which an siRNA is transiently coordinately bound between Dicer and the Ago2
PAZ domain (Wang et al. 2009b). Further studies will be needed to definitively establish
whether or not this RISC loading intermediate exists.
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Figure 3.13: Model for dsRNA positioning by human RISC Loading Complexes.

Dicer engages pre-siRNA substrates along its catalytic domain, positioning them in the active site for cleavage.
Products are then released and may potentially be bound directly by Ago2 or rebound along Dicer’s helicase branch.
In this conformation, Dicer products are bound directionally based on the thermodynamics of the duplex such that
Dicer actively senses and binds to the less stable end, leaving the dsRBP to bind the more stable end. In the
following hypothetical RISC priming step, the dsRBP passes the 3" end of the guide strand to the Ago2 PAZ
domain, securing the orientation of the siRNA to ensure a properly loaded RISC with an enhanced level of strand-
selectivity.

Our findings do not exclude the possibility that the asymmetry sensing observed here
represents only one part of a more complex system of semi-redundant guide strand selection
checkpoints in vivo. For example, prokaryotic Argonaute structures indicate that the two 5" bases
of the guide strand splay apart and do not base pair with the passenger strand (Wang et al.
2009c¢), indicating that Ago?2 itself may also bind siRNAs in a preferential orientation that serves
as a secondary proofreading mechanism for proper guide strand loading. Additionally, human
Ago2 loading may be affected by internal miRNA structural elements, as is the case in
Drosophila (Okamura et al. 2009). Nonetheless, the results of this study demonstrate that human
Dicer/dsRBP RLC subcomplexes are able to position siRNAs distinctly from pre-siRNA
substrates and orient them with respect to the relative thermodynamic stabilities of duplex ends,
strongly suggesting a role for these heterodimers in guide-strand selection during the RISC
loading process in humans.
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Chapter 4

Multiple Sensors Ensure Accurate Guide
Strand Selection in Human RNA1
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4.1 Introduction

In certain organisms, the siRNA and miRNA pathways are clearly delineated. For example, in
Drosophila, which express two separate Dicer enzymes, Dicer-2 generates siRNAs whereas
Dicer-1 generates miRNAs (Lee et al. 2004b). This distinction is less clear in mammals, which
have only one Dicer enzyme that is capable of processing both pre-siRNAs and pre-miRNAs
(Provost et al. 2002; Zhang et al. 2002). Human Dicer has two known dsRBP partners, TRBP
and PACT. Both proteins form heterodimers with Dicer and are important for the processing of
pre-siRNAs and pre-miRNAs, although a more specific delineation of the roles of these two
dsRBPs has not yet been achieved. A general consensus has been that there is some degree of
functional overlap between the two in terms of their involvement in the siRNA and miRNA
pathways, but a quantitative comparison of the relative contributions that each protein makes to
these pathways has not been carried out (Chendrimada et al. 2005; Haase et al. 2005; Lee et al.
2006; Kok et al. 2007).

In Drosophila, the delineation of the siRNA and miRNA pathways continues at the RISC
loading step, although a fair amount of overlap exists. Loading of Dicer product RNAs onto Ago
proteins in Drosophila requires an RLC comprised of an Ago protein, a Dicer protein, and a
dsRBP. This process is significantly enhanced by the Hsc70/Hsp90 chaperone machinery (Pare
et al. 2009; Johnston et al. 2010; Iwasaki et al. 2010; Miyoshi et al. 2010; Iki et al. 2010; Liu et
al. 2003). In terms of pathway delineation, the Drosophila RLC composed of Ago2, Dicer-2, and
R2D2 has been shown to promote the loading of siRNAs but selects against miRNAs.
Conversely, miRNAs are preferentially loaded onto Agol by a poorly understood mechanism
(Tomari et al. 2007). In mammals, siRNAs and miRNAs do not appear to be differentially sorted
into the four Ago proteins (Agol-Ago4), although Ago2 appears to be the most highly expressed
and is the only human Ago that exhibits endonuclease activity (Meister et al. 2004; Liu et al.
2004; Dueck et al. 2012; Wang et al. 2012). Since Ago2 binds to both siRNAs and miRNAs, the
delineation of these pathways at this level in humans remains unclear.

Guide strand selection in Drosophila is based primarily on the detection of RNA duplex
thermodynamics by the RLC (Schwarz et al. 2003; Khvorova et al. 2003). Thermodynamically
asymmetric siRNAs are pre-oriented by Dicer-2 and R2D2 such that Dicer-2 binds to the less
stable end and R2D2 binds to the more stable end prior to loading onto Ago2 (Tomari et al.
2004b). The fidelity of this process is fundamental to the target specificity of RNAi pathways.
We have shown that analogous human complexes containing either TRBP or PACT function as
siRNA thermodynamics sensors as well, but the ultimate importance of these complexes for
strand-selective RISC loading has yet to be fully demonstrated (see Chapter 3; (Noland et al.
2011)). Although Ago2/Dicer/dsRBP complexes have been shown to be the primary complexes
involved in RISC loading in humans (Liu et al. 2012), for some siRNAs and miRNAs human
Ago2 is sufficient for loading and accurate guide strand selection in the absence of Dicer
(Betancur and Tomari 2012; Kanellopoulou et al. 2005; Murchison et al. 2005). The extent to
which human complexes containing Dicer and either of its associated dsRBPs are true RLCs and
contribute to strand selection has therefore been a topic of debate. Furthermore, it is unknown
how competing parameters such as duplex thermodynamics, 5" nucleotide identity, and structure
may affect the relative contributions of these different RNAi components to overall guide strand
selection efficiency in humans.

Here we have used a reconstituted system to determine the extent to which the core
components of the human RNAi machinery contribute to RNA guide strand selection. We show
that recombinant Ago2 alone can utilize duplex siRNAs and miRNAs to target and cleave RNAs
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in vitro without the aid of chaperones or C3PO. Furthermore, we demonstrate that Ago2 has an
intrinsic but substrate-dependent strand selection capability. Dicer and TRBP or PACT are often
essential for achieving maximal levels of strand selection, and in certain cases the precise level
of strand selection depends on the particular dsRBP present in the complex. Interestingly,
complexes containing TRBP are considerably less efficient at RNA targeting using miRNAs than
complexes containing PACT. These findings demonstrate that specific RNA duplex features
dictate the relative contributions of human RNAi components to overall guide strand selection
and suggest that TRBP and PACT may play distinct roles in this process.

4.2  Methods

4.2.1 In vitro reconstitution of Ago2/Dicer/dsRBP complexes

Binding reactions were carried out in a final volume of 500 uL Gel Filtration Buffer containing a
1:2:4 molar ratio of Dicer:Ago2:dsRBP (assuming an initial dsSRBP dimer). Reactions were
incubated at 4°C for 30 minutes and then applied to a Superose 6 10/300 GL column (GE).
Fractions containing the desired complex were pooled conservatively to ensure that no free Ago2
or dsRBPs were present. All complexes were concentrated to 5 uM and aliquots stored at -80°C.

4.2.2 RNA preparation

All ssRNAs were chemically synthesized by Integrated DNA Technologies. ssRNAs to be used
for siRNA and miRNAs were 5 phosphorylated. All target RNAs were perfectly complimentary
to their respective guide strands except for mismatches with the last 4 bases at the 3" end of the
guide strand to promote turnover (Haley and Zamore 2004; Liu et al. 2011). All ssRNAs were
gel purified on a 15% denaturing PAGE gel. Eluted RNAs were washed thoroughly to remove
contaminating urea. dsSRNAs were prepared by incubating equimolar amounts of each ssRNA
together in Annealing Buffer (100 mM HEPES, pH 7.5; 30 mM KCl; 3 mM MgCl,) at 65°C for
10 minutes. Annealing reactions were then slow-cooled by removing the heat block and placing
it on the benchtop to equilibrate to room temperature. Annealed dsRNAs were further gel
purified on a 15% native gel to remove any remaining ssSRNAs.

4.2.3 Nearest neighbor RNA duplex thermodynamics analysis

Thermodynamic stabilities of the RNA duplex ends were calculated using nearest neighbor
methods for the terminal four base pairs and 2 nt 3" overhangs at each end of the duplex (see
Figure 1.3; (O'Toole et al. 2005; Freier et al. 1986; Xia et al. 1998; Mathews et al. 1999; Borer
et al. 1974; Tinoco et al. 1973)).

4.2.4 Strand-selective RNA cleavage assays

For target RNA cleavage assays using siRNAs, 50 nM Ago2, or either complex was pre-
incubated on ice for 30 minutes with 50 nM siRNA or miRNA in 18 uL Reaction Buffer (20 mM
Tris-HCI, pH 6.5; 75 mM KCI; 1 mM MgCly; 2.5% glycerol; 0.1 mg/mL BSA; 2.5 mM TCEP).
Following an incubation on ice for 30 minutes, these RISC loading reactions were then divided
into two 9 uL slicing reactions and 1 uL (1,000 cpm, ~0.5 nM) 5” **P-radiolabeled target RNA
corresponding to the guide strand was added to one reaction and 1 uL (1,000 cpm, ~0.5 nM) 5°
3?P-radiolabeled target RNA corresponding to the passenger strand was added to the other.
Target cleavage reactions were carried out for 30 minutes at 37°C and were stopped by
phenol:chloroform extraction and ethanol precipitation of the RNAs. RNA pellets were
resuspended in 2x Formamide RNA Loading Dye (95% Formamide, 18 mM EDTA, 0.025%
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SDS, 0.1% xylene cyanol, 0.1% bromophenol blue). Product RNAs were resolved by 15%
denaturing PAGE and visualized by phosphorimaging.

Target RNA cleavage assays using miRNAs were identical to those with siRNAs with the
exception that two separate 9 uL reactions were set up for each protein. One of these reactions
contained a 5" biotinylated DNA capture oligonucleotide with complementarity to the passenger
strand and the other contained a capture oligonucleotide complementary to the guide strand (this
is to prevent re-loading of unwound strands, since Ago2 binds efficiently to ssRNAs). Following
an initial 30 minute incubation on ice, 1 uL (1,000 cpm, ~0.5 nM) 5" **P-radiolabeled target
RNA corresponding to the guide strand was added to the reaction containing the passenger strand
capture oligonucleotide. A radiolabeled target corresponding to the passenger strand was added
to the reaction containing the guide strand capture oligonucleotide. Target cleavage reactions
were then carried out as above.

4.3  Results

4.3.1 Ago2 cleaves target RNAs in vitro using duplex siRNAs and miRNAs

We wanted to establish a minimal in vitro system for assessing the individual contributions of
different RNAI proteins to strand-selective target cleavage. As a starting point, we attempted to
load recombinantly purified human Ago2 with a thermodynamically asymmetric duplex siRNA
or miRNA to test for conditions that would allow for slicing activity (Figure 4.1 A, B).
Importantly, these duplex RNAs were gel purified by 15% native PAGE to ensure that no single
stranded RNAs (ssRNAs) were present. Surprisingly, although recombinant human Ago2 alone
had previously been shown to be unable to bind duplex siRNAs (Rivas et al. 2005; Ye et al.
2011), we found that Ago2 was able to cleave target RNAs using a duplex siRNA or miRNA
without the need for either ATP or accessory proteins (Figure 4.1 C). A native gel analysis
performed at 37°C showed that the duplex RNAs remained double-stranded after 30 minutes,
ruling out the possibility that strand dissociation and subsequent loading of ssRNAs accounted
for the observed slicing activity (Figure 4.1 D).

Heat shock proteins have been shown to enhance Ago2 loading in both Drosophila and
humans (Miyoshi et al. 2010; Iwasaki et al. 2010), and it was therefore possible that these results
were simply due to trace amounts of insect Hsp90 that may have co-purified with Ago2. To
determine if this was the case, we performed RNA cleavage assays in the presence of 1 mM of
the Hsp90 inhibitor 17-(allylamino)-17-demethoxygeldanamycin (17-AAG). In the presence of
this inhibitor, we saw no decrease in cleavage activity for either the siRNA or miRNA, whereas
EDTA strongly inhibited cleavage activity (Figure 4.1 C). These findings support the conclusion
that Ago2 alone can bind to duplex RNAs and select one strand as a guide for target recognition.
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Figure 4.1: Human Ago2 cleaves target RNAs in vitro using duplex siRNAs and miRNAs.

(A) Coomassie Blue-stained SDS-PAGE gel of recombinantly purified Ago2. (B) Sequences and thermodynamic
analysis of siRNA-1 and miRNA-1. Thermodynamics were calculated for the 4 terminal base pairs and 2 nt 3"
overhangs at each end of the duplex. The presumptive guide and passenger strands are shown in red and blue,
respectively. (C) Recombinant human Ago2 is active for target cleavage using either a duplex siRNA (siRNA-1, left
panel) or duplex miRNA (miRNA-1 right panel) as a guide. Neither DMSO nor the Hsp90 inhibitor 17-AAG inhibit
the activity of human Ago2, whereas EDTA does inhibit activity. (D) siRNA-1 and miRNA-1 remain double
stranded at 37°C, as demonstrated by 15% native PAGE analysis.

4.3.2 Dicer and dsRBPs are required for efficient strand selection with some siRNAs

We next tested the extent to which Dicer and TRBP or PACT contribute to strand-selective RISC
loading in humans. For this experiment we used siRNA-1, which is thermodynamically
asymmetric and has a 5" uridine on both duplex strands (Figure 4.1 B, siRNA-1). We designed a
pair of 41 nucleotide target RNAs that were perfectly complementary to one or the other strand
of the duplex (except for mismatches corresponding the last four nucleotides at the 3" end of
either strand) and carried out target cleavage assays to determine the extent to which each duplex
strand is used for target RNA cleavage.

Ago2 alone or in complex with Dicer and either TRBP or PACT was pre-incubated with
siRNA-1 on ice for 30 minutes. Following this initial RISC loading reaction, radiolabeled target
RNAs were added and incubated for 30 minutes at 37°C. We found that under these conditions,
Ago?2 used both the predicted guide strand and passenger strands to nearly equal levels. Both
Dicer/dsRBP-containing complexes, however, preferentially used the predicted guide strand for
targeting (Figure 4.2 A, B). This finding demonstrates that for an siRNA that has the same 5’
nucleotide on both strands, pre-formed Ago2/Dicer/dsRBP complexes are essential for achieving
proper strand-selective RISC loading and thus target specificity. In this respect, human
Dicer/dsRBP-containing complexes have the ability to function similarly to the Drosophila RLC.
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Figure 4.2: Dicer and dsRBPs are required for strand selection with some siRNAs.

(A) Ago2 alone exhibits minimal levels of strand selection when loaded with siRNA-1. Complexes containing Dicer
and either TRBP or PACT enhance strand selection. Lanes labeled “G” contain a target corresponding to the guide
strand and lanes labeled “P” contain a target that is complementary to the passenger strand. (B) Quantification of the
ratio of target cleavage mediated by the guide strand compared to that mediated by the passenger strand. Data shown
are means (+/- SD) from three separate experimental replicates.

4.3.3 Ago2/Dicer/dsRBP complexes are sensitive to changes in duplex stability

We were interested to know if a wider window of siRNA thermodynamic asymmetry would
allow for strand selection by Ago2 alone or result in further enhancement of strand selection by
Dicer/dsRBP-containing complexes. To this end, we altered siRNA-1 by changing the terminal
A:U base pair at the 5" end of the guide strand to a G:U wobble pair (Figure 4.3 A, siRNA-2).
With this RNA we again found that Ago2 exhibited only low levels of strand-selective target
cleavage. As expected, strand selection was enhanced by both Ago2/Dicer/dsRBP complexes to
a higher degree than was observed for siRNA-1 (Figure 4.3 B, C). This finding indicates that
human Ago2/Dicer/dsRBP complexes are more sensitive to siRNA thermodynamics than Ago2
alone and are capable of translating these small changes in duplex stability to large changes in
strand-selective RISC loading.
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Figure 4.3: Ago2/Dicer/dsRBP complexes are sensitive to changes in duplex stability.

(A) Sequence and thermodynamic analysis of siRNA-2. Thermodynamics were calculated for the 4 terminal base
pairs and 2 nt 3" overhangs at each end of the duplex. The presumptive guide and passenger strands are shown in red
and blue, respectively. (B) Ago2 alone exhibits minimal levels of strand selection when loaded with siRNA-2.
Complexes containing Dicer and either TRBP or PACT enhance strand selection. Lanes labeled “G” contain a target
corresponding to the guide strand and lanes labeled “P” contain a target that is complementary to the passenger
strand. (C) Quantification of the ratio of target cleavage mediated by the guide strand compared to that mediated by
the passenger strand. Data shown are means (+/- SD) from three separate experimental replicates.

4.3.4 5" nucleotide identity affects strand selection by human Ago2

In addition to purely thermodynamic considerations, Ago2 is known to have a binding preference
for small RNAs with 5" uridine and adenosine nucleotides, while 5" cytidines and guanosines are
selected against during RISC loading. This is due in part to a conserved selectivity loop in the
Ago2 Mid domain (Frank et al. 2010; Hu et al. 2009). In light of this 5" nucleotide specificity,
we were intrigued by the finding that Ago2/Dicer/dsRBP complexes achieved stronger strand-
selective target cleavage with siRNA-2 despite the fact that it contained a guanosine nucleotide
at the 5" end of the guide strand. This result demonstrates that the thermodynamics of the duplex
are more important than 5" nucleotides in strand selection by human Ago2/Dicer/dsRBP
complexes, but does not rule out the possibility that 5° nucleotides might play some role. In
particular, if an unfavorable nucleotide were present at the 5" end of the passenger strand, the
combined thermodynamic and 5" nucleotide effects may allow for Ago2 alone to achieve strand-
selective target cleavage. In a previous study using an siRNA that had a 5° C on the passenger
strand of an siRNA duplex, target RNAs were cleaved strand-specifically by Ago2 in the
absence of Dicer (Betancur and Tomari 2012). We used the same siRNA — which has a small
window of thermodynamic asymmetry — in our strand-selective RNA cleavage assay to further
test the effect that 5" nucleotide preference may have on strand selection (Figure 4.4 A, siRNA-
3). In support of the previous results (Betancur and Tomari 2012), Ago2 was able to cleave
targets strand-selectively on its own using this duplex (Figure 4.4 B, C). Interestingly, in our
hands Ago2 alone exhibited a higher degree of strand selection than either Dicer/dsRBP-
containing complex in this case, indicating that these complexes may predetermine the guide
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strand based on thermodynamics such that unfavorable 5" nucleotides on the passenger strand do
not have a stimulatory effect. Nonetheless, these findings indicate that an unfavorable 5’
nucleotide on the passenger strand facilitates strand-selectivity for human Ago2 in the absence of
Dicer or dsRBPs.
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Figure 4.4: 5" nucleotide identity affects strand selection by Ago2.

(A) Sequence and thermodynamic analysis of siRNA-3. Thermodynamics were calculated for the 4 terminal base
pairs and 2 nt 3" overhangs at each end of the duplex. The presumptive guide and passenger strands are shown in red
and blue, respectively. (B) Ago2 alone cleaves target RNAs strand-selectively using siRNA-3. This level of strand
selection is slightly attenuated by complexes containing Dicer and either TRBP or PACT. Lanes labeled “G” contain
a target corresponding to the guide strand and lanes labeled “P” contain a target that is complementary to the
passenger strand. (C) Quantification of the ratio of target cleavage mediated by the guide strand compared to that
mediated by the passenger strand. Data shown are means (+/- SD) from three separate experimental replicates.

4.3.5 RNA duplex terminal base pairing affects strand selection by Ago2

Prokaryotic Ago proteins bind to duplex nucleic acids such that the 5" nucleotide of the guide
strand is splayed apart from the corresponding base of the target — a property that appears to be
conserved in human Ago2 (Wang et al. 2008b; Elkayam et al. 2012). We were interested to
know if this binding geometry might allow Ago2 to preferentially select the guide strand in the
absence of Dicer. To this end, we modified siRNA-1 by introducing a mismatch at the 5" end of
the guide strand (Figure 4.5 A, siRNA-4). With a similar RNA it was recently shown that
endogenous mammalian Ago2 alone can be asymmetrically loaded as efficiently as when it is
supplemented with recombinant Dicer (Betancur and Tomari 2012). In support of those data, we
found that with this siRNA, Ago2 was again able to cleave its target in a strand-selective manner
with no further enhancement in the presence of Dicer and TRBP or PACT (Figure 4.5 B, C).
Thus, in addition to the specific identity of the 5" nucleotide of the passenger strand, certain
structural features of duplex ends likely provide a preferred binding geometry that allows Ago2
to selectively cleave the guide strand target in the absence of Dicer.
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Figure 4.5: RNA duplex terminal base pairing affects strand selection by Ago2.

(A) Sequence and thermodynamic analysis of siRNA-4. Thermodynamics were calculated for the 4 terminal base
pairs and 2 nt 3" overhangs at each end of the duplex. The presumptive guide and passenger strands are shown in red
and blue, respectively. (B) Ago2 alone cleaves targets strand-selectively using siRNA-4. Complexes containing
Dicer and either TRBP or PACT do not enhance this strand selection. Lanes labeled “G” contain a target
corresponding to the guide strand and lanes labeled “P” contain a target that is complementary to the passenger
strand. (C) Quantification of the ratio of target cleavage mediated by the guide strand compared to that mediated by
the passenger strand. Data shown are means (+/- SD) from three separate experimental replicates.

4.3.6 Ago2 alone cleaves target RNAs strand-selectively using an miRNA

We were curious to know how internal duplex structural features such as those present in natural
miRNAs might affect the ability of Ago2 alone to achieve strand-selective target cleavage. Such
structural features are known to affect asymmetric RISC loading in Drosophila (Okamura et al.
2009; Czech et al. 2009). Additionally, miRNAs often have much wider windows of
thermodynamic asymmetry compared with siRNAs, and it is possible that such a large
thermodynamic difference between the duplex ends would be beneficial for strand-selective
Ago2 loading in a manner similar to that of a terminal mismatch. We therefore created a model
miRNA by introducing a central mismatch at position 10 of the guide strand of siRNA-1 as well
as a seed mismatch at position 4 of the guide strand (Figure 4.6 A, miRNA-1). Target RNAs
were again complementary to either strand to allow for their endonucleolytic cleavage. Ago2
alone exhibited strong strand selection with this miRNA (Figure 4.6 B, C), indicating that
certain combinations of internal duplex structure and thermodynamics greatly enhance strand
selection by human Ago2.
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Figure 4.6: Complexes containing PACT but not TRBP enhance miRNA strand selection.

(A) Sequence and thermodynamic analysis of miRNA-1, miRNA-2, and miRNA-3. Thermodynamics were
calculated for the 4 terminal base pairs and 2 nt 3" overhangs at each end of the duplex. The presumptive guide and
passenger strands are shown in red and blue, respectively. (B) Ago2 alone cleaves target RNAs strand-selectively
using miRNA-1. This strand selection is not enhanced by the presence of Dicer and TRBP, but is strongly enhanced
by the presence of Dicer and PACT. Lanes labeled “G” contain a target corresponding to the guide strand and lanes
labeled “P” contain a target that is complementary to the passenger strand. (C) Quantification of the ratio of target
cleavage mediated by the guide strand compared to that mediated by the passenger strand. Data shown are means
(+/- SD) from three separate experimental replicates. (D) Ago2 alone exhibits low levels of strand-selectivity using
miRNA-2. Complexes containing Dicer and either TRBP or PACT enhance this strand-selectivity. (E)
Quantification of the ratio of target cleavage mediated by the guide strand compared to that mediated by the
passenger strand. Data shown are means (+/- SD) from three separate experimental replicates. (F) Ago2 alone
exhibits strong strand-selectivity using miRNA-3. This strand selection is not enhanced by the presence of Dicer and
TRBP, but is strongly enhanced by the presence of Dicer and PACT. (G) Quantification of the ratio of target
cleavage mediated by the guide strand compared to that mediated by the passenger strand. Data shown are means
(+/- SD) from three separate experimental replicates.
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4.3.7 miRNA strand selection is affected to differing degrees by TRBP and PACT
With the siRNA duplexes that we tested, Ago2/Dicer/dsRBP complexes generally exhibited
similar levels of strand selection enhancement. We were surprised to find that with miRNA-1,
strand selection by Ago2/Dicer/TRBP complexes was not enhanced above that observed for
Ago2 alone, whereas a complex containing PACT enhanced strand-selective target cleavage
(Figure 4.6 B, C). Additionally, the overall cleavage efficiency was substantially lower for the
complex containing TRBP, indicating that such complexes may disfavor RNAs with internal
duplex structures such as those found in most natural miRNAs (Figure 4.6 B). Together, these
findings point to the possibility of delineating specific roles for TRBP and PACT in the fine-
tuning of target specificity in RNAI.

To determine the specific elements of miRNA-1 that are important for this distinction
(and for the ability of Ago2 alone to select the guide strand), we designed two miRNAs with a
single mismatch either at position 10 (Figure 4.6 A, miRNA-2) or position 4 (Figure 4.6 A,
miRNA-3) of the guide strand. Targets were designed to match each miRNA strand. The overall
target cleavage activity for miRNA-2 was much lower than for miRNA-1 (Figure 4.6 D), which
can be explained by previous reports that central miRNA mismatches promote Ago loading but
not unwinding in both humans and Drosophila (Kawamata et al. 2009; Yoda et al. 2010). Ago2
alone was again able to cleave target RNAs strand-specifically in this case, indicating that
internal duplex structure likely plays a role in dictating Ago2’s ability to select the guide strand,
as in Drosophila (Okamura et al. 2009). Interestingly, both Ago2/Dicer/dsRBP complexes
enhanced Ago2’s basal strand selection to similar degrees with this miRNA, indicating that the
mismatch at position 10 is not responsible for the disproportionate enhancement of strand
selection that was noted for the Ago2/Dicer/PACT complex with miRNA-1 (Figure 4.6 D, E).

The overall activities of each protein when programmed with miRNA-3 were similar to
those observed with miRNA-1 (Figure 4.6 B, F). Again in this case, Ago2 exhibited strong
strand selection on its own, indicating that seed mismatches and/or high levels of duplex
thermodynamic asymmetry influence strand selection in the absence of Dicer (Figure 4.6 F, G).
The abilities of Ago2/Dicer/dsRBP complexes to enhance this strand selection was also similar
for miRNA-3 and miRNA-1, such that TRBP did not enhance Ago2’s strand-selectivity, whereas
PACT strongly enhanced strand selection (Figure 4.6 F, G). Thus, complexes containing PACT
are more sensitive to duplex structure in the seed region than those containing TRBP when it
comes to strand selection. Furthermore, complexes containing TRBP are generally less equipped
to tolerate internal mismatches such as those present in many natural miRNAs.

4.4  Discussion

This study has revealed the nuanced roles of the human RNAi machinery in strand-selective
target cleavage and lays the groundwork for the further delineation of those roles. Our results
indicate that recombinant human Ago2 expressed in insect cells is fully competent to bind duplex
siRNAs and miRNAs and use them as guides for target cleavage. This finding is contrary to
previous reports that recombinant Ago2 alone is only active when programmed with ssRNAs
(Rivas et al. 2005; Ye et al. 2011). A separate study showed that while bacterially expressed
human Ago2 binds to duplex siRNAs and miRNAs, with siRNAs it could not release cleaved
passenger strands (Wang et al. 2009a). It is unclear why such discrepancies in the field have
arisen. One possibility is that purification of N-terminal GST-fusion proteins from bacterial
sources may lead to a less active protein than a wild type protein from insect cells, given that
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human Ago2’s N-terminal domain has been implicated in duplex unwinding (Kwak and Tomari
2012). Similarly, we have found that a number of purification strategies for Ago2 lead to less
active or inactive protein (unpublished observations). Another possible reason for these
discrepancies is that some groups anneal duplex RNAs by adding an excess of passenger strand,
which may compete with duplex RNAs for Ago2 binding, leading to the conclusion that the
recombinant protein is not active with dsRNAs (Ye et al. 2011). Here we have gel purified each
duplex RNA to ensure that no ssSRNAs are present in our reactions (Figure 4.1 D).

Heat shock proteins are known to facilitate Ago2 loading (Pare et al. 2009; Johnston et al.
2010; Miyoshi et al. 2010; Iwasaki et al. 2010; Iki et al. 2010), but the fact that our reactions do
not contain ATP and that the Hsp90 inhibitor 17-AAG does not inhibit Ago2 activity indicates
that the activity we observe is not likely the result of chaperone activity. With respect to
passenger strand removal, we cannot rule out the possibility that insect C3PO has co-purified
with Ago2, although the protein appears to be pure by SDS-PAGE (Figure 4.1 A). It is likely
that the addition of either C3PO or heat shock proteins to our assays would further enhance the
activity of Ago2 as well as each Ago2/Dicer/dsRBP complex.

The results of our strand-selective target cleavage assays support and expand upon
previous findings that in certain cases human Ago2 alone is able to cleave targets strand-
specifically (Betancur and Tomari 2012). It was previously concluded that Dicer is dispensable
for asymmetric RISC loading, but our expanded set of duplex RNAs has demonstrated that this
conclusion is true only for certain types of duplex RNAs such as those with unfavorable 5’
nucleotides on the passenger strand or with terminal mismatches. Furthermore, even when Ago2
alone is capable of robust strand selection, Dicer and TRBP or PACT in some cases enhance that
selection, as is the case with the miRNAs tested here. It should also be noted that despite the
ability of Ago2 alone to bind certain duplex RNAs asymmetrically, Ago2/Dicer/dsRBP
complexes were recently shown to be the primary machinery responsible for loading miRNAs
onto Ago2 in mammals (Liu et al. 2012). In light of this finding and the data presented here, it
seems clear that rather than Ago2 functioning exclusively in human strand selection, its binding
preferences serve instead as a secondary RISC loading checkpoint that acts in concert with
Dicer/dsRBP asymmetry sensors within RLCs to ensure proper strand selection.

The data presented here indicate the presence of a hierarchy of parameters that govern the
necessity of human Dicer and its associated dsRBPs for strand selection enhancement that
considers thermodynamic, 5" nucleotide, and structural contributions (Figure 4.7). For perfectly
duplexed siRNAs with a 5" uridine on both strands, Dicer/dsRBP-containing RLCs are required
for optimal strand selection. This remains true when unfavorable 5° nucleotides are present on
the guide strand. When present on the passenger strand, however, unfavorable 5" nucleotides are
able to drive strand selection by Ago2 alone. Similarly, terminal mismatches, which increase the
thermodynamic asymmetry of the duplex and likely provide a favorable binding geometry for
Ago2, allow for strand selection by that protein alone. Central and seed mismatches also allow
robust strand-selective target cleavage by Ago2. In the case of miRNAs containing seed
mismatches, Ago’s strand-selectivity is significantly enhanced in the presence of Dicer and
PACT but not TRBP, demonstrating that these dsRBPs play differing roles in strand selection
that are likely governed by internal duplex structural elements. Many more natural miRNAs will
need to be tested to fully define the duplex features that dictate these roles.
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Figure 4.7: Parameters dictating the contributions of RLC components to strand selection.

Left: Only Ago2/Dicer/dsRBP complexes are able to efficiently direct strand selection with perfectly matched
siRNAs containing identical 5" nucleotides on both strands or a disfavored 5" nucleotide on the guide strand. Center:
Ago2 alone as well as Dicer/dsRBP-containing complexes are capable of strand selection with duplex RNAs
harboring a disfavored 5° nucleotide on the passenger strand, terminal mismatches, or central mismatches. Right:
Ago2 and Ago2/Dicer/TRBP complexes exhibit robust strand selection with duplex RNAs containing seed
mismatches or combined seed and central mismatches, although overall activity is diminished with a TRBP-
containing complex (denoted by grey arrow). Strand selection with these RNAs is enhanced by Ago2/Dicer/PACT
complexes (denoted by large arrow).

We also found that the presence of TRBP substantially attenuates overall RISC activity
when programmed with a miRNA containing a seed sequence mismatch. This finding is
reminiscent of small RNA sorting by the Drosophila RLC, where Dicer-2/R2D2 heterodimers
disfavor miRNA loading onto Ago2, and a separate mechanism supports preferential loading of
miRNAs onto Agol (Tomari et al. 2007). Our study indicates that in humans the Dicer/TRBP
RLC subcomplex may be analogous to the Dicer-2/R2D2 subcomplex in its relative selection
against miRNAs. Interestingly, while we found that TRBP-containing RLCs disfavored miRNA
processing at the level of mRNA targeting, separate studies have found that PACT-containing
RLCs disfavor siRNA processing at the level of dicing and that TRBP enhances pre-siRNA
processing by Dicer (Lee et al. manuscript in preparation; (Chakravarthy et al. 2010)). These
studies combined with our data provide a picture of human siRNA and miRNA pathway
delineation wherein Ago2/Dicer/TRBP RLCs are optimized for the siRNA pathway, whereas
Ago2/Dicer/PACT RLCs are optimized for the miRNA pathway.
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Chapter 5

Summary
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The principal goal of this work has been to elucidate the mechanisms of RISC loading in
humans. In particular, a focus has been placed on the means by which the core human RNAi
machinery achieves strand-selective RISC loading, as the precision of this portion of RNAi
pathways is absolutely essential to the overall specificity of mRNA targeting. We have shown
that human RISC Loading Complexes are central to this multi-checkpoint process. As a starting
point, we determined the molecular architecture of a human RLC containing Ago2, Dicer, and
TRBP. This structural information then informed our efforts to elucidate the roles of
Dicer/dsRBP RLC subcomplexes in pre-orienting nascent siRNAs and miRNAs based on the
thermodynamic properties of the duplex prior to RISC loading. Finally, we have shown that
although it is possible that in some cases Ago2 may function in isolation, Dicer/dsRBP
thermodynamic sensors are often essential for fine-tuning the process of strand-selective RISC
loading in humans. Ago2 therefore likely acts as a secondary checkpoint within the context of
each RLC to ensure optimal strand selection. Furthermore, we have opened the door to the
possibility of delineating specific roles for different human RLCs with respect to the siRNA and
miRNA pathways that are dependent on the identity of the RLC-associated dsRBP.

When this research commenced, little was known of the mechanisms of RISC loading in
humans. TRBP had been suggested to play a role in this process, although the significance of that
role was under debate. The role that PACT plays in RNAi pathways was still quite vague. One
barrier to a clear understanding of the human RISC loading process was a lack of structural
information regarding how the individual components of the RNAi machinery functionally
interact in a way that allows for pre-orienting and loading nascent siRNAs and miRNAs onto
Ago2. To this end, we determined the molecular architecture of an RLC containing Ago2, Dicer,
and TRBP. This study yielded a view of a highly dynamic complex, and intriguingly, the
dimensions of the complex seemed optimized for the transfer of a 21-23 nt duplex RNA between
each component protein during RISC loading. Based on this structure and analogy to a
biochemically characterized Drosophila complex, we formed a series of testable hypotheses
regarding the mechanistic steps bridging substrate cleavage by Dicer and siRNA or miRNA
binding by Ago2.

The lack of mechanistic information regarding the human RISC loading process also reflected
the absence of a robust in vitro system for studying the individual contributions of the human
RNAIi components to this process. Using individually expressed proteins and reconstituted RISC
Loading Complexes and subcomplexes, we developed a series of assays to determine how
human RLCs orient Dicer product RNAs prior to RISC loading. As suggested by our EM
reconstruction, these experiments revealed a novel RNA binding site at Dicer’s helicase domain
for product RNAs. We further showed that Dicer likely releases nascent siRNAs prior to
rebinding them at this new site. Importantly, we were able to demonstrate that human
Dicer/dsRBP heterodimers pre-orient thermodynamically asymmetric siRNAs such that Dicer
binds to the less stable end of the duplex and TRBP or PACT binds to the more stable end. On
their own, dsRBPs bound to either end of the duplexes indiscriminately, whereas Dicer did not
bind at all. However, by tethering a dsRBP that is not involved in RNAi to Dicer’s helicase
domain, we were able to rescue thermodynamic sensing. This indicated that Dicer itself is likely
the active sensor of siRNA thermodynamic asymmetry, whereas dsRBPs serve more of a passive
role, holding the RNA in place and binding the duplex end that Dicer does not prefer.
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At the time that this research was being conducted, one of many significant topics of debate in
the RNAI field regarded the extent to which human RLCs are in fact bona fide RLCs. This
question arose from the observation that human Ago2 is in some cases capable of binding
siRNAs strand-specifically in the absence of Dicer. From these observations it was concluded
that human Dicer (and thus the human RLC) is not involved in RISC loading. These conclusions,
however, underestimated the complexity of the human RISC loading process. It was soon shown
by another group that in wild type human cells, RLCs are the primary complexes involved in
RISC loading. Despite this clear step forward, a question that remained was that since Dicer
products are released prior to asymmetry sensing, it was possible that siRNAs might bypass the
canonical Dicer/dsRBP asymmetry sensing machinery in humans and bind directly to Ago2. We
felt that the available data were more consistent with the hypothesis that Ago2 itself serves as a
secondary checkpoint within RLCs to ensure proper strand selection. To test this, we developed
an assay to test for strand-selective target cleavage and found that in certain cases where 5’
uridines were present on both duplex strands or when an unfavorable 5" nucleotide was present
on the guide strand, Ago2 alone was insufficient for accurate guide strand selection. RLCs were
essential to achieving proper target specificity in these cases. In other cases where an
unfavorable 5" nucleotide was present on the passenger strand or the duplex contained a terminal
mismatch, Ago2 alone was as capable of strand selection as either RLC. This was also true in the
case of miRNAs, but RLCs containing PACT achieved much higher levels of strand-selectivity
than did Ago2 alone. Our findings provide evidence for a complex, multi-checkpoint strand
selection system within each RLC wherein the individual contributions of each protein are
dictated by specific RNA duplex characteristics such as end thermodynamics, 5" nucleotide
identity, and duplex structure. Interestingly, in the process of studying strand-selective target
cleavage, we also found that mRNA targeting by miRNAs is strongly disfavored by RLCs
containing TRBP as opposed to PACT. This finding opens the door to further delineation of the
specific roles of TRBP and PACT in the siRNA and miRNA pathways. Overall, the body of
work presented here represents a significant advance in our mechanistic understanding of the
RISC loading process in human RNA interference.
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A.1 Introduction

A.1.1 Post-translational modifications and the control of biological pathways
Post-translational modifications (PTMs) are covalent protein modifications that occur at a
number of amino acids and exert a range of effects on protein structure, stability, localization,
and interactions. These modifications include phosphorylation, ubiquitylation, acetylation,
glycosylation, methylation, hydroxylation, and many others (Walsh et al. 2005; Seo and Lee
2004; Mann and Jensen 2003). Such modifications are known to add an exquisite layer of control
to essential biological systems such as the cell cycle, during which ubiquitylation of cyclins at
defined time points marks cycle progression (Tyers and Jorgensen 2000). Another example of
the control exerted by PTMs regards the autophosphorylation of PKR, which converts that
protein — essential for apoptotic pathways that are triggered upon viral infection — from an
inactive to an active state. This activation causes PKR to inhibit translation through its
phosphorylation of another protein, elF2a (Williams 1999).

The rapid development of mass spectrometry techniques for proteome-wide identification
of post-translational modifications has led to a massive expansion of our ability to identify and
characterize novel modifications, such that over 200,000 eukaryotic PTMs have been identified
to date (Beltrao et al. 2012; Witze et al. 2007; Rush et al. 2005; Dephoure et al. 2008). Until
recently, it was uncertain as to whether or not post-translational modifications might play a role
in the regulation of the RNAi pathway. Recently, however, multiple studies have begun to show
the extensive network of post-translational modifications that control different aspects of RNA..

A.1.2 Post-translational modifications in RNAi

Mass spectrometry has demonstrated that Ago2 is phosphorylated at several residues (S253,
T303, T307, S387, Y393, Y529, and S798). Interestingly, phosphorylation of Y529, which is
located in the Mid domain, was shown to reduce small RNA binding by Ago2, indicating that the
cell may be able to regulate complete unloading of an Ago2 protein or shut off RNAi altogether
under certain conditions (Riidel et al. 2011). The timed unloading of Ago2 would likely have
further consequences on turnover, given that free Ago2 is relatively unstable (Elkayam et al.
2012; Johnston et al. 2010). Rather than being involved in Ago2 turnover, The MAPK-dependent
phosphorylation of S387 is important for P-body localization, particularly under conditions of
cellular stress (Zeng et al. 2008). To date, the effects of Ago2 phosphorylation at the other sites
mentioned above — as well as the specific kinases responsible for those modifications — have not
been investigated.

In addition to phosphorylation, Ago2 goes through several other post-translational
modifications that are important to regulating its function. These modifications alter both Ago2
stability and localization, with resulting effects on overall silencing in vivo. One such
modification is the poly(ADP-ribose)ylation of Ago2’s PIWI domain. This modification, which
occurs under conditions of cellular stress, both drives the localization of Ago2 to stress granules
and also decreases miRNA-directed translational silencing and siRNA-directed mRNA cleavage
(Leung et al. 2011). Another modification that leads to a decrease in miRNA activity is the
ubiquitylation of Ago2 by the E3 ubiquitin ligase Lin-41 (a let-7 target). This modification leads
to Ago2 turnover (Rybak et al. 2009). A final known modification that stabilizes Ago2 is the
prolyl-4-hydroxylation of the protein at P700 by the type I collagen prolyl-4-hydroxylase. Lack
of this hydroxylation leads to higher Ago2 turnover, likely due to a folding defect, with the result
of decreasing miRNA-directed translational repression (Qi et al. 2008).
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Beyond Ago2, it is now understood that the dsRBPs involved in RNAI are also targets of
phosphorylation. Specifically, TRBP is phosphorylated at two sites on each of its flexible linkers.
In the first linker, S142 and S152 are modified, and in the second, S283 and S286 are modified.
These phosphorylation events are regulated by the MAPK/Erk pathway and are essential to the
stability of the Dicer/TRBP heterodimer. Due to this stabilizing effect, phosphorylation at these
sites leads to an increase in miRNA-directed silencing (Paroo et al. 2009).

Given the importance of TRBP phosphorylation to the stability of the Dicer/TRBP
complex, it is possible that PACT may be similarly phosphorylated in a way that would stabilize
the analogous Dicer/PACT complex. If this were the case, it would be interesting to know if
PACT’s phosphorylation is regulated in the same manner as TRBP’s. Although currently it is
unknown if PACT’s linker regions are phosphorylated, the protein has been shown to be
phosphorylated at two sites in its third dSRBD. These phosphorylation sites, however, have only
been investigated as they relate to the PKR pathway. PACT was originally identified as a protein
activator of PKR under conditions of cellular stress, whereas TRBP inhibits PKR activity (Patel
and Sen 1998; Park et al. 1994). PACT’s activation of PKR is phosphorylation- and cellular
stress-dependent. Within PACT’s C-terminal dsRBD, S246 is known to be constitutively
phosphorylated, and upon cellular stress S287 becomes phosphorylated, leading to the activation
of PKR (Peters et al. 2006). The mouse homolog of PACT, RAX is also known to be
phosphorylated at S18 following cellular stress, although this modification and its importance for
activating PKR in humans has yet to be demonstrated (Bennett et al. 2004). Interestingly, it has
recently been demonstrated that TRBP may inhibit PKR by forming heterodimers with PACT in
unstressed cells, thereby sequestering it from PKR. Upon stress-induced phosphorylation of
S287 of PACT this heterodimer dissociates, freeing PACT to activate PKR (Singh et al. 2011). It
stands to reason that phosphorylation events on PACT’s third dsRBD may affect its binding to
Dicer as well, leading to an increase or decrease in the cellular levels of this complex relative to
the Dicer/TRBP complex. Regardless, the dissociation of TRBP and PACT heterodimers may
itself alter the ratio of Dicer/TRBP and Dicer/PACT heterodimers, which would have
implications for gene silencing efficiency in RNAi (See Chapter 4).

Currently, the ability of post-translational modifications to directly alter Dicer activity is
unknown, despite the fact that three phosphorylation sites on Dicer have been identified by mass
spectrometry. One proteome-wide search for mitotically regulated phosphorylation sites
identified S1016, located in Dicer’s PAZ domain, and S1255, located in the linker between
Dicer’s PAZ and RNase Illa domains (Figure A.3; (Dephoure et al. 2008)). A second proteome-
wide study identified Y664, which is located in Dicer’s DUF domain, as a phosphotyrosine
(Rush et al. 2005). None of these phosphorylation sites, however, have been further studied to
determine the extent to which they may modulate Dicer’s function.

A.1.3 Research rationale

Due to the paucity of information regarding the effects of phosphorylation on the function of
Dicer and PACT, we undertook to identify additional phosphorylation sites on each protein and
determine their effects on pre-miRNA processing and protein-protein or protein-RNA
interactions. We used a tandem affinity purification approach to purify proteins from human
239T cells for a mass spectrometry analysis of phosphorylation sites. We were only able to
identify one phosphorylation site on PACT by this method. However, we have also shown that
Dicer is phosphorylated at multiple sites in human cells. Although preliminary, our results point
to the possibility that PAZ domain phosphorylation leads to subtle but reproducible changes in
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Dicer’s processing efficiency for a subset of pre-miRNAs. On the other hand, the production of
isomiRs was not affected for the specific pre-miRNAs investigated. These preliminary results
warrant future study, which may unveil the first evidence of the direct cellular regulation of
Dicer’s activity achieved via post-translational modification.

A.2  Methods

A.2.1 Tandem affinity purification of PACT and Dicer

Human PACT and Dicer cDNAs were cloned into a vector containing N-terminal 3xFLAG- and
2xStrep-tags that was derived from the vector pcDNA4/TO (Invitrogen; (Jager et al. 2011)). For
each protein, ten 10 cm dishes of 293T cells at ~70% confluence were transfected with 24 ug
plasmid DNA using Lipofectamine 2000 (Invitrogen). Following a 48-hour incubation at 37°C,
each plate of cells was washed twice with 7 mL PBS and harvested with 500 ul. TAP Lysis
Buffer (50 mM HEPES-KOH, pH 7.5; 170 mM NaCl; 0.5% Nonpidet-40; 5 mM EDTA; 1 mM
TCEP; 20 mM NaF; 1x EDTA-free protease inhibitor (Roche); and 1x phosphatase inhibitor
(Roche)). Cells were lysed by sonication and lysates were cleared by centrifugation at 16,000 g
for 15 minutes at 4°C. Cleared lysates were applied to Spin-X centrifugal filters (Corning) and
spun again for 5 minutes at 4°C at 16,000 g.

Cleared lysates for either protein were applied to 1 mL Strep-Tactin Superflow resin
(Qiagen) that had been pre-equilibrated with TAP Lysis Buffer in a 15 mL Falcon tube and
incubated overnight with gentle rotation at 4°C. Samples were then loaded onto a gravity
column. Strep-Tactin resin was washed 3x with 5 mL TAP Wash Buffer (1x phosphate inhibitors
and 0.5% Nonpidet-40 in TBS). The columns were then capped, bound proteins were
resuspended with 4 mL Desthiobiotin Elution Buffer (2.5 mM desthiobiotin in TBS), moved to a
fresh 15 mL Falcon tube, and rotated 30 minutes at 4°C. Following elution, samples and resin
were returned to gravity columns to collect the eluates. The Strep-Tactin resin was then washed
with 1 mL Desthiobiotin Elution Buffer and this fraction was pooled with the eluates.

Strep-Tactin eluates were next applied to 500 uL. Anti-FLAG M2 resin (Sigma) that had
been pre-equilibrated with TBS in a 15 mL Falcon tube and incubated at 4°C with gentle rotating
for 4 hours. Samples were loaded onto gravity columns and the FLAG resin was washed 5x with
TBS. The columns were then capped and bound proteins were resuspended in 1 mL FLAG
Elution Buffer (0.2 ug/uL 3xFLAG peptide in TBS) and transferred to a 1.5mL tube. Samples
were incubated with FLAG Elution Buffer for 30 minutes at 4°C with end-over-end rotation.
Tubes were then centrifuged at 8,200 g for 30 seconds at 4°C. Supernatants were removed,
leaving ~200 uL in the tubes. Resin was resuspended in the remaining eluate and applied to a
Spin-X filter and spun at 8,200 g for 30 seconds at 4°C to collect final eluates. For each protein,
the final eluates were pooled and concentrated to 150 uL in a SpeedVac. For Dicer, this method
gave a highly purified protein, whereas for PACT there was still a significant number of
contaminating proteins present in the elution fractions (Figure A.1).
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Figure A.1: Tandem affinity purification of PACT and Dicer.

(A) Silver stained SDS-PAGE gel of tandem affinity purification of 3XFLAG-2xStrep-PACT. (B) Silver stained
SDS-PAGE gel of tandem affinity purification of 3xFLAG-2xStrep-Dicer. (C) Coomassie Blue-stained SDS-PAGE
gel of FLAG eluate from 3xFLAG-2xStrep-Dicer tandem affinity purification shows that Dicer has been purified to
near homogeneity.

A.2.2 Trypsin digestion and phosphopeptide enrichment for mass spectrometry

To chloroform/methanol precipitate FLAG eluates, 600 uL methanol was added to each sample
and vortexed for 5 seconds. Samples were then centrifuged for 20 seconds at 9,000 g. 150 uL
chloroform was then added and the samples were again vortexed and centrifuged for 20 seconds
at 9,000 g. Next, 450 uL H,O was added to each sample, vortexed, and centrifuged for 1 minute
at 9,000 g. The aqueous (upper) layer was then removed and discarded and 450 uL of methanol
was added. The sample was vortexed and spun for 2 minutes at 16,000 g. The supernatants were
then discarded and the samples were air-dried. Protein pellets were stored at -80 °C until needed.

For Trypsin digestion, protein pellets were resuspended in 80 uL Resuspension Buffer
(100 mM Tris-HCI, pH 8.5 and 8 M Urea) and 2.5 uL of 100 mM TCEP was added. Samples
were then incubated at room temperature for 20 minutes. Next, 1.7 uL of fresh 500 mM
iodoacetamide was added and the samples were incubated in the dark at room temperature for 15
minutes. Samples were then diluted 4-fold by the addition of 282.6 uL Tris-HCI, pH 8.5. Next,
3.4 uL 100 mM CaCl, was added, followed by 500 ng sequencing-grade Trypsin (Promega).
Samples were incubated overnight at 37°C in the dark. Following overnight incubation, samples
were spun down quickly and then dried in a SpeedVac.

Tryptic peptides were enriched for phosphopeptides using an iron-NTA phosphopeptide
enrichment kit (Pierce) and desalted using graphite spin columns (Pierce). Samples were then
dried in a SpeedVac and resuspended in a solution of 4% acetonitrile and 1% formic acid for
analysis by tandem mass spectrometry or mudPIT mass spectrometry.
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A.2.3 Expression and purification of Dicer phosphomimics and phosphomutants

Dicer phosphomimic (S1015D/S1016D) and phosphomutant (S1015A/S1016A) proteins were
cloned by site-directed mutagenesis and expressed in a method identical to wild type Dicer (see
Section 2.3.2).

A.2.4 Single-turnover dicing timecourse assays

Single-turnover dicing assays were set up in pooled 50 uL reactions containing 50 nM wild type,
phosphomimic, or phosphomutant Dicer, 1x Dicing Buffer, and 500 cpm/uL 5" **P-labeled
substrate RNA (<0.5 nM). Reactions were incubated at 37°C and 5 uL aliquots were removed at
the indicated timepoints and stopped by the addition of 6 uL 2x Formamide RNA Loading Dye.
Reactions were run on a 15% denaturing PAGE gel. Gels were then dried under a vacuum and
exposed to a phosphor-screen overnight before scanning on a STORM phosphorimager and
analyzing with the ImageQuant software suite.

A.3  Preliminary results and discussion

A.3.1 Minimal phosphorylation identified for PACT

In order to verify the phosphorylation state of PACT in human cells, we cloned PACT cDNA
into a vector derived from the pcDNA4/TO that would place 3xFLAG-and 2xStrep-tags at the N-
terminus of PACT (Jager et al. 2011). This vector was then transfected into human 293T cells.
Lysates were subjected to tandem affinity purification, which would allow for purification of the
PACT construct, while minimizing non-specific proteins. Surprisingly, by this method our final
purified protein still contained many contaminants (Figure Al A). Despite this, we trypsin
digested the sample and enriched for phosphopeptides via iron-IMAC. After desalting the
sample, these peptides were subjected to tandem mass spectrometry for identification of PACT
phosphopeptides. Likely due to the high number contaminating peptides, only one
phosphorylation site was identified for PACT (Table A1, Figure A2).

Table A.1: PACT phosphorylation site determined by mass spectrometry.

Peptide Amino Acid Domain
EDSGTFSLGK 18 N-terminus
A\ 1 >
V) ) \W)
& & &

100 aa

Figure A.2: Diagram of PACT’s domain structure.
Phosphorylation site identified by mass spectrometry is denoted with a red line.

Interestingly, we found that S18 of human PACT is indeed phosphorylated, as it is in
RAX, the mouse homolog of PACT (Bennett et al. 2004). It is likely that this phosphorylation
site is important for the activation of PKR, as in mice, but we were interested to know how such
a modification might affect PACT’s function in RNAi. Thus far, we have not been able to
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conduct any conclusive functional assays to determine the effects of this modification or the
S246 or S287 phosphorylation sites on PACT. It is possible that this and other phosphorylation
sites may alter the stability of PACT and/or PACT-containing complexes. Future studies
investigating the stabilities of either wild type or phosphomimic PACT proteins in vivo by >°S-
labeling and pull-downs of Dicer using either wild type of phosphomimic PACT would shed
light on this. Such alterations of stability may result in changes in small RNA pools, as is the
case with TRBP phosphorylation (Paroo et al. 2009).

Although it is unlikely that phosphorylation at S18 would affect PACT’s binding to
Dicer, there is a strong possibility that phosphorylation at either S246, S287 or both would have
an effect on formation of this heterodimer. If this were the case, these modifications would have
quite interesting implications for the ratio of Dicer/TRBP to Dicer/PACT present in the cell.
Since TRBP has been shown to alter Dicer processing activity (Chakravarthy et al. 2010; Lee
and Doudna 2012; Fukunaga et al. 2012) and TRBP and PACT have been shown to have
differing effects on Ago2’s target specificity (see Chapter 4), alterations in the ratios of
complexes containing these proteins could result in dramatic changes in the repression of certain
genes. One tempting example would be the de-repression of certain miR-122 targets upon
cellular stress. Although this de-repression was found to be HuR-dependent, it is possible that
multiple factors are involved (Bhattacharyya et al. 2006). Since S287 of PACT is phosphorylated
in a cell stress-dependent manner, it would be interesting to know if this phosphorylation
similarly de-represses these and other miRNA targets.

RNA binding is unlikely to be affected by modification at the phosphorylation sites on
PACT’s third dsSRBD. However, phosphorylation at S18 may have an effect on RNA binding, as
it is located near dsRBDI. Filter binding assays comparing the affinities of wild type and
phosphomimic proteins for both siRNAs and miRNAs may reveal such an effect. This and other
possibilities presented above would have important implications for RNA processing in RNA
interference. It is possible that subtle changes in the ratios of TRBP-containing and PACT-
containing protein complexes in the cell would translate to large changes in small RNA pools
and thus the specific genes targeted for repression. These potential changes have as yet remained
unexplored and may provide expanded insights into the cellular regulation of RNAi pathways in
humans.

A.3.2 Human Dicer is phosphorylated at multiple sites

We took a similar approach to identifying phosphorylation sites with human Dicer. 3xFLAG-
2xStrep-Dicer was transfected into 293T cells and Dicer was purified by tandem affinity
purification. Unlike PACT, this method yielded a very pure Dicer protein (Figure A1 B, C).
MudPIT mass spectrometry (Washburn et al. 2001) revealed 12 phosphorylation sites on human
Dicer, 10 of which are novel (Table A.2, Figure A.3). One previously known phosphorylation
site — Y664 — was not identified by this method.
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Table A.2: Dicer phosphorylation sites determined by mass spectrometry.

Peptide Amino Acid Domain

IKSFEEDLK 571 Helicase

ALPLSSAEKR 1015 PAZ

ALPLSSAEK 1016 PAZ

TLLSESPGK 1160 PAZ - RNase llla Linker

STSDGSPVMAVMPGTTDTIQVLK 1250 PAZ - RNase llla Linker

STSDGSPVMAVMPGTTDTIQVLK 1251 PAZ - RNase llla Linker

STSDGSPVMAVMPGTTDTIQVLK 1252 PAZ - RNase llla Linker

STSDGSPVMAVMPGTTDTIQVLK 1255 PAZ - RNase llla Linker

MDSEQSPSIGYSSR 1280 PAZ - RNase llla Linker

AAQLFLCSLGLK 1585 RNase llla - RNase lllb Linker

FSANVPRSPVR 1852 dsRBD

ANQPQVPNS 1922 C-terminus

N
o@%p\ke\ o T @"Se\\\a @”ﬁe\w >
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100aa
Figure A.3: Diagram of Dicer’s domain structure.
Phosphorylation sites identified by mass spectrometry are denoted with red lines.

The phosphorylation sites identified by this method are all highly conserved among
vertebrates, and two sets occurred in clusters, including a tandem pair of serines in Dicer’s PAZ
domain and a set of three serines and one threonine clustered near the end of the linker N-
terminal to Dicer’s RNase Illa domain. Although both clusters were of particular interest, we
chose to focus on the tandem serines in the PAZ domain, S1015 and S1016. The reasoning
behind this decision was based on unpublished structural information generously shared by
Dinshaw Patel’s lab, which seemed to indicate that modifications at these sites might interfere
with substrate RNA binding.

A.3.3 PAZ domain phosphorylation subtly affects Dicer’s processing efficiency

We expressed both the PAZ double-phosphomimic (S1015D, S1016D) and double-
phosphomutant (S1015A, S1016A) forms of Dicer from insect cells using a baculoviral
expression system. To determine the effects of PAZ domain phosphorylation, we determined the
substrate cleavage rates for a set of six RNAs: pre-let7-a, pre-miR-34c, pre-miR-21, pre-miR-
200a, pre-miR-29a, and a 38bp perfect duplex pre-siRNA (Figure A.4).
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Figure A.4: PAZ phosphorylation subtly affects the processing of some substrates.

(A) Phosphorylation of Dicer’s PAZ domain does not affect pre-let-7a processing rates. Dicer proteins were
incubated with 5” radiolabeled pre-let-7a at 37°C for the indicated time points and products were resolved by 15%
denaturing PAGE. (B) Phosphorylation of Dicer’s PAZ domain does not affect pre-let-7a processing rates. (C)
Phosphorylation of Dicer’s PAZ domain does not affect pre-miR-34c processing rates. (D) Phosphorylation of
Dicer’s PAZ domain does not affect pre-miR-21 processing rates. (E) Phosphorylation of Dicer’s PAZ domain does
not affect pre-miR-200a processing rates. (F) Phosphorylation of Dicer’s PAZ domain results in a subtle decrease in
pre-miR 29a processing rates. (G) Phosphorylation of Dicer’s PAZ domain subtly affects the processing rates for a
perfectly matched dsRNA. Data represent means (+/- SD) from three experimental replicates (Blue: WT; Green:
phosphomimic; Red: phosphomutant).

For most of the substrate RNAs tested, we found no significant change in cleavage rate
(Figure A.4 A-E). Importantly, since dsRBPs are known to affect Dicer processing, processing
of these RNAs will need to be tested with phosphomimic and phosphomutant Dicer/dsRBP
heterodimers in order to fully conclude that the processing rates of these RNAs are not affected
by PAZ domain phosphorylation. Additionally, the conditions tested here represent single-
turnover conditions, where the concentration of RNA is limiting. Multiple-turnover conditions
should also be tested to further investigate the effects of PAZ domain phosphorylation.
Phosphorylation did have a subtle effect on pre-miR-29a processing, as well as with the
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processing of a perfectly matched long dsSRNA (Figure A.4 F-G). Thus, as least for a subset of
substrates, PAZ domain phosphorylation likely has a small effect on single-turnover Dicer
processing efficiency. Further study of these and other RNAs may reveal the structural elements
of particular Dicer substrates that are affected by PAZ domain phosphorylation or the extent to
which the processing of these substrates is affected in vivo.

A.3.4 PAZ domain phosphorylation does not affect isomiR production by Dicer

In addition to canonical miRNAs, with particular pre-miRNAs Dicer produces two to three
isomiRs, or products that differ in length by one nucleotide (Fernandez-Valverde et al. 2010; Lee
et al. 2010; Lee and Doudna 2012; Fukunaga et al. 2012). We reasoned that relatively small
changes in how a substrate RNA is bound by the PAZ domain might lead to changes in isomiR
formation. It was therefore possible that PAZ domain phosphorylation would lead to an altered
isomiR profile. Dicer is known to generate isomiRs from both pre-miR-29a and pre-miR-34c.
Similarly, while Dicer alone does not generate isomiRs from pre-miR-200a, the Dicer/TRBP
heterodimer does (Lee and Doudna 2012). We tested each of these substrates for isomiR
formation with wild type Dicer, PAZ phosphomimic Dicer, or PAZ phosphomutant Dicer, and
found no clear difference in isomiR formation (Figure A.5). However, this finding does not rule
out the possibility that PAZ phosphorylation might lead to isomiR generation with some
substrates, particularly given that we have not yet extended these experiments to Dicer/TRBP or
Dicer/PACT heterodimers.

WT Dicer PAZ pMimic Dicer PAZ pMutant Dicer
Time: 005 1 5 10 15 30 60 005 1 5 1015 3060 0051 5 10 1530 60
. L 1 [ T -
Substrate | e — - - ——— e
% . e .
- o= o
Products -~ —~ gt - —— -

Figure A.5: PAZ phosphorylation does not affect isomiR production with pre-miR-29a.

Dicer proteins were incubated with 5" radiolabeled pre-let-7a at 37°C for the indicated time points and products
were resolved by 15% denaturing PAGE. Asterisk denotes a band resulting from cleavage at only the 3" cleavage
site.

The number of post-translational modifications on Dicer identified here — particularly
when considering the vast number of potential substrate RNAs, protein complexes, and steps of
the RNAi pathway that could be affected by those modifications — presents a challenging
practical problem in terms of identifying the effects of specific post-translational modifications
in a practical manner. Perhaps the most logical approach to this problem would involve using
deep-sequencing technologies. For this approach, a Dicer knockout cell line could be used (Yi et
al. 2006; Murchison et al. 2005; Kanellopoulou et al. 2005), and transfected with either wild type
or phosphomimic Dicer. Small RNA populations could then be analyzed on a global scale by
deep sequencing to assess changes in the levels of particular miRNAs or differences in isomiR
formation. Promising hits could then be followed up on with more specific binding and kinetics
assays in vitro. A number of Dicer phosphomimics could be tested in this manner and the
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samples multiplexed. One approach would be to individually create each of the 12
phosphomimics for phosphorylation sites identified here. Perhaps a more fruitful approach,
however, would be to test combinations of phosphorylation sites such as the two clusters we
identified. Additionally, it may be informative to analyze a phosphomutant that combines the
phosphorylation sites present in different dSRNA binding domains such as the PAZ and dsRBD
domains, identified here (Table A.2), as well as the DUF domain, identified by Rush and
colleagues (Rush et al. 2005). In addition to possibly indicating a change in overall Dicer
activity, global changes in RNA processing efficiency could indicate merely a change in Dicer
stability or even localization. This caveat aside, the proposed approach may in the future uncover
the first evidence of the direct cellular regulation of Dicer’s processing activity via post-
translational modification.
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Appendix B

EM Analysis of the Human phospho-UPF1-
elF3 Interaction’

1 This project was collaborative effort carried out by Cameron Noland and Dr. Karin Felderer.
Sample crosslinking, grid preparation, and preliminary EM imaging was carried out by Dr. Karin
Felderer. Cameron Noland performed sample imaging and the 2D EM data analysis.
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B.1 Introduction

B.1.1 The nonsense-mediated mRNA decay pathway

Nonsense-mediated mRNA decay (NMD) is a highly conserved post-transcriptional quality
control pathway that exists to prevent the translation of mRNAs harboring premature termination
(nonsense) codons (PTCs; (Chang et al. 2007)). NMD occurs exclusively with CBP80/20-bound
transcripts during the pioneer round of translation (see below), preventing subsequent rounds of
translation from occurring on the same transcript by coordinating translational repression and
mRNA decay (Ishigaki et al. 2001; Chang et al. 2007). The process of NMD requires that PTCs
can be distinguished from bona fide stop codons, which is achieved by large protein complexes
called exon junction complexes (EJCs) that are deposited at exon-exon junctions following
splicing. During translation of a wild type transcript, ribosomes displace these complexes as they
move along the mRNA. However, when a PTC is present, the ribosome will often stop upstream
of an EJC, which signals for translational repression and mRNA decay (Chang et al. 2007;
Lykke-Andersen et al. 2000).

B.1.2 A brief primer on eukaryotic translational initiation

A full understanding of the mechanisms of translational repression during NMD requires some
knowledge of the mechanisms of translational initiation. In eukaryotes, this process is one of
elegant complexity, involving at least 9 protein complexes called eukaryotic initiation factors
(eIFs). The first round of translation of any given transcript is known as the “pioneer” round. In
this round of translation, the 5 7-methyl-guanosine cap of an mRNA is bound by the cap
binding protein (CBP) heterodimer CBP80/20 (Ishigaki et al. 2001). This complex recruits what
is called the 43S “pre-initiation complex”, composed of the 40S ribosomal subunit, elF1, e[F1A,
elF2-GTP-Met-tRNAM, eIF3, and eIF5. eIF3 is an essential component of this complex, and
binds directly to the 40S subunit. The 43S complex scans along the 5" UTR in the 5°-3" direction
until it recognizes an AUG start codon by codon-anticodon base pairing. This recognition event
triggers a subunit rearrangement to form the 48S complex, committing the ribosome for
translation. Finally, interface factors are released from the 40S subunit and joining of this subunit
with the 60S ribosomal subunit occurs, resulting in an 80S ribosome bound to the AUG start
codon at the P-site via an initiator tRNA (Jackson et al. 2010; Kozak 1978).

B.1.3 UPF1 and the mechanisms of NMD
Up-frameshift (UPF) proteins are essential to NMD. UPF1 is a helicase that binds mRNAs upon
PTC recognition by the ribosome during the pioneer round of translation and recruits UPF2 and
UPF3, which triggers rapid mRNA decay. The phosphorylation status of UPF1 is critical to
NMD and is regulated by SMG proteins. SMG-1 is responsible for phosphorylating UPF1,
whereas SMG-5, SMG-6, and SMG-7 promote dephosphorylation of the protein. UPF1 is known
to exist as a part of a complex that contains SMG-1, called the SURF complex, that interacts
directly with ribosomes stalled at PTCs. This complex forms a molecular bridge by binding to
the protein UPF2, which is present on a downstream EJC, joining the ribosome and the EJC. The
recognition of prematurely stopped ribosomes by the formation of this SURF/EJC bridge is
thought to drive the phosphorylation of UPFI.

Phosphorylation of UPF1 triggers the recruitment of cellular RNA degradation machinery
such as the 5'-3" exonuclease Xrnl as well as the exosome, which degrades RNA in the 3"-5"
direction. In conjunction with this mRNA decay, another important aspect of NMD is the
repression of further translation. Translational repression is crucial to mRNA decay, as it
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precludes additional ribosomes from binding to the NMD-targeted mRNA, ensuring that it is
accessible to RNA degradation activities. Phosphorylated Upfl mediates translational repression
by binding directly to eIF3 during NMD and inhibiting the joining of the 40S and 60S ribosomal
subunits (Isken et al. 2008). The specific mechanism by which phospho-UPF1 binding to elF3
leads to the inhibition of ribosomal subunit joining and the resulting inhibition of translation is
currently unknown. In an effort to shed light on this process, we have conducted a 2D EM
analysis of negatively-stained phospho-UPF1 bound to elF3.

B.2  Methods

B.2.1 Sample and grid preparation

Purified human eIF3 was a generous gift from John Hershey, and hyperphosphorylated FLAG-
UPF1 was purified by Lynne Maquat’s lab from SF2 cells that were pre-treated with 75 nM
okadaic acid. A binding reaction was performed using a 1:3 molar ratio of elF3 to FLAG-UPF1
in binding buffer containing 20 mM HEPES, pH 7.5; 50 mM NaCl; 1 mM EDTA; and 1 mM
DTT. The resulting complex was then crosslinked by adding 0.01% glutaraldehyde for 15
minutes at room temperature. The crosslinking reaction was quenched by the addition of 1 M
Tris, pH 7.5 for an additional 3 minutes. Crosslinked samples were then diluted to a final
concentration of 25 nM before application of 4 uL to a 6-second glow-discharged, continuous
carbon grid. Sample was adsorbed for 1 minute before staining with three consecutive drops of
70 uL 2% uranyl formate for 10 seconds each. Excess stain was removed by gentle blotting and
grids were then air-dried.

B.2.2 Electron microscopy

Dried grids were analyzed using an FEI Technai-12 Bio Twin electron microscope at 120 kV
using a magnification of 49,000. Images were recorded in low dose mode using a Gatan 1k x 1k
CCD camera and a defocus of -0.8 um.

B.2.3 Data processing

CCD images were binned to give a pixel size of 5.18 A. Individual particles were picked using
the program Boxer with a box size of 120 x 120 square pixels. Each particle was then band-pass
filtered and normalized using the program IMAGIC. Images were subjected to reference-free 2D
alignment and classification through iterated MSA and MRA using IMAGIC. Twenty classes
were originally obtained from 5939 particles, with 200-400 particles per class. Particles from
classes showing extra density when compared with classes of elF3 alone (Siridechadilok et al.
2005) were separately extracted and subjected to another round of MSA. For each class, this
yielded 5 subclasses with 40-80 particles in each subclass. Difference maps were created by
subtracting subclasses containing elF3 alone from subclasses containing UPF1-bound elF3.

B.3  Preliminary results and discussion

B.3.1 Phosphorylated UPF1 binds to the elF3a and eIF3c subunits of elF3

We were interested in structurally investigating the interaction between phospho-UPF1 and elF3.
Such an understanding would hopefully reveal the mechanism of translational inhibition by
phospho-UPF1 during NMD. It had been shown that when expressed from SF2 cells that are pre-
treated with okadaic acid, UPF1 1is hyperphosphorylated (Isken et al. 2008). This
hyperphosphorylated UPF1 was bound to native elF3 and analyzed by negative stain EM. 2D
alignment and classification of the particles yielded 20 class averages containing 300-400

116



particles in each class. Several of these classes showed a blurred extra density at the eIF3 'left
arm' and 'head' regions, indicating that this is the binding region for Upfl (Figure B1 A, D, red
arrowheads). For each of these classes, the raw particles were extracted and subjected to another
round of MSA, yielding 5 subclasses that contained 40-80 particles per subclass. Each subclass
within a given original class consisted of the same view of the complex, but with some
subclasses showing unoccupied elF3 and some showing a clear extra density corresponding to
bound UPF1 (Figure B1 B, red arrowheads). This analysis revealed a high degree of
conformational flexibility in the UPF1 binding interaction, with UPF1 located closer to the left
arm of elF3 in some cases (Figure B1 B, Class I), and closer to the head in others (Figure B1,
Class II). For computational confirmation of the added density, difference maps were created by
subtracting each unoccupied subclass from the matching occupied subclass. The difference
densities were similar in size in each case, but differed in their overall location (Figure B1 C).

A

Class | Class I

Class| Class Il

Class| Class I

Left Arm - - Right Arm

- Right Leg
Left Leg -

Figure B.1: Phospho-UPF1 binds to eIF3’s left arm and head regions.

(A) Two representative classes containing extra density at the eIF3 left arm and head regions (red arrowheads). The
left class consisted of 290 particles and the right class contained 318 particles. (B) Subclasses of the original classes
in (A) that show either unoccupied elF3 (left panel for each class) or extra density showing elF3 interacting with
UPF1 (red arrowheads; right panel for each class). (C) Difference maps showing the extra density in the UPF1-
bound subclasses. Subclasses containing elF3 alone were subtracted from subclasses containing the UPF1-elF3
complex in (B). (D) Cartoon modeling the general binding site for UPF1 on the 3D reconstruction of elF3 solved by
cryoEM (Siridechadilok et al. 2005). UPF1 binds to the left arm and head regions of UPF1.

Recent subunit mapping of the eight elF3 core proteins by EM has demonstrated that the
left arm of elF3 corresponds to the elF3a subunit, whereas the head corresponds to the elF3c
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subunit. Furthermore, conserved motifs within these subunits (particularly for elF3a) have been
shown to be essential for elF3 binding to the 40S ribosomal subunit, and ultimately for subunit
joining to form the 80S ribosome complex (Sun et al. unpublished data). In light of these data,
our 2D analysis of the phospho-UPF1-elF3 interaction hints at a likely mechanism of
translational repression by phospho-UPF1 during NMD. In binding to elF3a and elF3c, phospho-
UPF1 likely competitively inhibits elF3 binding to the 40S subunit, preventing formation of the
43S complex and therefore translational initiation.

With the advent of techniques for the recombinant expression and reconstitution of the
human elF3 core subunits from E. coli (Sun et al. 2011), many possibilities now exist for the
biochemical validation of the interactions we have observed by EM. Specifically, mutations of
the residues within elF3a and elF3c known to be important for binding to the 40S subunit could
be used to determine the extent to which they affect binding to phospho-UPF1. This would
hopefully allow for a more specific mapping of the phospho-UPF1-eIF3 binding interaction.
Additionally, the identification of specific phosphorylation sites on UPF1 by means similar to
those outlined in Appendix A will allow for the expression of specific phosphomimic and
phosphomutant forms of UPF1. Such experiments will expand on our initial characterization of
the interaction between phospho-UPF1 and elF3 and potentially reveal a more specific
mechanism of translational inhibition by phospho-UPF1 during NMD.

B.3.2 Phospho-UPF1 triggers a conformational change in the elF3e subunit of eIF3

In addition to a potential mechanism of translation inhibition during NMD, our analysis of the
phospho-UPF1-elF3 class averages has given a preliminary indication that that the binding of
UPF1 in some orientations may lead to a conformational change in the right arm of elF3 (Figure
B2 Row 2, yellow arrowhead).

Figure B.2: Phospho-UPF1 binding induces conformational changes in eIF3.

Row 1: Subclasses showing unoccupied (left) and occupied (right, red arrowhead) elF3. Row 2: Difference map
obtained by subtracting the unoccupied eIF3 subclass from the UPF1-bound eIF3 subclass. Difference density
indicating a conformational shift in the right arm of eIF3 is denoted by a yellow arrowhead.

The right arm of elF3 corresponds to elF3e, which is structurally similar to the

proteosomal subunit Rpn6 (Sun et al. unpublished data). It is currently unclear if there are
functional consequences to this conformational change that contribute to translational repression
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by phospho-UPF1 or if this is merely a secondary effect of binding. A 3D cryoEM reconstruction
of phospho-UPF1 bound to native elF3 or to the bacterially expressed elF3 core would likely
reveal a more detailed view of this conformational change. Additionally, such a structure would
help to reveal in greater detail the specific interactions that mediate translational repression by
phospho-UPF1. This information would likely inform and complement biochemical
characterizations of this interaction. Specifically, previously solved crystal structures of portions
of UPF1 could be docked into the EM density to determine the precise domains of UPF1 that
interact with elF3 (Kadlec et al. 2006; Cheng et al. 2007). These future experiments will
hopefully map the interaction between phospho-UPF1 and elF3 in much finer detail, providing a
clearer picture of the mechanisms of translational repression during nonsense-mediated mRNA
decay.
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