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ABSTRACT
Post-transcriptional regulation of gene expression is dependent on multiple RNA
silencing pathways, termed generally as RNA interference (RNAi). Silencing occurs through use
of single-stranded RNAs, produced as double-stranded precursors, in two main modes:
microRNA (miRNA) in multicellular organisms and small interfering RNA (siRNA) primarily in
unicellular organisms. In order to prevent the degradation of these important RNAs, doublestranded RNA binding proteins (dsRBP) play a pivotal role in the high fidelity trafficking of
RNA in the cell. Here we focus on the human immunodeficiency virus trans-activating protein
response RNA binding protein (TRBP), a cofactor of the RNase III enzyme Dicer. We
hypothesize that the intramolecular interactions between the dsRBDs in TRBP lead to high
affinity double-stranded RNA (dsRNA) binding and ultimately, to higher specificity for the
subset of dsRNA that are targeted for Dicer processing.
TRBP contains 3 double-stranded RNA binding domains (dsRBDs). Here, we focus on
the first two dsRBDs, which have been shown to bind dsRNA. By monitoring the binding affinity
of the first two dsRBDs of TRBP individually (TRBP-dsRBD1 and TRBP-dsRBD2) and in
tandem (referred to as TRBP-ΔC) with respects to various lengths of Watson-Crick duplex (W-C)
RNA, we saw that TRBP-ΔC bound 10-fold tighter than the individual dsRBDs at every given
length. This led us to hypothesize that the observed binding affinity in TRBP-ΔC was due to the
flexible linker region between TRBP-dsRBD1 and TRBP-dsRBD2. A subsequent linker length
deletion studies showed that the linker length between dsRBDs correlates with binding affinity of
the tandem complex. This result was bolstered by our circular dichroism results that showed there
was no difference in total number of dsRBDs binding to a given length of RNA between the
individual dsRBDs and that of TRBP-ΔC. The combined results suggest that multi-dsRBD
proteins, like TRBP, benefit from some form of intra-chain interactions.
iii

Further inspection of TRBP-ΔC’s binding thermodynamics using isothermal titration
calorimetry revealed that changing the linker length between dsRBDs modulates TRBP-ΔC
binding affinity. Jacobson-Stockmayer analysis of the linker length data suggested that TRBP-ΔC
may exhibit negative intra-chain cooperativity (i.e., between dsRBDs within the same molecule
of TRBP-ΔC) as the linker region contributes unfavorably to the Gibbs free energy of binding.
This result was corroborated independently through a re-examination of the EMSA data, where
application of a biophysically relevant model also suggested a negative intra-chain cooperativity
of TRBP-ΔC binding. However, this same model demonstrated that the negative intra-chain
cooperativity is overwhelmed by the positive inter-molecular cooperativity (i.e., between
different molecules of TRBP-ΔC binding to the same RNA). More importantly, cross-analysis
between the W-C RNA binding study and that of RNAs which contain helical imperfections
demonstrated that TRBP-ΔC is able to distinguish between RNAs with helical imperfections,
such as miRNAs, from those without imperfections, such as siRNAs. These results highlight how
TRBP can selectively bind to precursor miRNA, over other cellular RNAs, and deliver it to Dicer
for downstream processing.
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Chapter 1
General Introduction

1.1 Summary
Small non-coding RNA have gone from the easily-discarded, waste by-product of
transcription, to pivotal players in the post-transcriptional regulation of protein expression in the
span of two decades. Post-transcriptional regulation of gene expression is dependent on multiple
RNA silencing pathways, termed generally as RNA interference (RNAi). In multicellular
organisms, silencing mainly occurs through use of single-stranded RNAs, called microRNAs
(miRNAs), which are produced as double-stranded precursors. In order to prevent the degradation
of these important RNAs, double-stranded RNA binding domain (dsRBD)-containing proteins
play a pivotal role in the high fidelity trafficking of RNA in the cell. Here, we focus on the human
immunodeficiency virus trans-activating protein response (TAR) RNA binding protein (TRBP),
is a cofactor of the RNase III enzyme Dicer. TRBP contains three dsRBDs; the first two dsRBDs
are RNA-binding competent. Primarily, dsRBDs bind RNA through structural recognition of the
A-form geometry in a non-sequence specific manner. TRBP is necessary for the precise and
efficient cleavage of substrate miRNA by Dicer, as both cofactor and enzyme contain dsRBDs.
Therefore, we hypothesize that the binding mode employed by the multi-dsRBD containing
protein, TRBP, is vital to cut-site recognition by Dicer. Through a combination of biochemical
and biophysical techniques, we demonstrate that the intramolecular interactions between the
dsRBDs in TRBP lead to high specificity for the dsRNA shapes commonly encountered in
miRNA precursors, which we note have extensive similarity to the set of shape features that fail

to stimulate the PKR-mediated innate immune response. Ultimately, this unique set of binding
modes may lead to specific RNA cut-site selection for Dicer.

1.2 MicroRNA and the microRNA Maturation Pathway
MicroRNA (miRNA) and small interfering RNAs (siRNA) are single-stranded RNAs that
bind to complimentary sequences found in the 3ʹ untranslated region (UTR) of mRNA and down
regulate protein expression through repression of mRNA translation or through promotion of
mRNA decay.(1, 2) This process is known as RNA interference (RNAi). Both miRNA and
siRNA are produced initially as double-stranded RNA (dsRNA) precursors. In humans,
biochemical experiments show that more than 60% of genes are regulated through the highly
conserved miRNAs(3) and bioinformatics predicts that over 90% of translated genes could be
regulated in this manner.(4) Based on miRNA target studies, a single miRNA sequence may
recognize and regulate up to 200 mRNA transcripts.(5, 6) MiRNAs are critical for processes such
as apoptosis, cell proliferation and cell development.(7, 8) Depletion or mutation of miRNAs has
been linked to diseases such as diabetes, cancer, heart disease, Alzheimer’s disease, autoimmune
and viral diseases.(9–11)
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Figure 1-1. Canonical miRNA maturation pathway. Maturation of microRNA proceeds via two
cleavage steps: in the nucleus (blue) the single-stranded tails of pri-miRNA are cleaved by the
enzyme Drosha (lilac) and its cofactor DGCR8 (orange) yielding pre-miRNA. The transporter
protein, XPO5 (grey), subsequently transports pre-miRNA through a RAN-GTP-mediated
process from the nucleus and into the cytosol. Once in the cytosol (pink) the apical stem loop of
pre-miRNA is removed by the enzyme Dicer (green) and cofactor TRBP (blue) yielding a
miRNA/miRNA* duplex. This duplex is then transferred to Ago2 (red) through an undetermined
mechanism, where it uses the lead strand (termed mature miRNA) to complex with mRNA and
represses mRNA translation.
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The canonical miRNA maturation pathway begins in the nucleus, where primary miRNA
(pri-miRNA) are excised as long double-stranded hairpin structures, which contain helical
imperfections (e.g., bulges and mismatches) and single-stranded tails (see Figure 1-1). PrimiRNA are processed by the ‘Microprocessor’ complex, composed of the RNase III enzyme,
Drosha, and its co-factor, DGCR8. DGCR8 is required to bind the pri-miRNA and interact with
Drosha,(12) while Drosha is responsible for cleaving the single-stranded tails approximately one
turn of helix, or 11 base pairs, from the single-stranded, double-stranded junction of the RNA.
The resulting hairpin is called a precursor miRNA (pre-miRNA) and is transported out of the
nucleus by Exportin-5 (XPO5).(13) Once in the cytosol, pre-miRNAs encounter the RNAinduced silencing complex (RISC), which is minimally composed of Dicer, one of four
Argonaute proteins (AGO1-4), and a double-stranded RNA binding protein (dsRBP) – TRBP or
less frequently PACT.(14) Through an undefined mechanistic pathway, pre-miRNA is loaded
into RISC, where the hairpin is cleaved by Dicer, creating the miR/miR* duplex. Afterwards, the
miR strand of the duplex, termed the leading strand, is preferentially loaded onto AGO for
mRNA silencing, while the passenger strand (miR*) is degraded.
MiRNAs, regardless of their final function, begin as double-stranded RNA precursors.
Much of the data that is available for the role that structure plays in miRNA maturation is
qualitative in nature. Figure 1-2 shows the only pre-miRNA crystal structure to date, pre-mir-30a,
which is complexed with Exportin5-Ran-GTP. As seen from this crystal structure, pre-mir-30a
does retain a large segment of A-form helical structure; however, there are regions with high
flexibility, as suggested by the missing electron density. Specifically, they are the apical stem
region and an internal 2 nucleotide bulge within the helical region (highlighted by a dashed-red
line). Knowledge, at an atomistic level, of the 3D structures of these precursor forms of miRNA
would greatly advance our base knowledge of how miRNAs are produced and contribute greatly
4

to the field of RNA therapeutics. Therefore, one of the aims of the Showalter Lab is to use
secondary structure mapping coupled with computational structure prediction to glean the 3-D of
precursor forms of miRNA.

5

Figure 1-2. Exportin5-Ran-GTP-pre-miRNA complex (3A6P.pdb). Ribbon representations of
Exportin5 and RanGTP molecules are shown in grey while pre-miRNA-30a is represented as a
blue ribbon with the missing electron density of the apical stem and the 2 nucleotide bulge
highlighted as dashed red lines.
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A better understanding of the dynamics that underlie the function of miRNAs has come
with the advances of new techniques, such as SHAPE (selective 2′-hydroxyl acylation analyzed
by primer extension). In fact, by combining the secondary structure results of SHAPE with the
tertiary structure prediction software, MC-Sym / MC-Fold, our laboratory has demonstrated that
local regions of nucleotide-flexibility (termed hotspots) exists along the A-form helix of primiRNAs and that these hotspots are spaced approximately one turn of helix apart from each
other. Surprisingly, these hotspots correlate with the cleavage locations of the Microprocessor
complex and the Dicer-TRBP complex.(15) Figure 1-3 shows a representative SHAPE-MCSym/MC-Fold result for pri-mir-30a. Comparison of the helical region from the secondary
structure analysis shows that both the 2 nucleotide bulge and the apical stem loop have high
flexibility, which corroborates the lack of electron density in the crystal structure. The modeling
algorithm was able to constrain the RNA helix adequately using the SHAPE restraints; however,
it was unable to constrain the apical stem. Given the flexibility and diverse array of apical loops,
our understanding of their role in miRNA processing depends on a better atomistic understanding
of their dynamics.

7

Figure 1-3. MC Sym/ MC Fold model for pri-mir-30a. (top) Secondary structure of pri-mir-30a
with RNA nucleobases colored based on their flexibility, as determined by SHAPE reactivity,
from non-flexible (blue) to highly flexible (red). Coloring occurs on a logarithmic scale to
emphasize SHAPE reactivity. (bot) MC Sym/MC Fold 3-D structure of pri-mir-30a. Here, the
apical loop is artificially constrained to highlight the helical imperfections. Courtesy of Dr.
Kaycee A. Quarles.
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1.3 TRBP
The TAR RNA binding protein, TRBP, is a 366 amino acid human double-stranded RNA
binding protein (dsRBP) originally found due to its ability to bind the HIV-TAR RNA
hairpin.(16) Since then, studies have shown that TRBP is not involved directly in the HIV-1
pathway,(17) but rather is a cytosolic protein involved in post-translational regulation of gene
expression through its role as a cofactor in the RNA-induced silencing complex (RISC).(18) In
humans, TRBP is present in all cells from astrocytes, which express the lowest levels of TRBP, to
lymphocytic cells that can contain up to 50 ng of TRBP (~86.6 µM).(19) TRBP localizes in the
perinuclear space of cells and is implicated in cell growth, spermatogenesis, oncogenesis and
viral replication.(18) In many disease states, cells have been shown to express abnormally high
concentrations of TRBP, likely due to its ability to bind directly to the interferon-induced
dsRNA-activated protein kinase R (PKR). TRBP binds directly with PKR, inhibiting
phosphorylation of eIF2α, and thereby down regulating the interferon (IFN) pathway.(20) This
showcases TRBP’s versatility as a protein, as it can influence multiple pathways either through
binding of dsRNA or by interacting directly with other proteins.(20, 21)

1.3.1 The structure and function of dsRBDs
As members of the larger family of RNA Binding Domains (RBD), the double-stranded
RNA binding domains (dsRBDs) are important in gene regulation and function in RNA
processing,

polyadenylation,

signal

recognition,

nuclear

targeting,

and

transcription

activation.(16) Notably, the miRNA maturation pathway features a total of ten dsRBDs dispersed
among five proteins (see Figure 1-4). Strikingly, both catalytic enzymes, Drosha and Dicer, have
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evolved to only have one dsRBD, while the cofactors, DGCR8, TRBP, and PACT, have multiple
dsRBDs per polypeptide chain.
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Figure 1-4. Cartoon of dsRBD-containing proteins in miRNA maturation pathway. The dsRBDs
are shown as colored ovals, while the RNase III domains are shown in yellow. Other functional
domains are depicted as dark grey boxes.
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Generally dsRBDs recognize dsRNA through non-sequence specific interactions, such as
those seen in the crystal structure of TRBP-dsRBD2 bound to RNA (Figure 1-5). It is well
established that helix 2 of the dsRBD fold, the KR (lysine-arginine)-helix motif, shown in Figure
1-5A, binds the major groove of dsRNA and is indispensable for RNA binding.(22) In addition
to major groove interactions mediated by the KR-helix motif (for TRBP-dsRBD2 these are K210,
K211, K214, and R215), two other sets of contacts between dsRBDs and the minor groove of the
dsRNA are important for RNA binding. Figure 1-5B shows highlights some of these residues; in
helix1 (H159, Q165, and Q166) contact the 2ʹ-OH along minor groove 1, and three residues of
loop 2 (H188, R189, and R190) make contacts with the 2ʹ-OH along minor groove 2.(23) The
structural recognition of A-form geometry by the dsRBD allows TRBP to bind to a diverse set of
RNAs without regard to sequence of the RNA. This is beneficial in a pathway that processes a
wide range of structurally different precursor miRNAs. However, given the number of dsRBDs in
the pathway, the importance of precursor miRNA structure in the miRNA maturation pathway
remains unclear.
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Figure 1-5. TRBP-dsRBD2 bound to 20-mer dsRNA. (A and B) TRBP-dsRBD2 (grey ribbon) is
bound to a 20-mer dsRNA (white ribbons). For clarity, both termini are labeled (N and C,
respectively), as well as helix 1, loop 2, and helix 2. Based on the crystal structure of TRBPdsRBD2 bound to two co-axially stacked dsRNA helices (3ADL.pdb). The major (A) and minor
groove widths (B) are shown as green lines from P-P. The amino acid residues which interact
with the RNA are depicted as colored spheres where the color indicates the interaction strength of
the residue: from strongest (purple) to weakest (pink).
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Understanding the role of TRBP in the maturation pathway requires a rigorous analysis
of its ability to bind to RNA. This is complicated by the non-sequence specific nature of dsRBDdsRNA interaction. Figure 1-6 demonstrates the difference between sequence specific proteins
and those of non-sequence specific proteins. In the simplest case scenario, the RNA can be
viewed as a one-dimensional lattice, where a protein, denoted here as an oval, may bind over a
site, depicted here as three rungs of the lattice. For a site-specific protein (Figure 1-6A) there
exists one site, colored blue, where the protein (also blue) will preferentially bind, despite there
being enough sites on the lattice to accommodate binding to two other proteins (shown in grey).
However, this is not the case for non-sequence specific binding proteins. Figure 1-6B
demonstrates that in this case, the whole lattice becomes available for binding (i.e., any three
consecutive lattice rungs have equal probability of being bound). In this scenario, saturation of
binding (e.g., how many proteins will bind the lattice) is by the first binding event, shown as a
blue arrow. As can be seen, this type of binding leads to different levels of protein-dsRNA
saturation (combinations of blue and black arrows). This figure also helps illustrate the perils that
accompany attempting to glean cooperativity from the observed macroscopic binding affinity in
TRBP-dsRNA interaction with a firm knowledge of the binding stoichiometry.
Here, we define a cooperativity as an interaction between sites where binding of the first
site by a ligand influences the likelihood of additional binding events occurring. Taking Figure 16B as an example, when the second ligand binds to the RNA lattice that ligand may experience
nearest neighbor interactions whose strength is quantified by the dimensionless parameter σ. The
general value of σ determines the type of cooperativity occurring between bound ligands, whether
that be positive, negative or non-cooperative. As shown there are numerous ways to arrange the
overall binding interaction (three are shown in the figure), leading to both unsaturated and
saturated binding; each with its own level of cooperativity. In the saturated case, there is three
binding events coupled to two instances of cooperativity. In the unsaturated cases, there is two
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binding events coupled with at most one instance of cooperativity (this is shown by the dashed
lines in the figure). This makes it difficult to use the macroscopic binding affinity to rigorously
quantify cooperative interactions, as the experimentally determined binding affinity is composed
of weighted averages of individual binding events, without statistical effects removed. Therefore,
an aim in this thesis is to determine the binding mechanism of TRBP-dsRNA interaction, by
determining, experimentally, the binding site size (in terms of base-pairs of RNA) and the number
of molecules of TRBP necessary to saturate a given length of dsRNA.

15

Figure 1-6. The types of protein-dsRNA interaction. Two types of protein-RNA interaction
considered here are (A) site-specific binding and (B) site-non-specific interaction. (A) Sitespecific binding occurs preferentially over a specific site on the lattice (blue protein interacts with
blue rectangle) than non-specific sites (grey proteins interacting with white rectangles). (B) Site
non-specific binding occurs over all sites on lattice and the degree of saturation is determined by
location of first binding interaction (blue protein interacting with blue arrow), leading to both
saturated and unsaturated binding.
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1.3.2 Multi-dsRBD Proteins in the miRNA maturation pathway
TRBP contains three dsRBDs that are separated by linker regions, but only the first two
dsRBDs (referred to throughout as TRBP-dsRBD1 and TRBP-dsRBD2) have been shown to bind
to dsRNA as single elements without assistance of other proteins in vitro and in vivo.(24) The
third domain, dsRBD3, is mainly involved in protein-protein interactions,(14, 18) and is termed
the MEDIPAL domain, for its ability to bind to the tumor suppressor Merlin, the RNase III
enzyme Dicer, PACT, and Liaison.(14) It is the coupling of the dsRNA binding activity of
TRBP’s dsRBDs and the protein recruitment function of the MEDIPAL domain that makes
TRBP an ideal candidate to regulate the uptake of both siRNA and pre-miRNA into the
Dicer/RISC processing pathway.
Many dsRBPs contain more than one dsRBD; some in tandem (two dsRBDs joined
through a linker region) similar to TRBP. The backbone assignment of TRBP-ΔC (dsRBD1 and
dsRBD2 together) was published;(25) in the same publication, heteronuclear NOE measurements
confirmed that the linker region adjoining the two dsRBDs is flexible. There are two other
examples of tandem constructs with solved structures in the literature: the chaperone protein,
DGCR8, and the antiviral response protein, PKR. In 2007, Sohn et al. solved the crystal structure
of a tandem dsRBD construct of DGCR8 (DGCR8-dsRBD1 and DGCR8-dsRBD2 together),
which they called the ‘Core’ region.(26) The crystal structure showcased both dsRBDs buttressed
against a 50 amino acid (aa) structured linker region. Further studies using analytical
ultracentrifugation, fluorescence assays, and electrophoretic mobility shift assays (EMSAs) by
our lab(27, 28) and others,(29) have suggested that DGCR8-Core binds a 16-mer dRNA in a 1:1
ratio. Furthermore, Wostenberg et al. suggested that the linker region stabilizes both dsRBDs and
acts a hinge for correlated motions, which might increase intra-chain cooperativity of the dsRBDs
as they interact with dsRNA.(27) Similarly, PKR has two dsRBDs that are joined by a 22 aa
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residue linker. In contrast, to the structured linker in DGCR8, the NMR solution structure of the
tandem dsRBD construct of PKR (1-169) called PKR-p20, showed that the linker region was
flexible, and analysis of relaxation data supported the independent, non-correlated nature of the
dsRBDs.(30) Moreover, Ucci et al. indicated that PKR-p20 showed a significant enhancement of
binding affinity (~30 fold) over PKR-dsRBD1 binding the same dsRNA.(31) Both DGCR8 and
PKR highlight that having tandem dsRBDs impacts a protein’s RNA binding affinity, albeit with
distinct molecular mechanisms. Given the prevalence of multi-dsRBD polypeptides in the
maturation pathway, we hypothesize that tandem dsRBDs enhance binding affinity and
furthermore that the flexibility and length of the linker region plays a role in dsRBD-dsRNA
binding interactions.
Given the modular nature of dsRBDs, it is intriguing to consider the effect that the linker
region has on the individual binding affinities of the dsRBDs for dsRNA. For instance, the
Williams group(32) studied the effects of linker length on proteins that contained multiple RNA
recognition motifs (RRMs), which belong to the same super-family as dsRBDs, and bind singlestranded RNA in a sequence-specific manner. They found that it was possible to predict the
apparent binding affinity of some multi-RRM proteins by taking into consideration the linker
length between the RRMs. Motivated by this example, Figure 1-7 shows the variability of linker
lengths across multi-dsRBD proteins. PKR, which plays a vital role in innate immunity, has a
linker length of 23 amino acids between dsRBDs. The protein, STRBP, which is involved in
spermatogenesis, has a 56 amino acid linker between dsRBDs. Despite both proteins having only
two dsRBDs, the linker length between STRBP’s dsRBDs is double that of PKRs’. For many
multi-dsRBD proteins the linker lengths between dsRBDs does not vary. ADAR, which has three
dsRBDs, has two linker lengths of exactly 43 amino acids. Similarly, TRBP, which is an effector
of PKR, has two linker regions with similar lengths (~ 60 amino acids). On the other hand,
PACT, also an effector of PKR, has two linker regions that deviate 2-fold from one another
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(PACT-12 is 24 amino acids, while PACT-23 is 45 amino acids). As stated above, care must be
taken when considering the impact of linker length on the binding affinity of dsRBD-dsRNA
interactions, as a structured linker region or a flexible linker region composed of charged residues
(e.g., multiple lysine and arginine residues) could potentially aid in the binding process.(33) All
things considered, it is plausible that the linker length could be correlated to the overall function
of the multi-dsRBD-containing protein.
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Figure 1-7. Sequence alignment of linker region between dsRBDs. Sequences have been aligned
based on the C terminal end of the first dsRBD and the N-terminal end of the second dsRBD
(grey sequences). The linker regions are highlighted in blue and are ordered from longest (top) to
shortest (bottom).
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1.3.3 Dicer-TRBP interaction
TRBP interacts with precursor forms of endogenous miRNA and extracellular siRNA in
the cytosol. Work by Noland et al. suggested that when Dicer is bound to TRBP and siRNA is
added, Dicer is capable of positioning the siRNA for proper incorporation into Ago2.(34) This
finding highlights the significance of TRBP in the siRNA pathway and indicates possible roles
for its involvement in the miRNA maturation pathway, an analogous role to that which DGCR8
plays in the Microprocessor Complex.(35) TRBP is also important in the final stages of the
maturation pathway, due to its putative role in transferring the mature siRNA to Ago2.(36) Most
importantly, studies have shown that TRBP is a necessary cofactor for the precise and efficient
cleavage of pre-miRNA by the RNase III enzyme Dicer. Therefore, by providing a clearer
understanding of the TRBP-RNA binding mechanism we will give insights into how miRNA
maturation works.
Until recently, our current understanding of Dicer-TRBP interaction was summarized by
the Dicer-TRBP-RNA cryo-EM structure shown in Figure 1-8A.(37) This structure shows a
Dicer-based mechanism for the general recognition of both siRNA and miRNA substrates. The
Dicer-PAZ domain (orange) is used to recognize the 5ʹ-dinucleotide overhang, while the Dicerhelicase domain (blue) recognizes the stretch of A-form helix and the Dicer-RNase III domains
(green), labeled RNase IIIa and RNase IIIb in the figure, are in relative position to cleave the
dsRNA. Although TRBP is included in the complex formation, there is no evident density in the
cryo-EM map that can be uniquely attributed to TRBP. Recently, the crystal structure of a key
interaction region in the Dicer-TRBP complex was resolved (Figure 1-8B).(38) This crystal
structure shows Dicer’s protein binding domain (PDB), for which there is density in the cryo-EM
complex, bound to TRBP-dsRBD3, which has no density in the cryo-EM complex. Taken
together with the cryo-EM structure, the crystal structure show us how TRBP and Dicer interact
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with each other. However, the RNA-binding competent portions of TRBP (TRBP-dsRBD1 and
TRBP-dsRBD2) are still missing from the cryo-EM map and, therefore, TRBP’s role in the
Dicer-TRBP-RNA complex is still unknown. In summary, while this reconstruction shows the
general mechanism of RNA recognition for Dicer’s domains, it does not illustrate how TRBP aids
Dicer in the precise and efficient cleavage of miRNA.

22

Figure 1-8. Cryo-EM structure of Dicer-TRBP complex. (A) The cryo-EM structure of DicerTRBP complex. Notably there is no assignable density to TRBP. Dicer components shown: PAZ
domain (orange), RNase IIIa, RNase IIIb, and ATP binding domains (green) and helicase (blue).
(B) Crystal structure of Dicer-TRBP complex. (top) Cartoon showing the location of the DicerPDB domain and the location of TRBP-dsRBD3. (bot) Crystal structure showing Dicer-PDB
(green) interacting TRBP-dsRBD3 (blue).
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1.4 Methods used to analyze dsRBD-dsRNA interactions
Literature suggests that TRBP, like most dsRBPs in general, binds dsRNA
indiscriminately of sequence but may be able to distinguish between several dsRNA based solely
on length.(39) Surprisingly then, a study showed that terminal mismatches in siRNA decrease
binding by full length TRBP.(40) In fact the same study highlighted that producing internal
mismatches in siRNA decreased binding of full length TRBP, suggesting that structural
recognition of termini and bulges or internal mismatches was possible.(40) However, Noland et
al. analyzed crosslinking of TRBP to siRNA and saw that no apparent binding pattern existed
between putative mismatches in the stem and binding.(34) The apparent disparity results from the
large scope of research objectives that TRBP research encompasses, as well as the diverse set of
experimental conditions used in publication research. Therefore, beyond the main objective of
providing a greater understanding of protein-RNA interaction, this thesis attempted to reconcile
some of the literature discrepancies by studying TRBP-dsRNA interactions under experimentally
identical conditions to systematically ascertain if TRBP’s dsRBDs have a binding preference to
dsRNAs spanning the set of structural features that distinguish precursor miRNA and siRNA.
When possible, we use orthogonal techniques to validate our results and to substantiate the
comparisons that we make with those in the literature.

1.4.1 Electrophoretic Mobility Shift Assays
Electrophoretic mobility shift assays (EMSA) is a popular, robust, and simple technique
used to monitor protein-nucleic acid interactions. It is a discontinuous assay where increasing
amounts of protein is added to a small, fixed amount of radio-labeled RNA across several lanes of
a native polyacrylamide gel. An electric field is then applied, which results in the separation
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between free RNA and RNA-bound complexes. Analysis can be done in a qualitative or
quantitative manner; traditionally a Hill-style analysis yields the observed macroscopic binding
affinity, KD,obs, and the hill coefficient, nH. The hill coefficient was traditionally used to determine
stoichiometry; however, it is now more of a suggestion of cooperativity between binding sites.
EMSA has many advantages: it is highly sensitive, allowing detection of sub-fM concentrations
of radio-labeled RNA, while also accommodating a wide-range of protein and RNA lengths and
structures. However, EMSA has limitations and unless care is taken in the experimental design,
interpretation of gel results can be misleading. For instance, the electric field which is applied
during the experiment and removes the samples from chemical equilibrium during
electrophoresis, could potentially bias the results of the measurement. In order to mitigate this
problem, a low-ionic strength gel buffer was chosen to match that in the sample, the percentage of
acrylamide was chosen to allow separation of free RNA and protein-RNA complexes, and the
temperature was held at a constant 10 ˚C (through contact with a recirculating water bath) to
prevent any heat effects from accumulating during the electrophoresis experiment. As the nature
of dsRNA binding by TRBP is non-sequence specific, it is possible that, even for one-to-one
binding of TRBP to dsRNA, super shifts will be observed in our gels that correspond to
electrophoretic artifacts.
EMSA has been used extensively to characterize TRBP-dsRNA interactions; therefore,
EMSA was used in this thesis as a means to draw comparisons to literature values. EMSA has
also been used in a quantitatively manner before and we, like others, originally had planned to
treat our results in a quantitative and rigorous manner. Specifically, we wanted to address the
question of intermolecular (i.e., between molecules of TRBP) versus intramolecular (i.e., between
dsRBDs with the same TRBP molecule) cooperativity by obtaining the microscopic binding
affinity constant, as well as, a constant for the cooperativity between binding sites. While we
were not able to publish these results, due to the aforementioned drawbacks, I nonetheless present
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them in the Chapter 5, both the resultant microscopic affinities and the biophysical model which
was used to generate the results. The results, ironically, reconcile apparent discrepancies among
various studies that monitor TRBP binding to RNAs (i.e, does TRBP exhibit positive, negative or
non-cooperative binding to dsRNA).

1.4.2 Circular Dichroism
Circular Dichroism (CD) spectroscopy is commonly used to assess the secondary
structures of biomolecules. For protein-RNA interactions the CD signal is based on the RNA and
ellipticity is inversely proportional to the winding angle of the helix.39 Here, we designed a
stoichiometric assay, where the concentration of macromolecule (RNA) is 10-fold above the
observed binding affinity. This allows for a more precise determination of the stoichiometry of
binding, as effects from cooperativity no longer masks the binding reaction. CD is a continuous
assay where an increasing amount of protein is titrated to a fixed concentration of dsRNA. By
taking into account the dilution of the RNA throughout the titration, a plot of ellipticity vs mole
ratio of protein over dsRNA can be obtained and using a break point analysis will yield the
stoichiometry of binding (n). This technique is especially useful as EMSA does not provide a
direct measure of stoichiometry (see 1.4.1). More importantly, titrating protein into different
lengths of dsRNA allows for a global analysis of the data, which yields the average binding
footprint of the TRBP (in terms of base-pairs), as well as the amount of overlap necessary
between dsRBDs required to accommodate the total number of dsRBDs bound at saturation (also
in terms of base-pairs).
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1.4.3 Isothermal Titration Calorimetry
Isothermal titration calorimetry (ITC) is a powerful quantitative technique where the heat
of interaction between two molecules is directly measured yielding important thermodynamic
parameters. ITC is also a continuous assay where the ligand (protein) is titrated into the
macromolecule (RNA). Integration of the heats (absorbed or released) yields an isotherm of
molar heat of interaction vs mol ratio (i.e., [protein] over [RNA]). Analysis of the isotherm
directly yields the change of enthalpy of interaction (ΔH), the binding association constant (KA),
and the stoichiometry of the interaction (n). Through the thermodynamic relationships, ΔG = RTln(KA) and ΔG = ΔH-TΔS we can calculate the molar entropy and the Gibbs free energy of
interaction (ΔG). Furthermore, a temperature series can reveal the heat capacity of interaction
(ΔCp), which can be decomposed into the de-solvation of the binding surface (i.e., the
hydrophobic effect) and, in cases where ΔCp is large, conformational changes that occur during
the binding process (e.g., binding-induced bending of the A-form geometry in dsRNA).

1.4.4 Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) is a popular technique to directly measure the
enthalpy of interaction for biological molecules. This technique is an excellent tool to check
macromolecular stability as a temperature series can be used to measure the melting temp (T m).
DSC was primarily used here for determining the maximum usable temperature in our TRBPdsRBD2: dsRNA ITC temperature series.
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1.4.5 Dynamic Light Scattering
Dynamic Light Scattering (DLS) measures the size and distribution of macromolecules in
solution. This well-established technique uses laser light scattering of macromolecules in solution
and reinterprets their Brownian motion as molecular weight. This technique is a fast way to
examine your protein and RNA constructs for homogeneity and approximate molecular weight.
This technique was an invaluable first step in determining the purity and homogeneity of protein
and RNA constructs for use in biophysical and biochemical experiments.

1.4.6 Molecular Dynamics Simulations
Molecular Dynamics (MD) is a powerful computational tool which allows us to visualize
macromolecular motion by tracking the atoms of the macromolecules in a time-dependent fashion
and, subsequently predicting biological function through the careful analysis of the MD
trajectory. Here, we used Amber-based MD simulations to investigate if TRBP binding induces
large-scale conformational changes in double-stranded RNA. Analysis of apo-RNA and holoRNA trajectories were done using VMD, AmberTools, and Curves+/Canal suites, which are all
designed for studying changes in nucleic acid structures. In particular, Curves+ analyzes the
trajectory for a myriad of different parameters, from nucleobase movement (e.g, base amplitude,
nucleobase twisting) to structural features (e.g., helical twisting, helical rise per base pair, and
helical bending). These parameters are then processed by Canal to generate base-pair specific
time-series for major groove width, minor groove width, and helical axis. MatLab was used to
generate the final figures.

28

1.4.7 Small Angle X-ray Scattering
Small angle x-ray scattering (SAXS) is a technique which use x-ray scattering to
determine the molecular weight, shape, and conformational arrangement of macromolecules in
solution. Furthermore, by using algorithms such as dammif and damavar bead-like envelopes can
be reconstructed from the raw SAXS spectra. Subsequent modeling can be done using available
.pdb files to ascertain the conformations available to the macromolecules in solution. This
technique was used to address two important questions: how flexible is the apical loop of premiRNA-16-1 and what the binding mechanism of TRBP-dsRNA interaction is. Answering both
requires that samples be homogeneous, monodisperse, and stable at high concentrations. Here we
used size exclusion chromatography (SEC) in serial with standard SAXS measurements in an
attempt to separate different complexes (and aggregation) to achieve better spectral resolution of
the SAXS data.

1.5 Dissertation Outline
TRBP aids Dicer in processing miRNAs, through a yet unknown mechanism, by
increasing the processing efficiency and fidelity of Dicer’s cleavage reaction. This thesis aims to
elucidate the binding mechanism of TRBP-dsRNA interaction through a combination of
biochemical and biophysical techniques. From the research conducted in this thesis, I propose
that TRBP binds to dsRNA in a RNA-length dependent manner, which is a departure from the
paradigm entrenched in the literature and exemplified by Brenda Bass and coworkers who
claimed that TRBP binds dsRNA in a non-RNA-length dependent and non-cooperative manner.39
Furthermore, I demonstrated that tandem dsRBD-protein (proteins with two or more dsRBDs
within the same polypeptide sequence) have an increased binding affinity over their individual
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domain counterparts. In place of the Brenda Bass’ model, I demonstrated several features of the
TRBP-dsRNA interaction summarized here. First, the TRBP binding footprint is about 12-bp and
consecutive binding occurs through a site overlap mechanism along the RNA helix. Secondly,
TRBP-dsRNA interaction does not create large-scale deformations in the A-form geometry of
dsRNA, a departure from what is seen in crystal structures. Thirdly, the linker region between
multi-dsRBD proteins can be used to modulate the binding activity of TRBP-dsRNA interaction.
Moreover, I demonstrate that TRBP is unable to regions of dsRNA that contains helical
imperfections, which have been shown by our laboratory to be unique to precursor forms of RNA
and lastly, this exclusion of helical imperfections is what is responsible for the positioning of
substrate miRNA for Dicer processing.
The second chapter of this thesis deals with the basics behind TRBP-dsRNA interaction.
Herein, we use model RNAs to establish binding affinity trends (e.g., RNA-length dependence,
saturation stoichiometry of binding, binding site size, and individual dsRBD versus tandemdsRBD binding affinities). We then compare our model studies to gain a better understanding of
how TRBP binds to biologically relevant RNAs, such as pre-miRNA-16-1, a substrate RNA, as
well as mir-16-1/mir-16-1* duplex, the product RNA of the Dicer cleavage reaction.
The third chapter addresses the hypothesis that the dsRBD-dsRNA binding interaction
produces large-scale conformational changes in A-form geometry, as seen in some crystal
structures. Here we use a combination of biophysical techniques to rigorously analyze the
thermodynamics behind TRBP-dsRNA binding. Furthermore we use MD simulations to provide
visual collaboration to the isothermal titration calorimetry results.
The fourth chapter takes the results gained from the second chapter and analyzes the
hypothesis that the flexible linker region modulates binding affinity in multi-dsRBD proteins.
Here we use large-scale linker region deletion mutants in conjunction with isothermal titration
calorimetry to investigate differences in the thermodynamic signature of TRBP-dsRNA binding.
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The fifth chapter addresses the question of whether TRBP binds RNA in a cooperative
manner (i.e., positive, negative, or non-cooperativity). This chapter builds generic models using
knowledge gained from the saturating stoichiometry studies and re-interprets the EMSA binding
affinity studies of Chapter 1 to access the intrinsic binding affinity as well as, a term to quantitate
the amount of microscopic cooperativity in TRBP-dsRNA interaction.
The sixth chapter is a study aimed at improving our knowledge base of the 3D structures
of primary miRNAs. This chapter builds on the work of Dr. Kaycee Quarles and uses size
exclusion chromatography in conjunction with SAXS data to generate an envelope of pri-mir-161. Chapter 7 contains an overview of my thesis and the future directions that the RNA-subgroup
of the Showalter Lab may embark upon in dsRBD-dsRNA interactions
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Chapter 2
Helical Defects in MicroRNA Influence Protein Binding by TAR RNA
Binding Protein
Published: Acevedo, R., Orench-Rivera, N., Quarles, K.A., & Showalter, S.A. (2015) “Helical
Defects in MicroRNA Influence Protein Binding by TAR RNA Binding Protein.” PLoS One,
e0116749. PMCID: PMC4301919
Contributions: KAQ produced most of the labeled RNA for the EMSA studies and was an active
member behind the thought process to use in vivo-derived pre-mir-16-1 in our EMSA study. NOR
produced the EMSAs monitoring the binding of TRBP-ΔC to pre-mir-16-1 and miR/miR*
duplex.

2.1 Abstract
Background: MicroRNAs (miRNAs) are critical post-transcriptional regulators of gene
expression. Their precursors have a globally A-form helical geometry, which prevents most
proteins from identifying their nucleotide sequence. This suggests the hypothesis that local
structural features (e.g., bulges, internal loops) play a central role in specific double-stranded
RNA (dsRNA) selection from cellular RNA pools by dsRNA binding domain (dsRBD)
containing proteins. Furthermore, the processing enzymes in the miRNA maturation pathway
require tandem-dsRBD cofactor proteins for optimal function, suggesting that dsRBDs play a key
role in the molecular mechanism for precise positioning of the RNA within these multi-protein
complexes. Here, we focus on the tandem-dsRBDs of TRBP, which have been shown to bind
dsRNA tightly.
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Methodology/Principal Findings: We present a combination of dsRNA binding assays
demonstrating that TRBP binds dsRNA in an RNA-length dependent manner. Moreover, circular
dichroism data shows that the number of dsRBD moieties bound to RNA at saturation is different
for a tandem-dsRBD construct than for constructs with only one dsRBD per polypeptide,
revealing another reason for the selective pressure to maintain multiple domains within a
polypeptide chain. Finally, we show that helical defects in precursor miRNA alter the apparent
dsRNA size, demonstrating that imperfections in RNA structure influence the strength of TRBP
binding.

Conclusion/Significance: We conclude that TRBP is responsible for recognizing structural
imperfections in miRNA precursors, in the sense that TRBP is unable to bind imperfections
efficiently and thus is positioned around them. We propose that once positioned around structural
defects, TRBP assists Dicer and the rest of the RNA-induced silencing complex (RISC) in
providing efficient and homogenous conversion of substrate precursor miRNA into mature
miRNA downstream.

2.2 Introduction
Multicellular organisms employ complex gene regulatory programs that often include
post-transcriptional controls in order to establish gene-appropriate expression levels. Among the
most studied mechanisms relevant to higher eukaryotes is post-transcriptional gene silencing
carried out in RNA interference (RNAi). MicroRNAs (miRNAs) and small interfering RNAs
(siRNA) are single-stranded RNAs that bind to complementary sequences found in the 3´untranslated region of mRNA and down-regulate protein expression.1,2 Both miRNA and siRNA
are produced initially as double-stranded RNA (dsRNA) precursors: primary miRNA (~44
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imperfect base pairs) have a generally conserved hairpin-loop overall structure while siRNA
precursors are long dsRNA (~100’s base pairs).3 Biochemical experiments show that in humans
more than 60 % of genes are regulated by miRNAs,4 and bioinformatics analysis predicts that
over 90 % of translated genes could be regulated in this manner.5 MiRNAs are critical for
processes such as apoptosis, cell proliferation, and cell development;6,7 therefore, depletion or
mutation of miRNAs has been linked to multiple diseases.8-10 For instance, alterations in the
expression of miR-16-1 can lead to many types of cancers and are especially prevalent in chronic
lymphocytic leukemia.11-13 Establishing the molecular mechanisms governing the functions of
processing proteins involved in the RNAi pathway, especially the cofactors that are required to
process miRNAs to maturation, will lead to a deeper understanding of the roles that miRNA play
in the etiology of multiple diseases.
Processing of nascent miRNAs to their final form involves two multi-macromolecule
complexes ( Figure 2-1): the ‘Microprocessor’ complex and the RNA-induced silencing complex,
RISC, both of which contain an RNase III family enzyme.14 Specifically, RISC is a dynamically
assembled complex requiring a minimum of three proteins: the RNase III enzyme Dicer, one of
four Argonaute proteins (AGO1-4), and a double-stranded RNA binding protein (dsRBP)
cofactor – TRBP or less frequently PACT.15 TRBP is a 366-amino acid cytosolic dsRBP
implicated in cell growth, spermatogenesis, oncogenesis, and viral replication, due to its role as a
cofactor in RISC. In many disease states, cells have been shown to express abnormally high
concentrations of TRBP,16 likely due to its ability to bind directly to PKR, which is responsible
for the first steps in innate immunity response.17
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Figure 2-1. The canonical miRNA maturation pathway. Pri-miRNAs are cleaved by the
Microprocessor complex, composed of the enzyme Drosha with DGCR8 as a cofactor, into premiRNAs that are subsequently exported out of the nucleus. Further cleavage by the enzyme Dicer
with cofactor TRBP produces a miRNA/miRNA* duplex. With the help of Ago, one strand of
this duplex is loaded onto RISC to produce the mature miRNA (shown as a solid red line). Note
that TRBP is represented as three differently colored dsRBDs, with a grayscale coloring scheme
that will be preserved throughout the paper.
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Nearly all of the proteins named above contain one or more double-stranded RNA
binding domains (dsRBDs) and routinely function in gene regulation.18 One striking feature
common to several of the dsRBPs discussed here, including TRBP, is that they contain more than
one dsRBD, suggesting that their function and ability to select appropriate binding targets may be
enhanced by the co-localization of multiple dsRBDs within a single chain.19,20 Interestingly,
TRBP contains three dsRBDs in tandem, but only the first two (referred to throughout as TRBPdsRBD1 and TRBP-dsRBD2) have been shown to bind to dsRNA.21 The third domain, dsRBD3,
is mainly involved in protein-protein interactions.22 Although a general mechanism has not been
established, dsRBDs are generally found to discriminate dsRNA based on overall structure and
length rather than nucleotide sequence,23 as has been demonstrated for Dicer, RDE-4, DGCR8,
and PKR.24-27 Several studies have shown that TRBP binds dsRNA in a manner that is
independent of dsRNA length;25,28 however, these studies used much longer RNA molecules that
are more commonly encountered in the siRNA maturation pathway, leaving the possibility of
length-discrimination in the miRNA maturation pathway unexplored.
This study aims to provide fundamental insights into the molecular mechanism of TRBP
binding to RNA commonly encountered in the miRNA maturation pathway, which will lead to a
better understanding of its role in delivering mature miRNA to RISC. The findings of this study
are motivated through a systematic analysis of TRBP interactions with a model RNA library,
monitored by electrophoretic mobility shift assays (EMSAs) and circular dichroism (CD). Our
results demonstrate that TRBP is sensitive to imperfections in RNA structure and binds shorter
miRNA-relevant length duplexes in a RNA-length dependent manner. One key finding is that the
tandem dsRBD-construct of TRBP (TRBP-ΔC) binds dsRNA in a different mode than its isolated
dsRBDs. We conclude our study with assays that compare TRBP-ΔC binding to the native premir-16-1 and miR-16-1/miR-16-1* duplex, showing that TRBP is unable to bind to regions of
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RNA with helical imperfections efficiently and thus is positioned around them. We propose that
once positioned by structural defects on the precursor miRNA, TRBP assists Dicer and the rest of
RISC in providing efficient and homogenous conversion of substrate pre-miRNA into mature
miRNA downstream.

2.3 Materials and Methods

2.3.1 Protein Preparation
A synthetic TRBP (1-344) gene was purchased from Geneart, from which three TRBP
constructs were PCR amplified: TRBP-dsRBD1 (9-85), TRBP-dsRBD2 (139-215), and TRBPΔC (9-215). The expression and purification of the protein was performed as previously
described,24 with two exceptions. First, protein expression occurred at 24 ˚C over 16 hours.
Second, co-purification of endogenous dsRNA required that 5 % polyethylenimine (PEI) be
added dropwise to the cell lysate until the solution was 0.025 % PEI. Following centrifugation,
ammonium sulfate was added to the supernatant to a final concentration of 60 % ammonium
sulfate. The protein was buffer exchanged into 50 mM sodium cacodylate, pH 6.0 and 50 mM
potassium glutamate. Sample concentrations were determined via BCA assay (Pierce) or by
quantitative FT-IR using an EMD Millipore Direct Detect system (Millipore).

2.3.2 Mutagenesis
Four triple lysine-to-alanine amino acid mutations were made using a QuickChange
Lightening kit (Agilent Technologies) and following the manufacturer’s suggested protocol. The
four knockout mutants generated were as follows: TRBP-dsRBD1-Null (K23A, K59A, K60A),
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TRBP-dsRBD2-Null (K150A, K189A, K190A), TRBP-∆C-RBD1-Null ((K23A, K59A, K60A),
and TRBP-∆C-RBD2-Null (K150A, K189A, K190A). Mutations were verified through DNA
sequencing. The expression, purification, and preparation of the mutant proteins were performed
as described for the wild-type sequences.

2.3.3 RNA Preparation
All RNA sequences can be found in Table A2-4. DNA for the top and bottom strands
encoding the 33 bp and 44 bp duplex RNAs were purchased from IDT. A T7 promoter (5′ to 3′:
GAA ATT AAT ACG ACT CAC TAT A) was annealed to the above DNAs to promote T7
transcription in a hemi-duplex method, as previously reported.29 The RNAs from transcription
were purified using a BioLogic LP (BioRad) equipped with an AcroSep Q column (Pall) by
equilibrating the column with 15 % Buffer B (50 mM Tris pH 7.5, 1 mM EDTA, 2 M NaCl),
followed by gradient increase to 65 % Buffer B. All non-transcribed RNA strands were purchased
from Dharmacon.
In order to ensure proper production of pre-mir-16-1, without T7 artifacts, this RNA was
produced by processing pri-mir-16-1 (sequence and in vitro transcription conditions reported by
Wostenberg et al.24) with an in vivo-derived ‘Microprocessor’ complex. The Microprocessor
(FLAG-Drosha and FLAG-DGCR8 (AddGene)) was expressed and purified as previously
described.30 The lysate was combined with 10 fmol of pri-mir-16-1 RNA, 10X reaction buffer (64
mM MgCl2), and RNasin (Promega) and incubated at 37 ˚C for 35 min. The pre-mir-16-1 product
was phenol/chloroform extracted from the processing reaction, ethanol precipitated, and purified
on a denaturing gel.
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2.3.4 Circular Dichroism
CD measurements of protein-dsRNA binding stoichiometries were performed on a Jasco
J-810 spectrometer with a 2 mm path length cuvette at 10 ˚C by titrating increasing amounts of
protein into dsRNA following an established protocol.31 Both the protein and RNA were
equilibrated in 50 mM sodium cacodylate pH 7.0, 50 mM potassium glutamate, and 5 % glycerol.
The increase in ellipticity at 260 nm was measured with equilibration intervals of 7 minutes after
addition of each protein aliquot. The starting RNA concentrations ranged from 5 – 15 μM and the
dilution of RNA did not exceed 10 % throughout the experiments. The CD titrations were fit to
the following expression to obtain the stoichiometry (S):29
I = I o  (I/2)  [1 + (

[P]
[P]
* S))- | 1 - ( * S)) |]
[R]
[R]

(Eq. 2-1)

where I is the ellipticity at 260 nm, Io is the ellipticity of naked dsRNA, ΔI is the difference
between I and the ellipticity at the saturation point, R is the concentration of dsRNA, and P is the
concentration of protein (which varied throughout the experiment). Data fitting was performed in
a least-squares manner using MatLab (MathWorks), with the associated error in the fitting
represented to two standard deviations. Data points were collected for each length of dsRNA
(ds12, ds16, ds22, ds33, ds44) binding each construct (TRBP-dsRBD1, TRBP-dsRBD2, and
TRBP-ΔC). Data acquisition for the interaction between the individual dsRBDs and the shorter
dsRNA lengths (ds12 and ds16) was attempted, but dsRNA concentrations sufficiently high to
ensure that the experiment was performed in the stoichiometric limit saturated the detector.
Therefore, the stoichiometry of the individual dsRBDs binding to the ds12 and ds16 duplexes was
not established by this assay.
Once the saturating stoichiometries for TRBP-ΔC’s interactions with dsRNA were
established as a function of duplex length, the S versus length data were used to determine TRBPΔC’s binding site size in base-pairs (n) and the maximum extent of overlap between adjacent
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bound TRBP sites (∂). Binding sites are generally defined by the number of whole integer basepairs occluded; therefore, we employed a grid search analysis in MatLab that scanned the
parameter space, returning integer values for n and ∂. Minimization proceeded in a χ2 fashion to
determine the parameters that best reproduced the experimental S values for the set of RNA
lengths, as:29
S  [(m - n)/  ] + 1

(Eq. 2-2)

where the independent variable m is the length of the nucleic acid lattices (i.e., the number of base
pairs in each RNA duplex.

2.3.5 Electrophoretic Mobility Gel Shift Assays
For all the EMSAs, the RNA was 5′-end radiolabeled using [γ-32P]-ATP. For the duplex
RNAs, the radiolabeled top-strand RNA was mixed with a 20-fold molar excess of cold bottom
strand and purified as a duplex from an 8 % native gel; all self-complementary sequences,
including pre-mir-16-1 and the various stem-loop model RNAs, were denatured at 95 °C for 1.5
min. and renatured 4 °C for 5 min. prior to mixing with protein. EMSAs were carried out as
previously described,24 with the following modifications. Both the protein and RNA were
incubated in 50 mM sodium cacodylate, pH 7.0, 50 mM potassium glutamate, and 5 % glycerol
prior to mixing. The final dsRNA concentration was 0.5 pM in all lanes. Running buffer
conditions are 0.25X TBE (25 mM Tris pH 7.0, 20 mM boric acid, 0.25 mM EDTA). Mixing
occurred at room temperature for 30 minutes, after which the gel was loaded and run at a constant
200 V for 3.5 h at 10 ˚C.
Gel band intensities of all shifted bands were quantified in ImageQuant and the results
were fit to the Hill equation, with the fraction of RNA bound (Θ) values reported representing an
average from two independently run gels:
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 = max *[ (x nH )/(Kd,nHapp + x nH )]  min

(Eq. 2-3)

where x is the concentration of the protein, Kd,app is the apparent macroscopic binding dissociation
constant, and nH is the Hill coefficient. In this analysis, Kd,

app,

nH, and the lower and upper

baselines (Θmin and Θmax, respectively) were used as adjustable parameters. Best fit values for
these parameters were determined by non-linear least squares analysis, with uncertainties that are
reported to two standard deviations.

2.4 Results and Discussion
The dsRBD-containing proteins that permeate the miRNA maturation pathway are highly
unlikely to be capable of recognizing RNA molecules by nucleotide sequence, suggesting that
they must select target RNA molecules through recognition of other structural features. A
previous study by Parker et al.25 probed the mechanism of TRBP binding long dsRNA (40-650
bps) and found that TRBP binds to these dsRNAs with similar macroscopic Kd,app values,
indiscriminate of length. The study showed that TRBP gave banding patterns featuring multiple
intermediates with varying mobilities in gel shift assays, particularly at non-saturating TRBP
concentrations. Here, we have designed a study featuring shorter dsRNAs, aiming to better
understand how TRBP interacts with miRNA-relevant RNAs, as TRBP may engage in
fundamentally different binding modes for these two regimes.
Prior data shows that the dsRBD from the RNase III enzyme Dicer (the enzyme for which TRBP
acts as a cofactor) binds to both the naturally occurring pre-mir-16-1 and a Watson-Crick (W-C)
duplex of the same length with similar macroscopic binding affinities,29 suggesting that the use of
W-C duplexes as models for dsRBD-dsRNA interactions can lead to useful insights for
biologically relevant sequences. Therefore, we began our study with various lengths of W-C
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duplex RNAs specifically designed to test if TRBP is capable of distinguishing between premiRNA (Dicer substrate) and the shorter miRNA/miRNA* duplex (Dicer product). In particular,
the ds44 and ds33 duplex lengths approximately correspond to typical pri-miRNA and premiRNA lengths, ds22 to miRNA/miRNA* duplex length, ds16 to the smallest length for dsRNA
seen biochemically, and ds12 to the smallest length seen to bind dsRBDs crystallographically.
Using these RNAs, we sought to characterize the macroscopic stoichiometries and affinities
responsible for TRBP-dsRNA interactions, through a combination of CD spectroscopy and
EMSAs. Three constructs of TRBP were produced (TRBP-dsRBD1, TRBP-dsRBD2, and TRBPΔC) so that mechanistic effects induced by interactions between multiple dsRBDs within a single
polypeptide chain could also be defined.

2.4.1 The stoichiometry of TRBP-ΔC binding to dsRNA increases step-linearly with duplex
length
It has been shown that an increase in dsRNA’s circular dichroic signal at 260 nm
correlates with dsRBD interaction.32 As such, CD has been used to characterize the stoichiometry
of PKR binding to dsRNA, yielding quantitatively similar results to those obtained by analytical
ultra-centrifugation.31 Therefore, we performed CD titrations as a means of determining the
saturating stoichiometry of TRBP binding to our set of RNA duplexes. To approach the
stoichiometric limit without saturating the CD detector, TRBP was titrated into 5-15 µM dsRNA
to final concentrations of at least 7-fold molar excess over the KD determined by EMSA (vide
infra). Figure 2-2 shows the result of titrating excess TRBP into ds33 (full data series presented in
Figure A2-10). The best-fit line to Equation 1 (Experimental Procedures) reveals that the isolated
dsRBD constructs (TRBP-dsRBD1 and TRBP-dsRBD2) bind with a stoichiometry of
approximately eight dsRBDs to a single ds33 molecule, while TRBP-ΔC binds with a
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stoichiometry of approximately five TRBP-ΔC molecules to a single ds33 molecule (see
tabulated results for all TRBP constructs in Table 2-1). Encouragingly, the results for TRBP-ΔC
saturating ds22 corroborate the apparent stoichiometry of 2:1 seen for TRBP-ΔC binding a 21mer dsRNA derived from ITC data presented by Yamashita et al.33 Overall, the stoichiometry
results suggest that TRBP employs an alternative binding mode in which it is able to place more
dsRBDs onto an RNA of a given length than its isolated dsRBD constructs, which could explain
the selective pressure to maintain multiple copies of dsRBDs in a single polypeptide chain.
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Figure 2-2. Determination of TRBP binding stoichiometry for ds33 by circular dichroism.
Stoichiometric amounts of TRBP constructs were manually titrated into a solution of ds33 at 10
˚C. Each data point (grey dots) represents an average of three consecutively taken measurements.
The best-fit line from Equation 1 (black line) shows a binding stoichiometry of approximately 7-8
dsRBDs for TRBP-dsRBD1 and TRBP-dsRBD2, and approximately 5 TRBP-ΔC molecules per
molecule of ds33. See Table 2-1 for all stoichiometry results.
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Table 2-1. Stoichiometries for TRBP constructs binding various dsRNA lengths
RNA construct

ds12

ds16

ds22

ds33

ds44

[RNA] μM

15.0

13.8

8.0

6.8

5.0

TRBP-dsRBD1

N/D

N/D

5.0±1.0

7.4±0.7

7.5±0.5

TRBP-dsRBD2

N/D

N/D

5.0±1.0

7.7±0.6

7.1±1.0

TRBP-ΔC

0.8±0.1

0.8±0.1

2.2±0.3

4.7±0.2

5.5±0.3

50

Crystallographic data of individual dsRBDs bound to dsRNA suggest that dsRBDs
typically occupy a binding footprint of 12-16 bps along one face of the dsRNA.34 If we assume
that binding only occurs on one face of the dsRNA, inspection of the stoichiometry results from
CD forces one to the conclusion that the TRBP-∆C binding footprint must decrease as the dsRNA
length decreases (from 12 bps to 8 bps), which is unlikely. In reality, it is possible for the dsRBDs
to occupy partially overlapping binding sites around the RNA, as the A-form helix is a 3dimensional object. Therefore, we performed global analysis of the CD data for TRBP-ΔC that
allowed us to simultaneously determine the binding site size (n) and the amount of overlap
required (Δ) to accommodate the observed saturating stoichiometry of TRBP-ΔC molecules for
each given RNA length. Fitting the stoichiometry data as a function of dsRNA length (Figure 2-3)
demonstrates that, for all dsRNA lengths investigated, TRBP-ΔC binds dsRNA with a binding
footprint of 12 bps and an overlap size of 6 bps. The results also suggest that the number of
TRBP-ΔC molecules that bind dsRNA grows step-linearly at an increment of approximately one
TRBP-ΔC molecule per turn of added A-form helix to a dsRNA length of at least 44 bps, the
longest length used in this study.
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Figure 2-3. The characteristics of TRBP-ΔC binding sites on W-C dsRNA lattices are revealed by
analyzing variation in the stoichiometries established by CD. Each data point (black dots)
represents the stoichiometry for TRBP-ΔC binding a particular dsRNA. A grid search was
conducted to simultaneously yield the binding footprint (n, in base pairs) and allowable site
overlap (Δ, in base pairs). The best-fit line to Equation 2-2 (dot-dash) was produced with n= 12
bps and Δ= 6 bps.
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2.4.2 The binding affinity of TRBP increases with increasing RNA duplex length
Having established that the saturating TRBP stoichiometry on dsRNA grows with duplex
length, we next tested the hypothesis that TRBP binding affinity increases with dsRNA length
when the RNAs considered are of a size relevant to processing in the miRNA maturation
pathway. Representative gels shown in Figure 2-4 highlight the results of binding TRBP’s
individual dsRBDs and TRBP-ΔC to ds33 (all results tabulated in Table 2-2). Best-fit
macroscopic apparent dissociation constants (Kd,app) of TRBP-dsRBD1 (0.9±0.3 μM), TRBPdsRBD2 (1.00±0.08 μM), and TRBP-ΔC (0.20±0.02 μM), suggest that by having tandem
dsRBDs, TRBP-ΔC increases its apparent binding affinity for ds33 by approximately 5-fold over
the individual dsRBD constructs. Table 2-2 demonstrates that for both the individual dsRBDs and
the TRBP-∆C construct, Kd,app increases as the length of dsRNA increases, but that the changes
are relatively small (representative gels for binding to each RNA length are displayed for TRBPdsRBD1, TRBP-dsRBD2, and TRBP-ΔC in Figures. A2 11-13, respectively). Of particular
interest is the gap seen for TRBP-ΔC binding to dsRNA matching the length of its substrate (premiRNA, ~33 bps) and its product (miRNA/miRNA* duplex, ~22 bps). Over this range, the Kd,app
changes by approximately 3-fold (Figure 2-5), implying that TRBP possesses minimal ability to
differentiate between pre-miRNA and miRNA/miRNA* duplexes based on length alone.
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Figure 2-4. EMSA results for constructs of TRBP binding ds33. The radiograph image of a
representative gel is presented, with the bar above it representing the increase in [TRBP] from left
to right. Below the gel is the Hill analysis of a set of two titrations. The experimental data (black
dots) are averaged from the two independent experiments, with the black best-fit line produced
from the best-fit parameters reported in Table 2-2. From left to right: KD,1 = 0.9 ± 0.3 μM, nH,1 =
2.9 ± 0.7; KD,2 = 1.00 ± 0.08 μM, nH,2 = 0.80 ± 0.06; and KD,3 = 0.20 ± 0.02 μM, nH,3 > 12. It is
interesting that TRBP-ΔC binds dsRNA with ~3-fold tighter macroscopic binding affinity than its
individual dsRBDs.

54

Table 2-2. Macroscopic binding affinities of EMSA data using Hill analysis.
W-C duplex RNAs: Kd,app (μM)
RNA construct

ds12

ds16

ds22

ds33

ds44

TRBP-dsRBD1

N/D

>15

3.5±0.2

0.9±0.3

0.8±0.05

nH

N/D

>1

1.5±0.2

2.9±0.7

2.6±0.3

TRBP-dsRBD2

N/D

>11

1.7±0.1

1.00±0.08

0.80±0.06

nH

N/D

>1

2.7±0.5

3.1±0.5

4.3±0.8

TRBP-ΔC

2.0±0.3

0.80±0.07

0.60±0.05

0.20±0.02

0.06±0.01

nH

1.9±0.2

3.2±0.9

4±0.7

>12

>14

Ds16 with varying loop lengths: Kd,app (μM)
RNA construct

ds16 (no
loop)

stable tetra

tetra-U

hexa-U

octa-U

TRBP-dsRBD1

>15

9±1

7.0±0.9

10±3

8±3

nH

>1

1.3±0.3

1.0±0.1

1.0±0.1

1.3±0.3

TRBP-dsRBD2

>11

5.0±0.7

4.0±0.9

>4

>6

nH

>1

2.4±0.3

2.7±0.8

>2

>2

TRBP-ΔC

0.80±0.07

0.50±0.05

0.70±0.05

0.61±0.05

0.41±0.05

nH

1.4±0.2

1.1±0.1

4.1±0.5

3.1±0.6

2.5±0.2

Native sequences: Kd,app (μM)
RNA construct

pre-mir-16-1

miR-16-1/miR-16-1*

A-mismatch

U-bulge

TRBP-ΔC

0.61±0.02

1.10±0.01

1.78±0.08

0.30±0.03

nH

1.6±0.1

1.1±0.2

2.7±0.2

5±1
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Figure 2-5. Macroscopic analysis of EMSA data for TRBP’s dsRBDs reveals length-dependent
affinity for dsRNA. The fits for each dsRNA length are shown in a rainbow color array with ds12
in red, ds16 in light green, ds22 in dark green, ds33 in blue and ds44 in purple. For all TRBP
constructs, Kd,app changes approximately 4- to 6-fold between ds22 and ds33/ds44, which
corresponds to the lengths of its substrate and product. Also noteworthy is that for all RNA
duplex lengths, TRBP-ΔC binds dsRNA with ~10-fold tighter macroscopic binding affinity than
its individual dsRBDs.
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Next we attempted to determine whether the terminal loop present in pre-miRNA affects
TRBP binding to dsRNA. To carry out this study, we chose ds16 as the base duplex because CD
demonstrated a 1:1 stoichiometry for this stem length, which renders our results free from
convolution artifacts arising from some copies of TRBP binding proximal to the terminal loop,
while others engage the distal portion of the RNA with a potentially distinct binding constant.
Four stem-loops were chosen: a thermally stable tetra-loop (UUCG), tetra-U, hexa-U, and octa-U
loops (representative gels for binding TRBP-dsRBD1, TRBP-dsRBD2, and TRBP-ΔC to each
these loop constructs are displayed in Figures A2 14-16, respectively). Table 2-2 shows that all
TRBP constructs bound these four loop constructs with essentially equal affinity (within
experimental uncertainty), which suggests that TRBP is insensitive to loop structure. Taken
together, our data suggest that while TRBP may be able to discriminate weakly between premiRNA and miRNA/miRNA* duplexes based on length, it is unlikely that TRBP senses the
presence of the terminal loop in pre-miRNA.

2.4.3. Importance of multi-dsRBDs: Sensing imperfections in miRNA
TRBP serves multiple functions in the context of RNAi. For example, in vivo assays
show that TRBP is required for Dicer to more efficiently and homogeneously cleave premiRNA.(35,36) TRBP may also be responsible for guide strand selection in RISC, where it
recognizes terminal mismatches at the ends of siRNA.15 Furthermore it has been suggested that
these imperfections lead to tighter binding by TRBP and subsequently higher efficiency
downstream; contrastingly, the presence of terminal mismatches can also decrease TRBP binding
affinity leading to lower processing efficiency.37 Therefore, having established the influence of
duplex length and terminal loop structure on TRBP binding to dsRNA, we next attempted to
characterize the impact of helix imperfections by monitoring binding of TRBP to a native miRNA
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duplex. Differences with respect to our idealized W-C RNA constructs may arise with native
duplexes, because pre-miRNA stems are highly enriched in bulges and non-canonical base pairs
that may perturb TRBP-dsRNA interactions.38 We have previously studied Dicer-dsRBD binding
to pre-mir-16-1 and so chose this sequence, as well as the miR-16-1/miR-16-1* duplex, for the
basis of this study. The EMSA results for the TRBP-∆C construct binding pre-mir-16-1 and the
miR-16-1/miR-16-1* duplex are displayed in Figure 2-6 with best-fit values using the Hill
analysis provided in Table 2-2. Based on the results of our length-dependence study, we expected
pre-mir-16-1 to bind with a Kd,app similar to binding ds33 and the miR-16-1/miR-16-1* complex
with a Kd,app similar to binding ds22. Rather, the results show that TRBP-ΔC binds pre-mir-16-1
and the miRNA/miRNA* duplex with weaker affinities (Kd,app = 0.61±0.02 μM and 1.1±0.1 μM,
respectively), that do not match predictions based on their respective total lengths in base pairs.
While the above results is inconsistent with our initial prediction, Benoit et al. reported similar
binding affinities for pre-mir-155 and the miR-155/miR-155* duplex using ITC,(39) suggesting
that our observation may be general.
Both the substrate and product miRNA contain helical imperfections; Mfold analysis of
pre-mir-16-1 predicts a 1nt U-bulge, two bases removed from a thermodynamically unstable A•A
mismatch, located central to the stem of the RNA, which Quarles et al.30 suggest deforms the Aform helical structure. Therefore, both of the binding affinities seen for pre-miRNA and
miRNA/miRNA* duplexes are reasonable if TRBP-ΔC is sensitive to helical imperfections (e.g.,
internal loops and bulges). The deformations break both pre-mir-16-1 and the miRNA/miRNA*
duplex into two pseudo-stem regions, suggesting the hypothesis that modelling pre-mir-16-1 as
two 20-mer stems and miR-16-1/miR-16-1* as two 10-mer stems will bring our results into
accord with the expectation values established from our simple length-dependence study.
Inspection of the dissociation constants in Table 2-2 confirms this to be a reasonable model.
Therefore, we propose the general hypothesis that imperfections along the A-form RNA, which
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are nearly always found in both pre-miRNA and miRNA/miRNA* duplexes,40 influence the
ability of TRBP to bind efficiently.
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Figure 2-6. EMSAs results for TRBP-ΔC binding to substrate pre-mir-16-1 (left) and natural
product miR16-1/miR16-1* duplex (right). The experimental data (black dots) are averaged from
two independent experiments, with the black best-fit line produced from the best-fit parameters
reported in Table 2-3. From left to right: KD,1 = 0.61 ± 0.02 μM, nH,1 = 1.6 ± 0.1; and KD,2 = 1.10
± 0.01 μM, nH,2 = 1.1 ± 0.2. The minimal difference in binding affinity between substrate and
product (< 2-fold) suggests that RNA length is not the sole parameter to consider when
determining TRBP binding affinity.
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2.4.4. Helical defects in dsRNA influence multi-dsRBDs binding affinity
TRBP expressed the same binding affinity for both pre-miRNA and miRNA/miRNA*
duplexes, despite the difference in overall RNA length. Given the results that TRBP binding is
not affected by the addition of terminal loop, we chose to test TRBP binding to RNA duplex
constructs that bore either the 1nt U-bulge or the A•A mismatch in the context of a 22 bp W-C
duplex based off of the miR16-1/miR16-1* duplex (sequences shown in Table A2-4). The results
of the RNA deformation study are presented in Figure 2-7, along with representative structures,
with the corresponding binding affinities presented in Table 2-2. While the difference in binding
affinity between a TRBP-ΔC binding ds22 and the miR/miR* construct is minimal, it is very
interesting that this difference is maintained between the A•A mismatch and the 1 nt U-bulge
construct (Kd,app = 1.78±0.08 μM and 0.30±0.03 μM, respectively). The results suggest that
possessing a 1x1 nt A•A mismatch in miRNA is sufficient to change the observed binding affinity
of TRBP-ΔC. Surprisingly a 1x0 nt U-bulge construct, which may be expected to kink the lowest
free energy conformation of the duplex, had no deleterious effect in the observed binding affinity.
Therefore, we conclude that when imperfections breaking the longest contiguous region of W-C
dsRNA are present in the stem region of pre-miRNA, these imperfections establish the relevant
length scale for substrate selection. Given the prevalence of imperfections in microRNA denoted
in miRBase,40 we hypothesize that the total length of the pre-miRNA or miRNA/miRNA* stem
will rarely establish the affinity for TRBP binding. We anticipate that the trends in binding
affinities we observe for TRBP-ΔC interactions with pre-mir-16-1 and the miR-16-1/miR-16-1*
duplex are general and will impact TRBP’s interactions with the entire cellular pool of miRNA
precursors.

61

Figure 2-7. EMSAs results for TRBP-ΔC binding constructs that mimic miR16-1/miR16-1*
imperfections: a 1nt U-bulge RNA (left), and A•A mismatch (right). The experimental data (black
dots) are averaged from two independent experiments, with the black best-fit line produced from
the best-fit parameters reported in Table 2-2. From left to right: KD,1 = 1.78 ± 0.08 μM, nH,1 = 2.7
± 0.2; and KD,2 = 0.30 ± 0.03 μM, nH,2 = 5 ± 1. Both constructs have the same overall length,
suggesting that the 2-fold change in binding affinity between ds22 and both pre-miR16-1 and the
miR/miR* duplex is due to the 1nt U-bulge and not the A•A mismatch.
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2.4.5. Domain Knockouts reveal functional connections between dsRBD1 and dsRBD2 in
TRBP-∆C
Motivated by the observation that TRBP-∆C binds to RNA differently from the mode of
binding employed by either of its two dsRBDs in isolation, we next aimed to test the hypothesis
that RNA engagement by both dsRBDs in TRBP-∆C is necessary to create the observed binding
mode and preference for uniform Watson-Crick dsRNA segments. At present, there are no cocrystal structures of tandem dsRBD proteins bound to dsRNA to use for rational design of this
experiment; however, it is well known from the set of available dsRBD-dsRNA co-crystal
structures that the poly-lysine motif on helix-2 of the dsRBD is a critical component of the
dsRNA binding surface. Therefore, following the model of Sohn et al., established for the Drosha
cofactor protein DGCR8, we knocked out dsRBD binding activity in each of the two dsRBDs of
TRBP through the generation of triple lysine-to-alanine substitutions in helix-2. RNA-binding
activity knockouts of dsRBD1 (TRBP-dsRBD1-Null) and of dsRBD2 (TRBP-dsRBD2-Null)
were confirmed by EMSA, where no binding to ds22 was observed (Figure A2-17). The nullactivity mutants of each dsRBD were then made in the context of TRB-∆C, yielding the
constructs TRB-∆C-RBD1-Null and TRBP- TRB-∆C-RBD2-Null for further study.
The two TRBP-∆C domain knockout mutants were used in EMSA assays to test for
binding to ds22, ds33, and the miR-16-1/miR-16-1* duplex. Representative gels from the study of
TRBP-∆C-RBD1-Null and TRBP-∆C-RBD2-Null are displayed in Figure 2-8 and Figure 2-9,
respectively, with a summary of the best-fit apparent dissociation constants and hill coefficients
in Table 2-3. Knocking out dsRBD1 binding activity in the TRBP-∆C context produced a protein
that binds to each of these dsRNAs with a similar affinity to that recorded for TRBP-dsRBD2
alone (compare Tables 2-2 and 2-3), although with a different band pattern observed in the gels
(compare Figure 2-4 with Figure 2-8). Surprisingly, knocking out dsRBD2 activity in the context
of TRBP-∆C had almost no impact on the apparent dissociation constant for these three dsRNAs
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(compare Tables 2-2 and 2-3), although the pattern of bands observed on the gel was again
perturbed, relative to wild type (compare Figure 2-4 with Figure 2-9).
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Figure 2-8. EMSAs results for TRBP-ΔC-RBD1-Null binding ds22, ds33, and miR16-1/miR161* from left to right. The experimental data (black dots) are averaged from two independent
experiments, with the black best-fit line produced from the best-fit parameters reported in Table
2-3. From left to right: KD,1 = 2.29 ± 0.08 μM, nH,1 = 3.1 ± 0.2; and KD,2 = 1.22 ± 0.07 μM, nH,2 =
3.0 ± 0.4. Binding affinities for ds22 and ds33 correlate well with those of the individual TRBPRBD2 construct (KD,1 = 3.5 ± 0.2 μM, and KD,2 = 1.7 ± 0.1 μM for ds22 and ds33, respectively).
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Figure 2-9. EMSAs results for TRBP-ΔC-RBD2-Null binding ds22, ds33, and miR16-1/miR161* from left to right. The experimental data (black dots) are averaged from two independent
experiments, with the black best-fit line produced from the best-fit parameters reported in Table
2-3. From left to right: KD,1 = 0.34 ± 0.01 μM, nH,1 = 3.2 ± 0.6; KD,2 = 0.44 ± 0.05 μM, nH,2 = 3.4
± 0.7; and KD,3 = 0.9 ± 0.1 μM, nH,3 = 2.0 ± 0.4. Interestingly the binding affinities for ds22,
ds33, and miR16-1/miR16-1* correlate well with those of individual TRBP-ΔC and not of the
individual TRBP-RBD1 construct (see Table 2-2 for comparision).
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Table 2-3. Macroscopic binding affinities of EMSA data using mutant study.

Mutant Studies: Ks, app (μM)
RNA construct

ds22

ds33

miR-16-1/miR-16-1*

TRBP-dsRBD1Null

N/D

--

--

TRBP-dsRBD2Null

N/D

--

--

TRBP-ΔC1-Null

2.29±0.08

1.22±0.07

N/D

nH

3.1±0.2

3.0±0.4

--

TRBP-ΔC2-Null

0.34±0.01

0.44±0.05

0.9±0.1

nH

3.2±0.6

3.4±0.7

2.0±0.4
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Evaluation of the prior literature for the tandem-dsRBD proteins DGCR8 and PKR offers
some insight into these results. Sohn et al. reported triple lysine/arginine-to-alanine substitutions
for DGCR8 producing constructs they name DGCR8-D1H2 (equivalent to TRBP-∆C-RBD1Null) and DGCR8-D2H2 (equivalent to TRBP-∆C-RBD2-Null), for which they report binding
assays in Figure 2 of their paper.20 Although the Sohn et al. study did not include measurements
performed on the individual dsRBDs from DGCR8, these data have been reported by Wostenberg
et al. for DGCR8-dsRBD1, enabling comparison. No such comparative data can be evaluated for
DGCR8-dsRBD2, which does not appear to be soluble in the absence of dsRBD1 (KAQ and
SAS, unpublished). When DGCR8-dsRBD2 activity is knocked out, the apparent dissociation
constant for DGCR8-Core binding to pri-mir-16-1 changes from 2.1 ± 1.1 μM to 8.2 ± 1.2
μM.(20) Comparing to this, Wostenberg et al. report pri-mir-16-1 apparent dissociation constants
of 3.7 ± 0.1 μM and 9.4 ± 0.4 μM for DGCR8-Core and DGCR8-dsRBD1, respectively.24 Thus,
the results we present here for knockout of dsRBD1 in the context of TRBP-∆C are similar to
those previously reported for domain knockout in DGCR8-Core. Conversely, when Sohn et al.
knock out dsRBD1 activity they observe the same magnitude of reduction in dsRNA binding
affinity as they observed for knockout of dsRBD2,20 which contrasts with our observation of inequivalent effects from knocking out dsRBD1 and dsRBD2 in TRBP.
DGCR8-Core is dissimilar from TRBP-∆C and PKR-dsRBD in two significant ways.
Structurally, the two dsRBDs of DGCR8 are observed to form a stable and RNA-independent
interaction with each other, whereas both TRBP-∆C and PKR have been shown by NMR
spectroscopy to have two non-interacting dsRBDs (in the absence of RNA), separated by a
flexible polypeptide linker.28,41 Second, the affinity of DGCR8-Core for dsRNA is only 2- or 3fold stronger than the comparable affinities of the isolated DGCR8-dsRBD1.24 In contrast to this,
TRBP-∆C displays an approximately 10-fold affinity enhancement over the individual dsRBDs
(this study) and PKR an approximately 30-fold enhancement.31 Significantly, NMR studies of
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PKR binding to dsRNA showed that the N-terminal dsRBD of PKR engages dsRNA extensively,
with only minimal additional contacts contributed by the C-terminal dsRBD in the context of
short dsRNA,31 comparable to those we have investigated in this study. In contrast, NMR studies
of DGCR8-Core interaction with dsRNA showed extensive chemical shift perturbations spanning
both dsRBDs.41 Consideration of our TRBP-∆C-RBD2-Null results in this context leads us to the
hypothesis that the dsRNA binding mode employed by TRBP is highly similar to the binding
mode employed by PKR for engagement of short dsRNAs on the length-scale of pre-miRNA and
miR/miR* duplexes. This intriguing possibility will be the subject of future study.

2.5 Conclusions
Generally, dsRBDs do not display sequence-dependent RNA binding, but are often
shown to bind in a length-dependent manner; in contrast, TRBP had previously been shown to
bind in a length-independent manner using siRNA mimics.22 Although this may be the case for
siRNA maturation, the results presented here suggest that this is not so for human TRBP
engaging shorter miRNA-related RNA. For short dsRNA, we observe that as the length of the
dsRNA increases up to 44 bp, TRBP’s binding affinity increases (Table 2-2). Intriguingly, we
observe that for the longer length dsRNAs in our study, the change in apparent dsRNA binding
affinity begins to taper off (Figure 2-5), which if extrapolated to longer dsRNA could lead to
similar macroscopic binding affinities regardless of dsRNA length. By combining our results and
those published by Parker et al.,25 we see that TRBP may use duplex-length as a means to
differentiate between various potential dsRNA targets. Thus, our data suggest that TRBP engages
dsRNA in a mechanistically distinct manner for short dsRNA (i.e., miRNA precursors), as
compared to long dsRNA (i.e., siRNA precursors). Intriguingly, our dsRBD knockout studies
suggest that a more direct comparison for the dsRNA binding mechanism employed by TRBP to
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engage miRNA-precursors may be the short dsRNA mode of PKR, in which interactions are
dominated by the N-terminal dsRBD, with enhancement by the C-terminal dsRBD.
It is intriguing that the process of maturing cellular pools of hundreds of miRNAs with
distinct sequence compositions is carried out through interactions with enzymes and cofactors
that rely heavily on sequence-independent dsRBDs for substrate selection. The results of this
study show that the multi-dsRBD containing protein, TRBP, is capable of discriminating dsRNA
with lengths spanning the range corresponding to its substrate and product RNAs in the miRNA
maturation pathway. Investigating how TRBP binds to native sequences, such as pre-mir-16-1
and the miR-16-1/miR-16-1* duplex, was facilitated by our length-dependent study of TRBP
binding W-C duplex RNAs, combined with the stem-loop dependent study. More importantly, we
demonstrate here that TRBP’s binding affinity to dsRNA is affected by the presence of helical
imperfections ubiquitous in miRNA precursors, suggesting that the RNA itself may hold the key
to maintaining cut site fidelity in a pathway dominated by non-sequence specific binders. The
combined results suggest that in vivo, TRBP’s role in miRNA maturation may be to sense and
bind around the abundant imperfections in substrate miRNA precursors, thereby helping to
establish the cut site position for cleavage by Dicer.
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Table A2-4. Macroscopic binding affinities of EMSA data using Hill analysis.

RNA
Construct
12TS
12BS
16TS
16BS
22TS
22BS
33TS
33BS
44TS
44BS
ds16-tetrastable
ds16-tetra-U
ds16-hexa-U
ds16-octa-U
pre-mir-16-1

miR-16-1
miR-16-1*
A-mis TS
A-mis BS
U-bulge TS
U-bulge BS

Sequence (5´ to 3´)
GUC AGC AGU GCC
GGC ACU GCU GAC
GUC AGC AGU GCC UUA G
C UAA GGC ACU GCU GAC
GUC AGC AGU GCC UUA GCA GCA C
G UGC UGC UAA GGC ACU GCU GAC
GGU CAG CAG UGC CUU AGC AGC ACG UAA AUA
UGG
CCA UAU UUA CGU GCU GCU AAG GCA CUG CUG
ACC
GGU CAG CAG UGC CUU AGC AGC ACG UAA AUA
UUG GCG UUA AGA CC
GG UCU UAA CGC CAA UAU UUA CGU GCU GCU AAG
GCA CUG CUG ACC
GUC AGC AGU GCC UUA GUU CGC UAA GGC ACU
GCU GAC
GUC AGC AGU GCC UUA GUU UUC UAA GGC ACU
GCU GAC
GUC AGC AGU GCC UUA GUU UUU UCU AAG GCA
CUG CUG AC
GUC AGC AGU GCC UUA GUU UUU UUU CUA AGG
CAC UGC UGA C
UAG CAG CAC GUA AAU AUU GGC GUU AAG AUU
CUA AAA UUA UCU CCA GUA UUA ACU GUG CUG
CUG AA
UAG CAG CAC GUA AAU AUU GGC G
CCA GUA UUA ACU GUG CUG CUG AA
GGU CAG CAC GUA AAU AUU GUC C
GGA CAG UAU UAA CGU GCU GUA C
GGU CAG CAC GUA AAU AUU GUC C
GGA CAG UAU UUA CUG UGC UGA UC
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ε (M-1 cm-1)
113,900
110,300
156,900
151,300
211,500
206,300
326,800
319,300
440,900
422,900
344,200
351,400
370,800
385,900
666,000

226,100
227,200
284,900
285,800
284,900
290,400

Figure A2-10. Stoichiometries of all TRBP constructs for RNA length-dependent study. CD
experiments were not performed for TRBP-dsRBD1 and TRBP-dsRBD2 in the presence of ds12
or ds16 due to their low binding affinities. See Table 2-1 (main text) for all stoichiometry results.
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Figure A2-11. EMSA data for TRBP-dsRBD1 binding perfect duplex RNA. The radiograph
images are presented, representing the increase of [TRBP-dsRBD1] from left to right. To the right
of the gels are the Hill-style analyses of a set of two titrations. The experimental data (black dots)
are averaged from the two independent experiments, with the black best-fit line produced from
the determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-12. EMSA data for TRBP-dsRBD2 binding perfect duplex RNA. The radiograph
images are presented, representing the increase of [TRBP-dsRBD2] from left to right. To the right
of the gels are the Hill-style analyses of a set of two titrations. The experimental data (black dots)
are averaged from the two independent experiments, with the black best-fit line produced from
the determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-13. EMSA data for TRBP-ΔC binding perfect duplex RNA. The radiograph images
are presented, representing the increase of [TRBP-ΔC] from left to right. To the right of the gels
are the Hill-style analyses of a set of two titrations. The experimental data (black dots) are
averaged from the two independent experiments, with the black best-fit line produced from the
determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-14. EMSA data for TRBP-dsRBD1 binding loop-dependent duplex RNA. The
radiograph images are presented, representing the increase of [TRBP-dsRBD1] from left to right.
To the right of the gels are the Hill-style analyses of a set of two titrations. The experimental data
(black dots) are averaged from the two independent experiments, with the black best-fit line
produced from the determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-15. EMSA data for TRBP-dsRBD2 binding loop-dependent duplex RNA. The
radiograph images are presented, representing the increase of [TRBP-dsRBD2] from left to right.
To the right of the gels are the Hill-style analyses of a set of two titrations. The experimental data
(black dots) are averaged from the two independent experiments, with the black best-fit line
produced from the determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-16. EMSA data for TRBP-ΔC binding loop-dependent duplex RNA. The radiograph
images are presented, representing the increase of [TRBP-ΔC] from left to right. To the right of
the gels are the Hill-style analyses of a set of two titrations. The experimental data (black dots)
are averaged from the two independent experiments, with the black best-fit line produced from
the determined Kd,app and nH values, reported in Table 2-2.
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Figure A2-17. EMSA data for TRBP-RBD1-Null and TRBP-RBD2-Null binding ds22. The
radiograph images are presented, representing the increase of [TRBP-RBD1-Null] and [TRBPRBD2-Null], respectively, from left to right. No binding is observed within the concentration
window for these two constructs.
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Chapter 3
Binding by TRBP-dsRBD2 does not induce bending of double-stranded RNA
Submitted: Acevedo, Roderico; Evans, Declan; Penrod, Katheryn A.; & Showalter, Scott A.
“Investigating the Conformational Changes of DsRNA Upon Binding to TRBP.”
Contributions: DE produced and analyzed the DSC experiments and helped with the generation
and acquisition of the SEC-SAXS data. KAP installed Curves+ and helped with the data analysis
of the MD simulations. SAS ran the MD simulations.

3.1 Abstract
Protein-nucleic acid interactions are central to a variety of biological processes, many of
which involve large-scale conformational changes, which lead to bending of the nucleic acid
helix. Here we focus on the non-sequence specific protein, TRBP, whose double-stranded RNA
binding domains (dsRBDs) interact with the A-form geometry of double-stranded RNA (dsRNA).
Crystal structures of dsRBD-dsRNA interactions suggest that the dsRNA helix must bend in such
a way that its major groove expands, in order to conform to the dsRBD’s binding surface. Here
we show through isothermal titration calorimetry (ITC) experiments that dsRBD2 of TRBP binds
dsRNA with a temperature-independent observed binding affinity (KD ~ 500 nM). Furthermore, a
near-zero observed heat capacity change (ΔCp = 70 ± 40 cal·mol -1·K-1) suggests that large-scale
conformational changes do not occur upon binding. This result is bolstered by molecular
dynamics simulations where dsRBD-dsRNA interactions generate only modest bending of the
RNA along its helical axis. Overall, these results suggest that this particular dsRBD-dsRNA
interaction produces little to no change in the A-form geometry of dsRNA in solution. These
results further support our previous hypothesis based on extensive gel shift assays that proposed
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TRBP preferentially binds to sites of nearly ideal A-form structure, while being excluded from
sites of local deformation in RNA helical structure. The implications of this mechanism for
efficient micro-RNA processing will be discussed.

3.2 Introduction

Double-stranded RNA binding domains (dsRBDs) play an important role in gene
regulation, polyadenylation of messenger RNA, signal recognition, nuclear targeting and,
most significantly for this study, RNA processing.1,2 Specifically, there are ten dsRBDs
associated with the canonical microRNA (miRNA) maturation pathway, with at least one
being found in each of the five proteins central to the pathway. In general, mature
miRNA is formed from long hairpin RNA’s (approximately 44 base-pairs in length) that
are processed by two cleavage events into single-stranded RNAs (approximately 21
nucleotides in length). Once generated, the mature miRNA is guided by the RNAinduced silencing complex (RISC) to bind with high sequence specificity to mRNA and
to regulate protein expression.3 Due to the biological implications of mis-regulation of
the sequence specificity of miRNA interactions, which is certain to arise if cuts are
inaccurately placed, it is intriguing that the molecular machinery of miRNA processing
makes abundant use of the dsRBD motif. In general, dsRBDs are known to recognize
double-stranded RNA (dsRNA) by shape; dsRBDs seldom display sequence specificity,
although exceptions do exist.4 Significantly, our laboratory5–7 and others8–11 have
extensively investigated multiple dsRBDs from the miRNA processing pathway and have
confirmed that, when they are capable of binding dsRNA, the dsRBD motifs from these
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proteins follow the general trend of binding through structural recognition of the A-form
geometry. While this type of recognition does allow dsRBDs to interact with diverse sets
of substrates, it is not obvious how their use facilitates enhanced cleavage efficiency and
fidelity, as has been demonstrated for pre-miRNA processing by the RNase III enzyme
Dicer in the presence of its cofactor protein TRBP.10,12 Motivated by the need to
understand in detail how TRBP contributes to substrate dsRNA shape recognition, we
investigated in vitro interactions of TRBP with a wide variety of substrates, some of
which contained only Watson-Crick base pairs, and others which contained asymmetric
bulges and non-canonical base pairs.7 In summary, our previous work demonstrated that
when the two N-terminal dsRBDs of TRBP bind to RNA, they are excluded from bulges
and internal loops, which has the effect of positioning TRBP on the dsRNA substrates
that it will present to Dicer.
Our finding that TRBP binds preferentially to Watson-Crick duplexes that should
possess relatively ideal A-form geometry is at odds with trends observed in multiple
crystal structures of dsRBD-dsRNA complexes, which have generated the hypothesis that
dsRBDs induce strong bends into the A-form geometry of the dsRNA they bind. Given
that such bends might facilitate enzymatic recognition of cleavage sites, it is worth
resolving this disparity. The earliest structure from which this hypothesis was derived
was that of the second dsRBD of Xenopus laevis RNA binding protein A (Xlrbpa-2)
bound to a GC 10-mer dsRNA (Figure 3-1A).13 Xlrbpa-2 displays the canonical dsRBD
fold, α1-β1-β2-β3-α2 and contacts the RNA in three regions: the residues in helix 1 interact
with the 2´ hydroxyls along minor groove I, those in loop 2 contact the 2´ hydroxyls
along minor groove II, and residues in helix 2 contact the backbone phosphates projecting
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into the major groove. Interestingly, the Xlrbpa-2 crystal structure was resolved with
helix 2 spanning the gap between two co-axially stacked RNA helices, which is unlikely
to be a biologically relevant situation, but which does expand the major groove by 3 Å
relative to ideal A-form RNA. Close investigation of the structure reveals that this
deformation is caused by a staggering of the two helices by approximately 5Å that
permits deviation from ideal A-form RNA helix geometry. The authors noted for Xlrbpa2 dsRBD that this widened major groove was necessary to accommodate protein-RNA
interaction.13 In analogy to the Xlrbpa-2 result, the crystal structure of TRBP-dsRBD2
bound to a GC 10-mer dsRNA also reveals TRBP-dsRBD2 bridging two co-axially
stacked dsRNA helices, with helix 2 bridging a larger-than-usual major groove (Figure 31B).14 These two crystal structures seem to validate the hypothesis that dsRBD-dsRNA
interactions are accompanied by conformational changes in the RNA helix geometry.
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Figure 3-1. Crystal structures of dsRBD-dsRNA complexes promote the hypothesis that dsRBDbinding bends dsRNA. (A) Crystal structure of dsRBD2 of Xlrbpa from Xenopus laevis bound to
GC10-mer RNA (1DI2.pdb) and (B) the crystal structure of dsRBD2 of TRBP bound to GC 10mer RNA (3ADL.pdb). Both proteins (grey, ribbons) display the αβββα fold of a dsRBD. Helix
1, loop 2, and helix 2 are labeled for ease of reference when discussed in the text. It is noteworthy
that helix 2 bridges the span between two co-axially stacked helices (tan and pink).

(C)

Stoichiometric titration of TRBP-dsRBD1 (n = 5.0 ± 1.0) (left) and TRBP-ΔC (n = 2.2 ± 0.3)
(right) into 22-mer RNA from previous work.9 (D) Stoichiometric titration of TRBP-dsRBD2 (n
= 4.0 ± 1.0) into GC20 RNA solution. Data points are the average of three independent
experiments with error bars depicting one standard deviation from the mean. Break point analyses
for all titrations were performed in MATLAB as described in the section 3.2, Materials and
Methods.
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Beyond crystallography, mechanistic binding studies have also revealed the sensitivity of
several dsRBD proteins to the overall geometry of the dsRNA helices they bind. One example is
that of protein kinase R (PKR), which is a multi-dsRBD protein that plays a vital role in innate
immunity. Gel shift assays conducted as a function of temperature suggest that PKR-p20 (a
construct containing both PKR-dsRBD1 and PKR-dsRBD2) was not only able to bind to bent
RNA (RNA containing mismatches) but that it also was able to straighten those bent dsRNA
substrates to resemble more ideal A-form helices.15 Although this result demonstrates the ability
of a dsRBD to relax a bend, rather than induce one, this finding is clearly consistent with the
ability of dsRBD-containing proteins to change the conformation of substrate dsRNA. However,
as with the crystallographic data reviewed above, this finding is again at odds with our previous
observation that TRBP is excluded from bent or otherwise non-A-form sites, rather than
enhancing or relieving these geometric features.
If major groove deformations are imposed by TRBP binding in solution, then
spectroscopic and calorimetric signatures of their formation should be measurable by standard
biophysical techniques. For example, circular dichroism (CD) spectroscopy is a technique
commonly used to assess the secondary structural features of chiral biomolecules, 16 which was
used to validate the bending hypothesis derived from the Xlrbpa2-dsRNA crystal structure.13 For
protein-nucleic acid interactions in general, an experimental paradigm has been established
whereby changes in the nucleic acid ellipticity serve as the source of signal, because ellipticity is
inversely proportional to the winding angle of the helix.17 This mechanism has been leveraged as
a source of signal in experiments that aim to determine the saturating stoichiometry of the
dsRBD-dsRNA interaction, yielding stoichiometries in good agreement with those determined by
orthogonal techniques, such as analytical ultracentrifugation.17 Indeed, we have also previously
reported the stoichiometry of TRBP binding to dsRNAs of various lengths using a similar CD
experiment (Figure 3-1C).7 Interestingly, we do observe a change in CD signal upon TRBP
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binding, which suggests that although TRBP may be excluded from sites of substantial molecular
deviation from A-form geometry, the protein is none the less able to accommodate, or even
induce, some amount of structural deformation in substrate dsRNA.
In this study, we aim to resolve the outstanding question of whether the mechanism of
dsRNA binding by TRBP includes the introduction of a bend into the dsRNA. This objective was
met through the use of isothermal titration calorimetry (ITC), supplemented by molecular
dynamics (MD) simulations. Our studies are conducted using TRBP-dsRBD2 and a 20-mer
duplex RNA, which we name GC20, designed to mimic the “pair of 10-mers” minimal substrate
implied by the Xlrbpa-2 and TRBP-dsRBD2 co-crystal structures. The temperature-dependent
ITC experiments we present reveal that binding occurs in a temperature-independent manner, as
reflected by the constant apparent equilibrium dissociation constant (K D) and near-zero observed
specific heat of binding (ΔCp), which suggest that large-scale conformational changes are not
associated with the binding event. These results are supported by the MD simulations, which
indicate that protein association does not lead to large-scale conformational changes in the
dsRNA. Specifically, there are no appreciable groove-width differences between the apo-RNA
and holo-RNA trajectories. Taken together, these results suggest that the TRBP-dsRNA
interaction produces little to no change in the overall geometry of the RNA helix.

3.2 Materials and Methods

3.2.1. Sample Preparation
TRBP-RBD2 (139-215) was expressed and purified as previously described.7 The selfcomplimentary synthetic RNA, GC20, was ordered from Dharmacon (GE Healthcare), with
sequence 5ʹ-GCGCGCGCGCGCGCGCGCGC-3ʹ. De-protection of the RNA was performed
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according to the manufacturer-provided protocol. Concentration and purity of RNA were
determined by UV spectroscopy, using the extinction coefficient of 165,000 L·mol-1·cm-1. RNA
was duplexed by heat denaturation (90 °C for 45 sec) and fast annealing (4 °C for 5 min).

3.2.2. Circular Dichroism spectroscopy
CD experiments were performed on a Jasco J-810 spectrophotometer with a 2 mm path
length cuvette using previously established protocol.7 Experiments were done in triplicate and the
data points are presented here with error bars representing one standard deviation from the mean.

3.2.3. Differential scanning calorimetry
In order to determine an appropriate range of temperatures for the subsequent ITC
experiments, the thermal stabilities of TRBP-dsRBD2 and GC20 were monitored by differential
scanning calorimetry (DSC) using a Microcal VP-Capilary DSC (Malvern Inc). Each species was
extensively dialized in ITC buffer (50 mM sodium cacodylate pH 7.0, 50 mM potassium
glutamate) yielding samples with final concentrations of 80 µM TRBP-dsRBD2 and 45 µM
GC20. In each experiment, the biomolecular solution was heated from 30 °C to 80 °C and
monitored with a scan rate of 90 °C per hour. A reference experiment using only ITC buffer was
run for buffer subtraction prior to peak determination using the cursor initiated non-two state
program in the Origin 7.0 DSC software. Following fitting in Origin, the resulting data sets were
plotted using in-house MATLAB scripts. Experiments were done in triplicate prior to averaging,
with best fit parameters and their associated uncertainties reported in Supplemental Table A3-1.
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3.2.4. Isothermal titration calorimetry
Calorimetry experiments were conducted on a MicroCal VP-ITC calorimeter (Malvern
Inc). Protein constructs and duplexed RNA were co-dialyzed in ITC buffer (50 mM sodium
cacodylate pH 7.0, 50 mM potassium glutamate) overnight. TRBP-dsRBD2 was diluted to
working conditions (see Table 3-1) and added to the syringe. The GC20 dsRNA was diluted to 1
µM duplex concentration and then placed in the sample cell. Experiments were performed at the
following temperatures: 10 °C, 15 °C, 20 °C, and 25 °C (which was chosen as the upper limit
based on the temperature at which the thermal denaturation of TRBP-dsRBD2 began to emerge in
the DSC traces). All experiments were analyzed using a one set of sites model in MATLAB as
previously described.18 The resulting best fit parameters yield the equilibrium association
constant (KA, reported here as its inverse: KD = KA-1), the overall change in the enthalpy of the
system (ΔH), and the apparent binding stoichiometry (n). These parameters were used to derive
the Gibbs free energy of binding using the relationship ΔG = RT·ln(K D), and the overall change
in the entropy of the system, using the experimental temperature and the relationship ΔG = ΔH –
TΔS. All titrations were performed in triplicate for each experimental temperature and the
average of each resulting best fit parameter computed. The averages are reported here with their
associated errors (calculated by standard error propagation methods).

3.2.5. Atomistic simulations for molecular dynamics
Two systems were built in order to investigate dsRNA bending upon interaction with
TRBP: (i) the GC 20-mer of dsRNA with sequence designed to match the experimental construct
and (ii) TRBP-dsRBD2, also designed to encompass the same residues as those present in the
experimental construct, complexed with the GC 20-mer dsRNA. For simplicity, system (i) will be
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referred to as ‘apo-RNA,’ while system (ii) will be referred to as “holo-RNA.” The apo-RNA
system was constructed in UCSF Chimera19 by building a self-complementary duplex with Aform geometry. The initial topology for the holo-RNA system was taken from the crystal
structure of TRBP-dsRBD2 bound to coaxially-stacked RNA duplexes (PDB entry 3ADL).14 In
order to generate the complex simulated, GC-20 was superimposed onto the crystallographic
RNA, which was then deleted from the system, leaving a complex between TRBP-dsRBD2 and
the in-tact 20-mer duplex. The disordered tails of the experimental TRBP-dsRBD2 construct
extended beyond the deposited crystallographic model. Therefore, the missing residues were built
in an extended conformation using UCSF Chimera.19 The tleap module of AmberTools 12.0 was
used to construct the solvation box for each system.20 For the apo-RNA system, a cubic solvation
box with dimensions of 92.1 Å was employed such that no RNA molecule was within 10 Å of a
box face, resulting in a total of 21,339 SPC/E water molecules being modeled. This system also
required the placement of 58 Na+ ions and 20 Cl- ions in order to maintain charge neutrality.
Similarly, for the holo-RNA system a cubic solvation box with dimensions of 97.8 Å was
employed, resulting in a total of 25,573 SPC/E water molecules being modeled. Charge neutrality
was maintained for this system through the placement of 39 Na+ ions and 6 Cl- ions.

3.2.6. Molecular dynamics simulations
MD simulations were performed on the apo- and holo-RNA systems using the AMBER
12.0 Molecular Dynamics Package. Initial topology files for the systems were rendered using the
Amber 99sb force field for the protein,21,22 and the Amber99 force field for the RNA, modified to
include the Barcelona (BSC0) corrections for the α/γ RNA backbone torsions, 23 and the χOL3
correction for the glycosidic torsion.24 It is important to note that the Amber99 force field
generates A´-form RNA, characterized by a slightly larger major groove than that of A-form
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RNA. Prior to the production runs, both systems were energy minimized and equilibrated as
previously described.25,26 Following equilibration, production simulations were performed in the
NPT ensemble for 250 ns per system, with a 2 fs timestep and a frame save-down rate of one per
ps. Trajectory analysis was completed using the cpptraj module of AmberTools 14.0, Curves+,27
and in-house MATLAB scripts. The systems were visualized using UCSF Chimera and Visual
Molecular Dynamics (VMD).28

3.2.7. Size exclusion chromatography and small angle x-ray scattering
In order to separate out possible aggregates and complex states from one another, the
prepared samples were run through a size exclusion column (SEC) that flowed directly into a
capillary for instantaneous detection by SAXS. 100 μL of 0.5 mg·mL-1 GC20 RNA or 4.8
mg·mL-1 sample of prepared sample was were filtered through 0.02 micron filters (Whatman) and
centrifuged at 14K RPM for 5 minutes prior to injection. Samples were injected onto an AKTA
avant 600 liquid chromatography system (GE Healthcare) equipped with a Superdex 200 5/150 G
size exclusion column (GE Healthcare). Working buffer (50 mM HEPES, 50 mM KCl, pH 7.5)
was flowed through the column at a flowrate of 0.300 mL·min-1 and sample elution was
monitored by UV set @ 260 nm. SAXS data were collected at beamline G1 at MacCHESS
configured with a 1.5m CHESS Compact Undulator with a beam diameter of 250 μm x 250 μm
and an X-ray energy of 9.968 keV (wavelength = 1.257 Å) and flux of 1.6·1011 photons·sec-1 with
a dual Pilatus 100K-S detector with range of Q = 0.0098-0.776 Å-1. The sample flow through
from SEC was flowed through a custom made 0.5 μm capillary cell maintained at room
temperature (298 K) so that the sample was exposed to x-rays for less than 100 ms. Data were
reduced to I vs. Q using BioXtasRAW.27 Guiner analysis was performed using the low Q portion
of the data where Rg·Q < 1.3. The programs PRIMUSqt28 and GNOM29 were used to calculate the
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pair distance distribution function, p(r), by an indirect Fourier transform of the scattering data
over the range of Q (Qrange) = 0.0004 to 0.0045 Å-1. The value of p(r) was constrained to be 0 at r
= 0 and at the maximum distance (Dmax). Values for Qrange and Dmax are tabulated in Table 1. Ab
initio modeling of the SAXS data was performed using the programs DAMMIN and DAMAVER
that are available in PRIMUSqt. Fitting of SAXS envelope to GC20 RNA, TRBP-dsRBD2, and
pri-mir-16-1 was performed in Chimera.22

3.3 Results and Discussion

3.3.1. Circular Dichroism analysis of TRBP-dsRBD2 binding stoichiometry on GC20
dsRNA
Previously published experimental results for the binding of a fully-complimentary 22mer of dsRNA (ds22) by TRBP-dsRBD1 and TRBP-ΔC (both dsRBD1 and dsRBD2 together)
are summarized in Figure 1C.7 Binding of ds22 by these two TRBP constructs is characterized by
saturating stoichiometries of 5.0 ± 1.0 TRBP-dsRBD1 and 2.2 ± 0.3 TRBP-ΔC (equivalent to 4.4
dsRBDs) per ds22 duplex. Motivated by the crystal structures of TRBP and Xlrbpa-2 bound to
dsRNA, in the present study we use a GC 20-mer of RNA constructed to mimic the extended
helix observed in the crystallographic models. Titrations of TRBP-dsRBD2 into GC20 were
monitored using CD spectroscopy and a change in ellipticity characteristic of dsRBD-dsRNA
interactions was observed (Fig. 1D). The stoichiometry of this binding event was found to be 4.0
± 1.0 TRBP-dsRBD2 per GC20 in excellent agreement with the previous results summarized
here. Taken together, these results suggest that a consistent number of dsRBDs should be able to
saturate an ideally Watson-Crick base paired dsRNA of a given length (here ~2 turns of A-form
helix, 20-22 base pairs), irrespective of the identity of the dsRBD or the sequence of the dsRNA.
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3.3.2. Isothermal Titration Calorimetry Analysis of TRBP-dsRBD2 binding to GC20
dsRNA
Crystallography has provided excellent insights into binding-mediated conformational
changes that occur during sequence-specific protein-nucleic acid complex formation. For
instance, the TATA-box binding protein (TBP) binds in a sequence-specific manner to B-form
DNA, causing the otherwise linear B-form DNA to bend by a substantial 74° at the binding site.32
Even more extreme, the Escherichia coli catabolite gene activator protein (CAP) distorts the
helical geometry by 90°, in essence forming a DNA hairpin.33 Such bends are not unique to
protein-DNA complexes, as demonstrated by the DEAD-box protein Vasa, which induces an
approximately 45° bend in A-form dsRNA upon binding, forcing a ‘wedge’ conformation that
drives a subsequent RNA unwinding event.34 In a highly influential 1994 study, Spolar and
Record established a framework for estimating the extent to which conformational changes are
coupled to protein-nucleic acid binding events.35 Their work was based on the experimental
measurement of binding heat capacity changes (ΔCp). Temperature-dependent ITC is an
exceptionally powerful experimental technique that provides direct access to ΔCp through the
measured temperature dependence of the observed binding enthalpy. As reviewed above, it is
important to know if dsRNA binding by TRBP bens the duplex, or preserves a straight helical
geometry, as this will have downstream implications involving the cleavage of the pre-miRNA by
Dicer. Therefore, the technique of temperature-dependent ITC, analyzed using the method of
Spolar and Record, is employed here to characterize the thermodynamics of TRBP-dsRBD2
binding to GC20 in order to test the hypothesis that dsRBD binding induces a conformational
change (e.g., a bend) in the GC20 RNA duplex, as suggested by the CD results presented above.
Estimation of ΔCp from a linear fit of ΔH as a function of absolute temperature assumes
that binding and its associated conformational changes are the only processes contributing
significantly to the measured injection heats over the temperature range of the study. Importantly,
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this means that it is assumed neither the protein nor the RNA undergo thermal denaturation over
the temperature range of the experiment. Therefore, a logical starting point for this study involved
the determination of the thermal denaturation midpoint temperature for TREBP-dsRBD2 and for
GC20 by DSC (Figure A3-6; Table A3-4 for best fit parameters). Guided by these values and the
temperature at which the onset of TRBP-dsRBD2 denaturation became apparent in the DSC
thermogram, an upper temperature limit of 25 °C was chosen for the ITC temperature series.
Figure 3-2A presents ITC measurements obtained from the titration of TRBP-dsRBD2 into GC20
RNA at temperatures ranging from 10 – 25 °C in 5 °C increments. These titrations reveal a small
increase in ΔHobs over the measured temperature range, which produces a small and positive ΔCp
(numerical values of best-fit parameters are provided in Table 3-1). Given that formation of this
complex buries approximately 740 Å2 of nonpolar surface area, the magnitude of the observed
heat capacity is quite small, especially when compared to those observed for sequence-specific
protein-nucleic acid complexes. For instance, using Spolar and Record’s formula, 35 the TRBPdsRBD2 interaction with GC20 should yield a heat capacity change associated with the
hydrophobic effect of -140 cal·K-1·mol-1, which is strikingly different from our observed ΔCp =
70 ± 40 cal·K-1·mol-1, both in magnitude and sign. By comparison, the sequence-specific DNA
binding protein TrpR, which undergoes structural rearrangement upon binding forms a proteinDNA complex that buries 945 Å2 of nonpolar surface area and yields a corresponding observed
heat capacity change of ΔCp = -220 cal·K-1·mol-1.35 Given the small magnitude of the observed
ΔCp for TRBP-dsRBD2 binding to GC20 dsRNA it seems unlikely that the formation of this
complex is accompanied by any large-scale conformational changes.
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Figure 3-2. Isothermal titration calorimetry temperature series. (A) Representative curves for
titration of TRBP-dsRBD2 into GC20 dsRNA at 283 K (open circles), 288 K (exes), 293 K (open
squares), and 298 K (stars). Refer to Table 1 for parameters. (B) Change in enthalpy as a function
of temperature. Plot shows the average enthalpy over three experiments at a given temperature
with error bars shown at one standard deviation. The specific heat of binding (ΔCp) was
calculated using linear regression function in MATLAB, as described in the Materials and
Mehtods, with the resulting best fit line displayed in grey.
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Table 3-1. Thermodynamic parameters of TRBP-dsRBD2 binding to GC20 RNA.
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3.3.3. Molecular Dynamic Simulation: Comparison of apo-RNA and holo-RNA
MD simulations can provide critical insights regarding the formation of protein-RNA
complexes by characterizing the conformational dynamics available in these complexes. In order
to attach a molecular picture to the thermodynamic data presented above, 250 ns MD trajectories
were generated for both apo-GC20 and its complex with TRBP-dsRBD2. The initial structure for
the protein-dsRNA complex was generated by construction of an ideal A-form 20-mer RNA
(identical in sequence to the experimental GC20 duplex) and superimposition of this duplex onto
the crystallographic dsRNA in the holo-state structure of TRBP-dsRBD2 (see Materials and
Methods). For a general analysis of the structural features observed in these trajectories, please
refer to the Supporting Information. Here, the conformational dynamics of the apo-GC20 and
holo-RNA in complex elucidated by our MD simulations enable us to provide a straightforward
test of the hypothesis that dsRBD-binding induces a bend (or similar deformation) in the dsRNA.
It is well established that helix 2 of the dsRBD fold, which includes the “KR-helix
motif,” forms indispensable interactions with the major groove of the dsRNA (for TRBP-dsRBD2
the key residues are K210, K211, K214, and R215).36 Indeed, we have demonstrated that alanine
mutations in this region of TRBP-dsRBD2 abrogate binding to dsRNA.7 In addition to major
groove interactions mediated by the KR-helix motif, two sets of contacts between dsRBDs and
the minor groove of the dsRNA are also important for RNA binding. There are three residues in
helix 1 (H159, Q165 and Q166) contacting the 2´-hydroxyl along minor groove 1, as well as three
residues of loop 2 (H188, R189, and R190) contacting the sugar rings of minor groove 2.14 To
confirm that the MD simulations of the holo-RNA system demonstrates these significant contacts,
the distances between every residue in TRBP-dsRBD2 and the dsRNA for which there was a
potential hydrogen bonding interaction were measured, using a 3.5 Å distance cutoff. The results
are summarized in Figure 3-3, where the relative occupancy of the hydrogen-bonded state is
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indicated by the color of the residue. Violet residues exhibited a minimum of 70% occupancy,
while lilac residues exhibited a minimum of 30% occupancy and pink residues exhibited a
minimum of 10% occupancy. The binding interface within the major groove of the dsRNA is
depicted in Figure 3-3A, where it can be seen that five protein residues participate in significant
hydrogen bonding, with the strongest of these interactions involving K214, K210, and T208. A
similar representation is depicted in Figure 3-3B for both minor grooves of the dsRNA. In these
regions of the interface, only three additional hydrogen bonds display significant occupancy,
which in all cases is less than that observed for the residues from helix 2 highlighted above. The
highest occupancy within this region occurs at Q165 (~30%). These results are in good agreement
with previous literature and showcase the importance of specific contacts within the major groove
for establishing a strong dsRBD-dsRNA interaction. Having demonstrated that these MD
simulations recapitulate significant elements generally accepted as being diagnostic of dsRBDdsRNA interactions, we went on to compare the apo- and holo-RNA trajectories in an attempt to
elucidate any conformational changes that result from the dsRBD-dsRNA interaction.
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Figure 3-3. Determination of groove widths for apo- and holo-RNA trajectories supports the
conclusion the TRBP-dsRBD2 binding does not bend dsRNA. (A and B) Both TRBP-dsRBD2
(dark grey) and GC20 RNA (light grey) are depicted as ribbons. (A) The major groove width and
(B) the minor groove width are symbolized by green lines. Residues that contact the dsRNA
sugar-phosphate backbone are shown as spheres, color coded to represent the percent contact time
during the 250 ns MD simulation. All of the most stable contacts are between residues in the KRhelix motif and the major groove of GC20. (C) Comparison of variations in the average apo-RNA
groove width distances and (D) holo-RNA groove width distances as over time during the
production MD trajectories. Average values for minor groove (black circles) and major groove
(red exes) base pair distances are shown along with standard deviations. The expected values for
each groove width are represented as vertical dashed lines. The locations were protein-RNA
interaction is established in the major groove and minor groove (as shown in 3A and 3B) are
denoted by shaded regions (using the same coloring format).
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Table 3-2. Average parameter results from MD trajectory.
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As a simple means to assess RNA bending, we examined the average major and minor
groove widths in the apo- and holo-RNA, as well as the magnitudes of their fluctuations, on a
per-residue basis. Figures 3-3C and 3-3D show calculations of the apo- and holo-RNA groove
widths, respectively, as measured by Curves+ (see Table 3-2 for a summary of output
parameters). The average major and minor groove widths are indicated by the red and black
points, respectively, where the error bars depict their standard deviations. The expected values for
the major and minor groove widths (red and black dashed lines, respectively) for linear A´-form
helix geometry are also included for reference. The major and minor groove widths are depicted
visually by the green lines in Figures 3-3A (major) and 3-3B (minor). Figure 3-3C demonstrates
that both the major and minor groove widths of the apo-RNA trajectory fall within the expected
range for a linear A´-form helix. Additionally, it is noteworthy that the standard deviations for the
major groove widths are significantly large than those for the minor groove. Overall, these groove
width results, coupled with the RMSD values of the apo-RNA trajectory (Figure A3-7) suggest
that the helical geometry of the apo-RNA was well preserved throughout the simulation (i.e., no
noticeable bending occurred). Strikingly, Figure 3-3D shows that the major and minor groove
widths of the holo-RNA trajectory also fall within the expected range for a linear A´-form helix.
Although there is a marginal increase in the average major groove width of the holo-RNA
trajectory, which coincides with the position of those residues interacting with the KR-helix
motif, (Fig. 3-3C), the overall trend remains the same as that of the apo-RNA trajectory. It is
interesting to speculate that the slight unwinding observed here may be enough to yield the
change in CD signal that is used to evaluate binding stoichiometry in Figure 3-1. Similarly, Table
3-2 shows that there is no appreciable difference in the axial bend of the apo- and holo-RNA
trajectories. Taken together, our MD results clearly indicate a lack of appreciable distortion of the
helical geometry of the dsRNA as a result of interaction with TRBP-dsRBD2.
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3.3.4 Small angle x-ray scattering shows minimal changes in solution
Small angle x-ray scattering (SAXS) measurements require homogeneous preparations to
minimize the scattering contributions from aggregates or other high molecular weight impurities.
As an example, previous studies show that TRBP-dsRBD2 exists as a homogeneous monomer
only at protein concentrations under 80 μM.37 This poses a problem as the suggested starting
concentrations for 10 kDa proteins is about 5 mg·mL-1, which is well above 80 μM. Here, we
used size exclusion chromatography coupled with SAXS (SEC-SAXS) that has been shown to be
beneficial in generating monodisperse scattering in complex samples. 29
Figure 3-4 shows the SEC-SAXS scattering profile obtained for 0. 5 mg·mL-1 GC20
RNA. Figure 3-4A shows the SEC results, which shows only one peak that contributes to the
scattering curve. As seen in Figure 3-4B, the SAXS curve is flat in the low Q range, confirming
the absence of higher aggregates. A Guinier analysis, Figure 3-4C, was used to quantitatively
define the radius of gyration (Rg) and Figure 3-4C shows that the plot is linear in the Q region
where Rg·Q > 1.3 (Q = 0.0004 -0.005 Å-1). Figure 3-4D shows that the residuals show a normal
distribution. Table 3-3 shows the scattering intensity extrapolated to zero angle, I0, obtained from
the Guinier analysis. The value of I0 should be proportional to the macromolecule concentration
and molecular weight. The calculation of molecular mass (MM) from I0 resulted in a MW = 13.6
kDa, which is slightly larger than the theoretical MM of 13.26 kDa. The Kratky plot in Figure 4E,
qualitatively shows that the scattering is due to folded macromolecule. The Porod analysis
(Figure 4F) determined the MM of GC20 RNA = 9.7 kDa, which is lower than the predicted
MMGC20. Taken together, these results demonstrate that at 0. 5 mg·mL -1 GC20 RNA is
homogenous and monomeric.
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Figure 3-4. SEC-SAXS results for GC20 RNA. (A) SEC spectra (blue) of 0.5 mg·mL-1 GC20
RNA. (B) Raw SAXS curve (black) of the center of the peak shown in A. (C) Guinier analysis of
raw SAXS curve with the data points used for fitting analysis shown in red. (D) Residuals from
Guinier fitting. (E) Kratky plot of raw SAXS data. (F) Porod plot of raw SAXS data.
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Figure 3-5A shows the p(r) curves that were obtained by indirect Fourier transformation
of the scattering data using the program GNOM.31 The curve has a maxima near 20 Å that
corresponds to the diameter of A-form dsRNA, and an elongated tail with a shoulder around 38
Å. The p(r) curve shows a Dmax = 67.06 Å, which is slightly larger than the theoretical end-to-end
distance of GC20 RNA of Dtheo = 55 Å. This is indicative that GC20 RNA experiences more
extended conformations in solution than suggested by the MD trajectory.
Based on the p(r) distributions, we pursued ab initio shape structural reconstruction
models of GC20 RNA. Figure 3-5B shows the fit results of the envelope reconstruction over the
experimental data. As shown, the fit captures the general shape of the experimental data. Figure
3-5C shows the structure of GC20 RNA, as a tan ribbon, fitted into the resultant envelope (grey
wire-mesh) using Chimera.19 Figure 3-5C has three different views of the same model that were
rotated by 15 ° along the helical axis. Inspection of the middle structure highlights the divots in
the envelope which define the minor groove of GC20 RNA. It is noteworthy that either end of the
envelope (shown here as top and bottom) contain excess density. This could be indicative of more
elongated RNA conforms. In general, the experimentally-derived SAXS envelope captures the
conformations of GC20 RNA simulated by the MD trajectories of both the apo-RNA and holoRNA. This suggests that the simulations faithfully captured motions available to RNA in solution,
and, more importantly, that these conformations can occur in solution without the aid of TRBPdsRBD2. SAXS was also performed on TRBP-dsRBD2 and confirms that TRBP-dsRBD2 has
limited motions in solution (see Appendix 3). Taken together, the scattering data suggest that if
RNA bending occurs, it does not correlate with TRBP-dsRBD2 binding, which corroborates both
the ITC and MD simulation results.
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Figure 3-5. Modeling results for GC20 RNA. (A) The p(r) analysis of SAXS data (blue) with
error (grey). (B) Ab initio model fitting back calculation results (red line) overlaid on SAXS data
(black line). (C) GC20 structural model (tan ribbon) fitted into SAXS envelope (wire mesh).
Three structures are shown that are rotated 15°, along the helical axis, from one another.
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Table 3-3. SEC-SAXS parameters for GC20 RNA.
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3.4. Conclusion
Given the number of dsRBD-containing proteins in the miRNA maturation pathway, it is
important to understand the mechanics of dsRBD-dsRNA interactions. Here, both experimental
and computational techniques were employed to examine the hypothesis that dsRBD binding by a
20-mer dsRNA is coupled with RNA bending. This investigation focused on complex formation
between TRBP-dsRBD2 and a 20-mer GC-duplex intended to mimic the RNA oligonucleotides
used in historically significant co-crystal structures of dsRBD-dsRNA complexes. In the complex
of TRBP-dsRBD2 with 10-mer alternating GC-dsRNA, the crystallographic model revealed
widening of the major groove of the dsRNA (in the region of a non-biological double-strand
break in the RNA), which was speculated to be required in order to accommodate helix 2 from
the dsRBD. Analysis of the binding thermodynamics for TRBP-dsRBD2 interactions with GC20,
recorded through temperature-dependent ITC experiments, yields a small and positive ΔCp
associated with the binding event. In comparison to theoretical values calculated using wellestablished techniques, this change in heat capacity suggests that large conformational changes
are unlikely to result from the dsRBD-dsRNA interactions in this system. This conclusion was
corroborated by MD simulations that suggested there are no appreciable differences in major or
minor groove width, or axial bend, induced in the dsRNA through interaction with TRBPdsRBD2. TRBP operates in conjunction with the catalytic enzyme Dicer to properly cleave the
apical loop of precursor miRNA (~33 bp in length) into a dsRNA duplex termed
miRNA/miRNA* (~22 bp in length. We have previously shown that TRBP is able to discriminate
RNAs spanning the range corresponding to these lengths. We also showed that TRBP is unable to
bind to regions with helical deformations (e.g., bulges and mismatches), which are ubiquitous in
precursor forms of microRNA. The combined results suggest that in vivo, TRBP’s role in miRNA
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maturation is bind precursor miRNA in the helical regions, avoiding segments of imperfections,
and thereby establish the cut site position for Dicer cleavage

3.5 Acknowledgements
This work was supported by a National Institutes of Health (NIH) Grant R01GM098451
to SAS. This work is based upon research conducted at the Cornell High Energy Synchrotron
Source (CHESS), which is supported by the National Science Foundation and the National
Institutes of Health/National Institute of General Medical Sciences under NSF award DMR0936384, using the Macromolecular Diffraction at CHESS (MacCHESS) facility, which is
supported by award GM-103485 from the National Institutes of Health, through its National
Institute of General Medical Sciences. The authors gratefully acknowledge Dr. Richard Gillian
for mentorship in SAXS acquisition and Dr. Debashish Sahu for helpful discussions.

3.6. References
1. 1. Gatignol, A., Kumar, A., Rabson, A. & Jeang, K. T. Identification of cellular proteins
that bind to the human immunodeficiency virus type 1 trans-activation-responsive TAR
element RNA. Proc. Natl. Acad. Sci. 86, 7828–7832 (1989).
2. Tian, B., Bevilacqua, P. C., Diegelman-Parente, A. & Mathews, M. B. The double-strandedRNA-binding motif: Interference and much more. Nat. Rev. Mol. Cell Biol. 5, 1013–1023
(2004).
3. Pratt, A. J. & MacRae, I. J. The RNA-induced Silencing Complex: A Versatile Genesilencing Machine. J. Biol. Chem. 284, 17897–17901 (2009).

112

4. Masliah, G., Barraud, P. & Allain, F. H.-T. RNA recognition by double-stranded RNA
binding domains: a matter of shape and sequence. Cell. Mol. Life Sci. CMLS 70, 1875–1895
(2013).
5. Wostenberg, C., Quarles, K. A. & Showalter, S. A. Dynamic origins of differential RNA
binding function in two dsRBDs from the miRNA ‘microprocessor’ complex. Biochemistry
(Mosc.) 49, 10728–36 (2010).
6. Wostenberg, C. et al. The role of human Dicer-dsRBD in processing small regulatory RNAs.
PLoS One 7, e51829 (2012).
7. Acevedo, R., Orench-Rivera, N., Quarles, K. A. & Showalter, S. A. Helical defects in
microRNA influence protein binding by TAR RNA binding protein. PloS One 10, e0116749
(2015).
8. Sohn, S. Y. et al. Crystal structure of human DGCR8 core. Nat Struct Mol Biol 14, 847–853
(2007).
9. Yamashita, S. et al. Structures of the first and second double-stranded RNA-binding domains
of human TAR RNA-binding protein. Protein Sci 20, 118–30 (2011).
10. Lee, H. Y., Zhou, K., Smith, A. M., Noland, C. L. & Doudna, J. A. Differential roles of
human Dicer-binding proteins TRBP and PACT in small RNA processing. Nucleic Acids
Res. 41, 6568–6576 (2013).
11. Roth, B. M., Ishimaru, D. & Hennig, M. The Core Microprocessor Component DiGeorge
Syndrome Critical Region 8 (DGCR8) Is a Nonspecific RNA-binding Protein. J. Biol. Chem.
288, 26785–26799 (2013).
12. Wilson, R. C. et al. Dicer-TRBP complex formation ensures accurate mammalian microRNA
biogenesis. Mol. Cell 57, 397–407 (2015).

113

13. Ryter, J. M. & Schultz, S. C. Molecular basis of double-stranded RNA-protein interactions:
structure of a dsRNA-binding domain complexed with dsRNA. EMBO J. 17, 7505–7513
(1998).
14. Yang, S. W. et al. Structure of Arabidopsis HYPONASTIC LEAVES1 and its molecular
implications for miRNA processing. Struct. Lond. Engl. 1993 18, 594–605 (2010).
15. Zheng, X. & Bevilacqua, P. C. Straightening of bulged RNA by the double-stranded RNAbinding domain from the protein kinase PKR. Proc. Natl. Acad. Sci. U. S. A. 97, 14162–
14167 (2000).
16. Greenfield, N. J. Using circular dichroism spectra to estimate protein secondary structure.
Nat. Protoc. 1, 2876–2890 (2006).
17. Ucci, J. W., Kobayashi, Y., Choi, G., Alexandrescu, A. T. & Cole, J. L. Mechanism of
interaction of the double-stranded RNA (dsRNA) binding domain of Protein Kinase R with
short dsRNA sequences. Biochemistry (Mosc.) 46, 55–65 (2007).
18. Sahu, D., Bastidas, M, Lawerence, Chad W.,Noid William G., Showalter, SA., D. Assessing
Coupled Protein Folding and Binding Through Temperature-Dependent Isothermal Titration
Calorimetry. Methods in Enzymology In Press,
19. Pettersen, E. F. et al. UCSF Chimera--a visualization system for exploratory research and
analysis. J. Comput. Chem. 25, 1605–1612 (2004).
20. Pearlman, D. A. et al. AMBER, a package of computer programs for applying molecular
mechanics, normal mode analysis, molecular dynamics and free energy calculations to
simulate the structural and energetic properties of molecules. Comput. Phys. Commun. 91, 1–
41 (1995).
21. Hornak, V., Okur, A., Rizzo, R. C. & Simmerling, C. HIV-1 protease flaps spontaneously
open and reclose in molecular dynamics simulations. Proc. Natl. Acad. Sci. U. S. A. 103,
915–920 (2006).
114

22. Hornak, V. et al. Comparison of multiple Amber force fields and development of improved
protein backbone parameters. Proteins 65, 712–725 (2006).
23. Zgarbová, M. et al. Toward Improved Description of DNA Backbone: Revisiting Epsilon and
Zeta Torsion Force Field Parameters. J. Chem. Theory Comput. 9, 2339–2354 (2013).
24. Zgarbová, M. et al. Refinement of the Cornell et al. Nucleic Acids Force Field Based on
Reference Quantum Chemical Calculations of Glycosidic Torsion Profiles. J. Chem. Theory
Comput. 7, 2886–2902 (2011).
25. Showalter, S. A. & Brüschweiler, R. Validation of Molecular Dynamics Simulations of
Biomolecules Using NMR Spin Relaxation as Benchmarks: Application to the
AMBER99SB Force Field. J. Chem. Theory Comput. 3, 961–975 (2007).
26. Wostenberg, C., Noid, W. G. & Showalter, S. A. MD simulations of the dsRBP DGCR8
reveal correlated motions that may aid pri-miRNA binding. Biophys J 99, 248–256 (2010).
27. Lavery, R., Moakher, M., Maddocks, J. H., Petkeviciute, D. & Zakrzewska, K.
Conformational analysis of nucleic acids revisited: Curves+. Nucleic Acids Res. 37, 5917–
5929 (2009).
28. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. Mol. Graph.
14, 33–38, 27–28 (1996).
29. Acerbo, A. S., Cook, M. J. & Gillilan, R. E. Upgrade of MacCHESS facility for X-ray
scattering of biological macromolecules in solution. J. Synchrotron Radiat. 22, 180–186
(2015).
30. Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. J. & Svergun, D. I. PRIMUS : a
Windows PC-based system for small-angle scattering data analysis. J. Appl. Crystallogr. 36,
1277–1282 (2003).
31. Svergun, D. I. Determination of the regularization parameter in indirect-transform methods
using perceptual criteria. J. Appl. Crystallogr. 25, 495–503 (1992).
115

32. Kim, Y., Geiger, J. H., Hahn, S. & Sigler, P. B. Crystal structure of a yeast TBP/TATA-box
complex. Nature 365, 512–520 (1993).
33. Parkinson, G. et al. Structure of the CAP-DNA complex at 2.5 angstroms resolution: a
complete picture of the protein-DNA interface. J. Mol. Biol. 260, 395–408 (1996).
34. Sengoku, T., Nureki, O., Nakamura, A., Kobayashi, S. & Yokoyama, S. Structural basis for
RNA unwinding by the DEAD-box protein Drosophila Vasa. Cell 125, 287–300 (2006).
35. Spolar, R. S. & Record, M. T. Coupling of local folding to site-specific binding of proteins to
DNA. Science 263, 777–784 (1994).
36. Daviet, L. et al. Analysis of a binding difference between the two dsRNA-binding domains in
TRBP reveals the modular function of a KR-helix motif. Eur J Biochem 267, 2419–2431
(2000).
37. Benoit, M. P. et al. The RNA-binding region of human TRBP interacts with microRNA
precursors through two independent domains. Nucleic Acids Res 41, 4241–52 (2013).

116

3.7 Appendix for Chapter 3

Supporting Material for:
Binding by TRBP-dsRBD2 does not induce bending of double-stranded RNA
Roderico Acevedo1, Declan Evans1, Katheryn A. Penrod1, & Scott A Showalter1,2
1

Department of Chemistry and Center for RNA Molecular Biology, The Pennsylvania
State University, University Park, Pennsylvania, United States of America
2

Department of Biochemistry and Molecular Biology, The Pennsylvania State University,
University Park, Pennsylvania, United States of America

Methods
Methods A3-1. Analysis of molecular dynamics trajectories.
Methods A3-2. SEC-SAXS analysis of TRBP-dsRBD2.
Tables
Table A3-4. DSC results for TRBP-dsRBD2 and GC20 RNA.
Table A3-5. SEC-SAXS parameters for TRBP-dsRBD2.
Figures
Figure A3-6. DSC thermograms for TRBP-dsRBD2 and GC20 RNA.
Figure A3-7. RMSD of TRBP-dsRBD2, apo-RNA and holo-RNA.
Figure A3-8. Cα- Cα contact map of the TRBP-dsRBD2 – GC20 dsRNA complex.
Figure A3-9. Hydrogen bonds formed as a function of time between TRBP-dsRBD2 and GC20
dsRNA.
Figure A3-10. Solvent accessible surface area buried as a function of time through formation of
the TRBP-dsRBD2 – GC20 dsRNA complex.
Figure A3-11. SEC-SAXS analysis for TRBP-dsRBD2 P320.
Figure A3-12. SEC-SAXS model for TRBP-dsRBD2 P320.
117

Figure A3-13. SEC-SAXS analysis for TRBP-dsRBD2 P450.
Figure A3-14. SEC-SAXS model for TRBP-dsRBD2 P450.
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Methods A3-S1. Analysis of MD trajectories.
Determination of RMSD – As a means to assess the stability of the GC20 dsRNA and the
TRBP-dsRBD2 – GC20 dsRNA complex the fluctuations in root-mean-square deviation (RMSD)
from the first frame of the respective trajectories were computed for apo-GC20, holo-GC20, and
TRBP-dsRBD2 using the RMSD trajectory tool in AmberTools 14. RMSDs were calculated
using the first frame of the simulation as a reference structure. For TRBP-dsRBD2, the Cα RMSD
was calculated, while for apo- and holo-CG20 RNA all heavy atoms in the sugar-phosphate
backbone were used to establish the RMSD. Both trajectories contained 250,000 frames in total,
representing 250 ns of simulation time. These trajectories were down-sampled such that every
third frame contributed a data point to Figure S2.

Calculation of the residue-residue contact map – In order to determine the frequency
of interactions made between individual residues within TRBP-dsRBD2 or GC20, as well
as the frequency of contacts made between the respective residues of these to
biomolecules in complex, a residue-residue contact map was generated from the holoRNA trajectory using in-house Perl scripts. For each frame a contact was defined by the
approach of any heavy atom in residue i to a distance ≤ 6 Å of any heavy atom in residue
j. The fraction of frames containing each contact was calculated and converted to a
greyscale color ranging from 0.0 (white) through 1.0 (black). For clarity, the diagonal is
removed from the matrix by artificially setting nearest neighbor (i, i ± 1, and i ± 2)
contacts to zero.
Determination of the TRBP-dsRBD2 – GC20 dsRNA interfacial surface area – To analyze
the binding of TRBP-dsRBD2 to GC20 dsRNA the contact area (ac) was calculated as a function
of time in the MD trajectory using eq. S-1:
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𝑎𝑐 =

𝑎𝑟𝑏𝑑2 +𝑎𝐺𝐶20 −𝑎𝑐𝑜𝑚𝑝𝑙𝑒𝑥

(Eq. S-1)

2

Where arbd2, aGC20, and acomplex are the solvent accessible surface area (SASA) of TRBP-dsRBD2,
the GC20 dsRNA, and the TRBP-dsRBD2 – GC20 dsRNA complex, respectively. This
evaluation was performed using the built-in SASA plugin for the VMD software, where a van der
Waals radius of 1.4 Å was assigned to the probe in order to evaluate solvent access on the
biomolecular surfaces.
Determination of hydrogen bond occupancy – To analyze the number of hydrogen bonds
between TRBP-dsRBD2 and the GC20 dsRNA throughout the holo-RNA trajectory, the hbond
plugin of AmberTools 14 was utilized. Hydrogen bonds were computed for the entire system,
using a cutoff of 3.5 Å and the default angular cutoff. The generated hydrogen bond list was
curated to only include those hydrogen bonds formed between protein and RNA moieties.
Hydrogen bonding occupancy over the course of the trajectory was then computed based on the
percentage of frames in which a given hydrogen bond was present.
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Methods A3-S2. SEC-SAXS analysis of TRBP-dsRBD2.
Figure A3-11 shows the raw SEC-SAXS results for the addition of 4.8 mg·mL-1 TRBPdsRBD2. Figure A3-11A shows two major peaks, at 330 frames (P320) and 450 frames (P450) that
contributes significantly to the SAXS scattering curve. All data is found in Table A3-5. We begin
our analysis with P320. The Guinier analysis (Figure A3-11C) shows that P320 has a narrow linear
window of Qrange = 0.0001 – 0.0006 Å-1 that leads to a determined Rg = 53.48 ± 7.01 Å. Figure
A3-11D shows good residuals to the linear fit. Kratky analysis (Figure A3-6E) shows a signature
curve of a globular macromolecule. Figure A3-6F shows the Porod analysis, which has a Pvol that
equates to a MM = 190 kDa. This result deviates significantly from the theoretical MM of 8 kDa.
Analysis of the p(r) curve is shown in Figure A3-12A has a of Rg = 50.48 ± 0.01 Å with
maximum at 50 Å and elongated Dmax of 178.75 Å. Ab initio modeling determined an envelope
that reproduced the raw SAXS data well (Figure A3-12B). However, the model reconstruction
(Figure A3-7C) reveals that P320 is a composed of a stable multi-mer of TRBP-dsRBD2. As
shown in the figure, as many as four copies of TRBP-dsRBD2 can be fit into the SAXS envelope
of P320.
The raw SAXS curve for P450 is shown in Figure A3-13B. Guinier analysis of P450 (Figure
A3-13C) reveals an Rg = 20.18 ± 1.28 Å, as determined by fitting the Qrange = 0.0002 – 0.0041 Å-1.
The goodness of fit is shown in the residual plot in Figure A3-13D. The Kratky analysis (Figure
A3-13E) suggests that the spectra is of a folded protein, while Porod analysis (Figure A3-13F)
leads to a more agreeable determination of MM of 7.4 kDa. Inspection of Figure A3-14A, shows
that the p(r) curve of P450 gives a slightly smaller Rg = 18.14 ± 0.01 Å with peak maxima at 8 Å
and 21 Å and a Dmax of 49.96 Å. Figure A3-14B show that the fitting results of the ab initio
modeling was adequate. Figure A3-14C, reveals that P450 is composed of TRBP-dsRBD2
monomer. Furthermore, this figure shows TRBP-dsRBD2 (tan ribbons) fits well into the SAXS121

derived envelope (grey), with an average map value of 0.05068 and only 1 out of the 1170 atoms
lying outside the envelope density. The structure is rotated three times by 15 ° to clearly show the
crystal structure fit to the SAXS-derived envelope. These results suggest that apart from the
flexible N- and C-termini, TRBP-dsRBD2 does not experience large conformational changes in
solution.
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Table A3-4. DSC results for TRBP-dsRBD2 and GC20 dsRNA.
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Table A3-5. SEC-SAXS parameters for TRBP-dsRBD2.
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Figure A3-6. DSC thermograms for TRBP-dsRBD2 and GC20 dsRNA.

Figure A3-6. DSC thermograms for TRBP-dsRBD2 and GC20 dsRNA. Representative curves for
thermal denaturation of 80 µM TRBP-dsRBD2 (black) and 45 µM GC20 dsRNA (red), with the
left and right y-axes color coded to match the thermogram to which they belong.
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Figure A3-7. Backbone heavy atom RMSDs of TRBP-dsRBD2, apo-RNA, and holo-RNA.

Figure A3-7. Backbone heavy atom RMSDs of TRBP-dsRBD2, apo-RNA, and holo-RNA. (A)
RMSD apo-GC20 dsRNA (grey) and holo-GC20 dsRNA (black). (B) All residues from TRBPdsRBD2 (black) and contributions from only those residues in the folded domain (143-204, grey)
from the trajectory of the complex.
126

Figure A3-8. Contact map of the TRBP-dsRBD2 – GC20 dsRNA complex.

Figure A3-8. Contact map of the TRBP-dsRBD2 – GC20 dsRNA complex. The backbone for
both TRBP-dsRBD2 (N, Cα, and C´) and GC20 dsRNA (defined by C3´, O3´, P, O5´, C5´, and
C4´) were used to define contacts, based on approach to ≤ 6 Å. For clarity, nearest neighbor
interactions (i, i ± 1, and i ± 2) have been set to zero. The plot has been divided into four
quadrants from bottom right, clockwise: protein-protein interaction, protein-RNA interaction,
RNA-RNA interaction, and protein-RNA interaction. The strength of interaction (contact
occupancy over the trajectory) is shown from greatest (black) to least (white), as defined by the
color bar to the right.
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Figure A3-9. Hydrogen bonds between TRBP-dsRBD2 and GC20 RNA over trajectory time.

Figure A3-9. Hydrogen bonds formed as a function of time between TRBP-dsRBD2 and GC20
dsRNA. This figure displays the total number of hydrogen bonds between the two biomolecules
that were present over the course of the trajectory (grey). For clarity, the black line represents the
average number of bonds smoothed over a 3 ns window. See Supporting Methods for details of
the calculation.
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Figure A3-10. Solvent accessible surface area buried as a function of time through formation of
the TRBP-dsRBD2 – GC20 dsRNA complex.

Figure A3-10. Solvent accessible surface area buried as a function of time through formation of
the TRBP-dsRBD2 – GC20 dsRNA complex. The change in surface area relative to the isolated
states of TRBP-dsRBD2 and GC20 dsRNA are displayed as a function of time in grey. For
clarity, the black line represents the average number of bonds smoothed over a 3 ns window. See
Supporting Methods for details of the calculation.
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Figure A3-11. SEC-SAXS analysis for TRBP-dsRBD2 P320.

Figure A3-11. SEC-SAXS analysis for TRBP-dsRBD2 P320. (A) SEC spectra (blue) of 4.8
mg·mL-1 TRBP-dsRBD2. (B) Raw SAXS curve (black) of the center of the first peak shown in A.
(C) Guinier analysis of SAXS curve with data points used for the fitting analysis shown in red.
(D) Residuals from Guinier fitting. (E) Kratky plot of raw SAXS data. (F) Porod plot of raw
SAXS data.
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Figure A3-12. SEC-SAXS model for TRBP-dsRBD2 P320.

Figure A3-12. SEC-SAXS model for TRBP-dsRBD2 P320. (A) The p(r) analysis of SAXS data
(blue) with error (grey). (B) Ab initio model back calculation results (red line) overlaid on SAXS
data (black line). (C) TRBP-dsRBD2 structural models (colored ribbons) fit into SAXS envelope
(wire mesh).
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Figure A3-13. SEC-SAXS analysis for TRBP-dsRBD2 P450.

Figure A3-13. SEC-SAXS analysis for TRBP-dsRBD2 P450. (A) SEC spectra (blue) of 4.8
mg·mL-1 TRBP-dsRBD2. (B) Raw SAXS curve (black) of the center of the second peak shown in
A. (C) Guinier analysis of SAXS curve with data points used for the fitting analysis shown in red.
(D) Residuals from Guinier fitting. (E) Kratky plot of raw SAXS data. (F) Porod plot of raw
SAXS data.
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Figure A3-14. SEC-SAXS model for TRBP-dsRBD2 P450.

Figure A3-14. SEC-SAXS model for TRBP-dsRBD2 P450. (A) The p(r) analysis of SAXS data
(blue) with error (grey). (B) Ab initio model back calculation results (red line) overlaid on SAXS
data (black line). (C) TRBP-dsRBD2 crystal structure (blue ribbon) fit into SAXS envelope (wire
mesh). The model is rotated 15° around the z-axis in each image for better visual inspection of fit.
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Chapter 4
The Linker Region of TRBP Modulates its Binding Affinity
In Preparation: Acevedo, Roderico; Evans, Declan; & Showalter, Scott A. “The Linker Region
of TRBP Modulates Binding Affinity.”
Contributions: DE produced the ITC titration data set for the TRBP-ΔC-10 linker binding to
GC20 RNA.

4.1 Abstract
Double-stranded RNA binding domains (dsRBDs) recognize and bind double-stranded
RNA (dsRNA) primarily through structural recognition of dsRNA’s A-form geometry. DsRBDs
play an important role in gene regulation and aid in RNA processing, polyadenylation, signal
recognition, nuclear targeting, and transcriptional activation. Interestingly, dsRNA binding
proteins often contain multiple dsRBD copies within their polypeptide sequence connected by
linker regions which can vary greatly across proteins. Here we focus on the first two dsRBDs of
the human immunodeficiency virus trans-activating protein response RNA binding protein
(TRBP), which are connected by a highly flexible 61 amino acid linker region. Given that
dsRBDs bind dsRNA in a non-sequence specific fashion and variability in linker region lengths
among multi-dsRBD proteins, we hypothesize that linker-length modulates dsRBD-dsRNA
interaction. We use isothermal titration calorimetry (ITC) to probe if the linker length of TRBP
correlates with TRBP’s dsRNA-binding affinity. The results show that the linker length correlates
with overall binding affinity. Specifically, by decreasing the linker length between dsRBDs by 50
residues, we tighten the overall binding affinity by 8-fold (ΔG ~ 1.1 kcal·mol-1). The ITC results
are well reproduced using Jacobson-Stockmayer analysis, which reveals a Gibbs free energy
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penalty of + 0.03 kcal·mol-1 for the addition of an amino acid to the linker length. Furthermore,
discrepancy between the differences in the overall binding affinities of TRBP and its dsRBDs in
isolation is reconciled by taking the linker length in between the dsRBDs into consideration, as
done by the Williams group. Overall, the results highlight a simple strategy that can be employed
for modulating the overall binding affinities of many multi-dsRBD proteins that have flexible
linker regions, like TRBP.

4.2 Introduction
As members of the large family of RNA binding proteins (RBPs), the double-stranded
RNA binding domain (dsRBD) play an important role in gene regulation and aid in RNA
processing, polyadenylation, signal recognition, nuclear targeting, and transcriptional activation.1
All dsRBDs display the signature αβββα motif, although there are instances where an N-terminal
or C-terminal helix decorates the main motif.2 Generally, dsRBDs recognize dsRNA through
structure-mediated, non-sequence specific interactions, by contacting the 2ʹ-OH moieties of the
nucleobases and the phosphates along the backbone of RNA, in a minor-major-minor groove
fashion.1 Here we focus on the human immunodeficiency virus trans-activating protein response
RNA binding protein (TRBP) a 366 amino acid multi-dsRBD-containing protein, which serves as
a cofactor for the RNase III enzyme Dicer and is a key component in the RNAi induced silencing
complex (RISC). TRBP contains three dsRBDs (TRBP-dsRBD1, TRBP-dsRBD2, and TRBPdsRBD3) that are separated by flexible linker regions. The first two dsRBDs (TRBP-dsRBD1 and
TRBP-dsRBD2) have been shown to bind to dsRNA in vitro and in vivo.3 We have previously
shown a 10-fold difference in binding affinity between the tandem-dsRBD construct, TRBP-ΔC
(TRBP-dsRBD1 and TRBP-dsRBD2 tethered by a 61 residue linker region), and its individual
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domains.4 This result suggest that the linker region connecting the two dsRBDs may play a role in
determining the overall binding affinity of TRBP-ΔC.
Many of the dsRBD-containing proteins possess multiple copies of dsRBDs and the
linker region between these dsRBDs varies both in sequence and length. Given the modular
nature of dsRBDs, it is intriguing to consider the effect that the linker region has on the individual
binding affinities of dsRBDs. The Williams group studied the effects of linker length on proteins
that contained multiple RNA recognition motifs (RRMs), which belong to the same super-family
as dsRBDs, and bind single-stranded RNA in a sequence-specific manner.5 They found that it was
possible to predict the apparent binding affinity for some multi-RRM proteins by taking into
consideration the linker length between the RRMs. Taking this example into consideration,
Figure 4-1 shows the variability of linker lengths across multi-dsRBD proteins. The protein
kinase R (PKR), which plays a vital role in innate immunity, has a linker length of 23 amino acids
between dsRBDs. The protein, STRBP, which is involved in spermatogenesis, has a 56 amino
acid linker between dsRBDs. Despite both proteins having only two dsRBDs, the linker length
between STRBP’s dsRBDs is almost three times that of PKRs’ linker region. It is also interesting
to note that the linker length between dsRBDs can also vary within the same polypeptide chain.
As an example, ADAR, which has three dsRBDs, has two linker lengths of exactly 43 amino
acids. Similarly, TRBP, which is an effector of PKR, has two linker regions with similar lengths
(~ 60 amino acids). On the other hand, PACT, also an effector of PKR, has two linker regions
that deviate 2-fold from one another (PACT-12 is 24 amino acids, while PACT-23 is 45 amino
acids). It is therefore plausible that the linker length could be correlated to the overall function of
the multi-dsRBD-containing protein.
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Figure 4-1. Sequence alignment of linker region between dsRBDs. Sequences have been aligned
based on the terminal ends of the dsRBD sequence (grey sequence). Linker regions are ordered
from longest (top) to shortest (bottom).
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Care must be taken when considering the impact of linker length, as a structured linker
region or a flexible linker region composed of charged residues could potentially aid in the
binding process.2 There are two examples of tandem constructs with solved structures in the
literature: the chaperone protein, DGCR8, and PKR.6,7 In 2007, Sohn et al. solved the crystal
structure of a tandem dsRBD construct of DGCR8, which they called the ‘Core’ region. 6 The
crystal structure showcased both dsRBDs juxtaposed against a 50 amino acid well-structured
linker region. Furthermore, Wostenberg et al. suggested that the linker region stabilizes both
dsRBDs and acts a hinge for correlated motions, which might increase intra-chain cooperativity
of the dsRBDs as they bind dsRNA.8 Similarly, PKR has two dsRBDs that are joined by a 22
amino acid residue linker. Strikingly, the NMR solution structure of the tandem dsRBD construct,
called PKR-p20, showed that the linker region was highly-flexible and analysis of relaxation data
supported the independent, non-correlated nature of the dsRBDs.7 Moreover, Ucci et al. indicated
that PKR-p20 showed a significant enhancement of binding affinity (~30 fold) over PKRdsRBD1 binding the same dsRNA.9 Both DGCR8 and PKR highlight that having tandem
dsRBDs impacts a protein’s RNA binding affinity, albeit with distinct molecular mechanisms.
Given the prevalence for multi-dsRBD polypeptides in the maturation pathway, we hypothesize
that the importance of tandem dsRBDs is to enhance binding affinity and, furthermore, that the
flexibility and length of the linker region plays a role in dsRBD-dsRNA binding interactions.
Motivated in part by the work of the Williams group, here, we investigate the effect that
the flexible linker plays on TRBP binding affinity to RNA. Here we consider TRBP, which was
shown to have a flexible linker region. Heteronuclear NOE measurements of TRBP-ΔC (TRBPdsRBD1 and TRBP-dsRBD2 together) confirmed that the linker region adjoining the two
dsRBDs is flexible.10 Given that TRBP has a flexible linker, we use large-scale deletions to
construct mutants with various linker lengths and monitor their binding thermodynamics to RNA
using isothermal titration calorimetry. The ITC results demonstrate that by decreasing the linker
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length from 60 residues to 10 residues between dsRBD moieties, the binding affinity decreases by
8-fold (ΔG ~1.1 kcal·mol-1). Furthermore, analysis of the data using the Jacobson-Stockmayer
method11 shows that the Gibbs free energy penalty for adding a residue to the linker is + 0.03
kcal·mol-1, which suggests that linker length may be manipulated to modulate multi-dsRBD
binding affinities. Lastly, by using the analysis employed by the Williams group 5, we reconcile
literature discrepancies between the models used to predict the apparent binding affinities of
multi-dsRBD proteins. Through consideration of the linker length, we are able to accurately
predict the observed binding affinity of TRBP-ΔC. Overall, this work shows that the linker
regions between dsRBDs is as important in binding of dsRNA as the dsRBD themselves; as their
overall binding affinity and therefore dsRBD function is inherently tied to linker length.

4.3 Materials and Methods

4.3.1. Sample Preparation
A synthetic TRBP2 gene was purchased from Geneart (Life Technologies) from which
the construct TRBP-ΔC (9-215) was PCR amplified. We also generated five shorter linker-region
constructs of TRBP-ΔC using InFusion (Clonetech) cloning kit by following the manufacturer’s
protocols: TRBP-ΔC40L (40 aa linker), TRBP-ΔC20L (20 aa linker), TRBP-ΔC10L (10 aa
linker), and TRBP-ΔC5L (5 aa linker). For linker mutant sequences, see Figure 4-3. In addition to
these constructs, two other constructs were ordered from Geneart to test if the shorter linker
constructs truly maintained their flexible linker: TRBP-ΔC-GSL (a 23 residue linker composed of
20 alternating Gly-Ser repeats) and TRBP-ΔC-PKRL (a 23 residue linker with the same sequence
as PKR’s flexible linker region). All protein constructs were expressed and purified as previously
described.4 Protein concentration was determined using FT-IR spectroscopy. A synthetic RNA of
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20 nucleotides in length (sequence 5ʹ—GCGCGCGCGCGCGCGCGCGC—3ʹ) was ordered from
Dharmacon (GE Healthcare). De-protection of the RNA occurred according to their protocol.
Concentration and purity of RNA was determined by UV spectroscopy, using the extinction
coefficient of 165,000 L*mol-1*cm-1. RNA was duplexed by heat denaturation (90 °C for 45 sec)
and annealing (4 °C for 5 min).

4.3.2. Isothermal titration calorimetry
Calorimetry experiments were conducted on the VP-ITC microcalorimeter (MicroCal).
Protein constructs and duplexed RNA were co-dialyzed in ITC buffer (50 mM sodium cacodylate
pH 7.0, 50 mM potassium glutamate) overnight. Protein constructs were diluted to working
condition (see Table 4-1 for specific protein construct concentrations) and added to syringe. RNA
was diluted to 1 μM duplex concentration and placed in cell. All experiments were done at 25 °C
as previously described (see section 3.2.4).

4.3.3. Jacobson and Stockmayer model
Broadly speaking, the Jacobson and Stockmayer model finds the probability that two
ends of a highly flexible polymer finds itself occupying the same volume.11 This model is
routinely used to determine the free energy penalties associated with loop formation of singlestranded DNA.12 Given the nature of TRBP-dsRNA interaction, here, we use this model to report
on the free energy penalties associated with loop-dependent binding, ΔGloop. As stated in the main
text, we can assume that ΔGloop is completely entropic in nature

∆𝐺𝑙𝑜𝑜𝑝 = −𝑇∆𝑆𝑙𝑜𝑜𝑝

(Eq. 4-1)
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We can, therefore, predict the free energy penalty of having a loop of size N (i.e., the sizes of
TRBP-ΔC linker mutants) using the relationship

∆𝐺𝑙𝑜𝑜𝑝 (𝑁) =

3
2

𝑁

𝑅𝑇𝑙𝑛 (𝑊𝑇) + ∆𝐺𝑙𝑜𝑜𝑝 (𝑛)

(Eq. 4-2)

Where 1.5RT is approximately 0.9 kcal·mol-1 at 25 °C and WT is the TRBP-ΔC wild type results,
shown in Table 4-1.

4.3.4. Williams model
The Williams group used the Jacobson and Stockmayer equation and generated a model
that could adequately predict the overall binding affinity of hnRNP A1, a tandem RNA binding
domain (RBD), by knowing the binding affinities of the RBDs in isolation and accounting for the
linker length region between RBDs.5 Given that the linker is flexible, it was assumed that the
distance between RBDs (D) could be determined by
𝐷 =𝑥∙𝑞 +𝑟

(Eq. 4-3)

where x is the number of residues in the linker, q is the inter-residue distance (3.5 Å) and r is the
RBD radius (15 Å). Given that we know the binding affinity of RBD1 in isolation, we can predict
the ‘effective’ affinity from binding of RBD2 in the tandem construct (K2ʹ) as

𝐾2ʹ =

3𝑉𝐾2

(Eq. 4-4)

4𝜋𝑟 3 𝑁

where K2 is the observed affinity of RBD2 in isolation (M-1), r is the mean free radius linking the
two RBDs, and N is the number of particles per volume (V) in the standard state (i.e., 1 M)
defined for the binding of RBD1. We can then use K2ʹ to predict the binding affinity of the
tandem construct (Kapp) by applying a biophysically relevant model for bi-dentate binding13
𝐾𝑎𝑝𝑝 = 2 ∙ [𝐾1(1 + 𝐾2ʹ)]

(Eq. 4-5)
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where K1 is the binding affinity of RBD1 in isolation (M-1) and 2 is a statistical factor which
accounts for the degeneracy arising from interchange between binding sites for K1.

4.4 Results and Discussion

4.4.1. Isothermal titration calorimetry of TRBP-ΔC
Given the wide array of linker lengths in multi-dsRBD proteins, it is interesting to
hypothesize that the linker length must modulate the binding affinity of these proteins. Figure 4-2
shows the ITC titration results of TRBP-ΔC binding to GC20. The ITC curve fit adequately to a
one-set-of-sites binding model (see Table 4-1), yielding an observed binding affinity of KD = 0.53
± 0.04 μM, a stoichiometry, n = 2.00 ± 0.04 sites, and an observed change in enthalpy, ΔHobs = 27.0 ± 0.8 kcal·mol-1. The results are corroborated by previous studies of TRBP-ΔC binding by
gel shift assays, using the same buffer conditions as we do here, that show an observed binding
affinity of KD = 0.60 ± 0.05 μM to a 22-mer dsRNA.4 The stoichiometry is corroborated by
previously circular dichroism experiments, as well, that revealed that TRBP binds the 22-mer
dsRNA in a saturating stoichiometry of n = 2.2 ± 0.3 sites.4 Furthermore, literature of ITC studies
monitoring TRBP-ΔC binding to siRNA corroborate the unusually high observed binding
enthalpy seen here (compare results of Table 4-1 with ΔHobs ~ -24.0 kcal·mol-1).14 Taken together,
the results give us a good reference to interrogate the role of linker length in TRBP binding
affinity.
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Figure 4-2. Representative calorimetry results for TRBP-ΔC binding GC20 RNA. 40 μM TRBPΔC was titrated into 1 μM GC20 RNA at T = 25 °C.
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Table 4-1. Thermodynamic Parameters for ITC linker region study.
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4.4.2. Isothermal titration calorimetry of TRBP-ΔC linkers mutants
Previous studies have shown that the 61 residue linker region between TRBP-dsRBD1
and TRBP-dsRBD2 is flexible.10 With this in mind, we generated linker-length mutants of TRBPΔC. An overlay of the isotherms of TRBP-ΔC linker mutants binding GC20 RNA are shown in
Figure 4-3. Inspection of Table 4-1 shows that as the linker length decreases there is a small,
unfavorable change in ΔHobs. Also apparent in Figure 4-3 is that there is no change in the
stoichiometry of the binding reaction. Strikingly, between the TRBP-ΔC wt and TRBP-ΔC10L (a
decrease of 50 residues) the Gibbs free energy of binding (ΔG) changed by 1.1 kcal·mol-1, which
corresponds to an 8-fold change in KD (see Table 4-1). Therefore, the results suggest that the
linker length between dsRBDs is capable of modulating the overall binding affinity of the multidsRBD protein, like TRBP.
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Figure 4-3. Representative overlay of calorimetry results for TRBP-ΔC linker mutants binding
GC20 RNA. (top): TRBP-ΔC60L [wt] (diamonds), TRBP-ΔC40L (pluses), TRBP- ΔC20L
(circles), and TRBP-ΔC10L (squares). (bottom): Overall binding affinity versus linker length.
Data points (black) represent the average binding affinities over three experiments, with error
bars at one standard deviation from the mean.
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4.4.3. The energetics associated with the linker length region length of TRBP
Motivated by the correlation between the linker region length and binding affinity, we
were interested in determining the energetics associated with decreasing (or increasing) the linker
length of multi-dsRBD proteins. While there is no atomic resolution structure of TRBP-ΔC
available, much of the dsRNA-binding information has been gleaned through biochemical and
biophysical experiments.15–17 For instance, Koh et al. used single-molecule FRET to demonstrate
that, once TRBP-ΔC is bound to dsRNA it is able to diffuse across the surface of the dsRNA. 18
We have previously shown that there is no difference in the total number of dsRBDs at saturation
between TRBP-ΔC and either of its individual dsRBDs.4 Therefore, we expect enthalpic changes
to contribute minimally to the changes in the Gibbs free energy in the linker study, as the number
of dsRBDs that participate in the binding reaction do not change. (see Table 4-1) With this in
mind, we employed the Jacobson and Stockmayer model to investigate the entropic contributions
that underlie binding by TRBP due to its linker length.
The Jacobson and Stockmayer model requires a reference length.11 For our study, we
used the TRBP-ΔC wild type ITC results as the reference and generated the results tabulated in
Table 4-2. The table shows the linker length (in terms of residues) and experimentally determined
ITC values for ΔH, ΔG, and –TΔS for TRBP-ΔC linker mutants. The last column contains the
predicted values for ΔGloop. Comparison of data shows that for every residue added to the linker
length there is a Gibbs free energy penalty of + 0.0623 kcal·mol-1·residue-1. (i.e. ΔG(20) - ΔG(10)
= +0.623 kcal/mol; similarly ΔG(40) - ΔG(20) = +0.623). Inspection of the experimental reveals
the same trend (ΔGloop, obs = +0.03 ± 0.01 kcal·mol-1·residue-1) Furthermore, the linear relationship
between ΔΔGcal and ΔΔGexp suggest that the model fits the data well (Figure 4-4). Taken together,
these results suggest that the loss of conformational change entropy is responsible for the more
favorable ΔGobs of the TRBP-ΔC linker mutants.
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Table 4-2. Parameters from Jacobson and Stockmayer analysis.
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Figure 4-4. Linear relationship between ΔΔGcal and ΔΔGexp. Data points (black) were fit to the
line, y= mx+b, where m = 2.1 and b = -1.2, with an R2 = 0.996. Fitting was done in MatLab.
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4.4.4. Reconciling the differences between binding by TRBP-ΔC and its individual dsRBDs
In order to understand how proteins with multiple copies of dsRBDs, such as TRBP,
interact with RNA, it is beneficial to consider how the dsRBDs interact with RNA in isolation.
TRBP-dsRBD1 and TRBP-dsRBD2 individually bind to dsRNA with macroscopic equilibrium
association constants K1 = 1 x 106 M-1 and K2 = 5 x 105 M-1, respectively.4 TRBP-ΔC arranges
these two dsRBDs such that bi-dentate interaction with a single dsRBD is anticipated. For such
interactions, one may construct the null hypothesis that the bi-dentate binding interaction is
characterized by an equilibrium association constant K1,2 that is equal to the product of the
individual constants (i.e., K1,2 = K1·K2). By this convention, we predict that TRBP-ΔC binds with
an affinity, Kcalc = 1 x 1012 M-1. Inspection of Table 4-1 immediately establishes that our observed
TRBP-ΔC binding constants are not consistent with this model, as K1,2 << K1·K2 is systematically
observed. This trend is not exclusive to TRBP. For instance, the individual dsRBDs of PKR bind
RNA Kpkr,1 = 2 x 107 M-1, and Kpkr,2 = 5 x 106 M-1, and therefore, we predict a Kpkr, calc = 1 x 1014
M-1 for the tandem construct of PKR, termed PKR-p20,19 which overestimates the binding
affinity of PKR-p20 (Kexp = 2 x 108 M-1) by 105-fold as well.
Having rejected the simplest model, we next turned to models that take into account the
molecular structure of tandem-dsRBD constructs that have been successfully applied in the
literature to orthologous systems. The model of Williams states that the linker between the two
dsRBDs has a finite length and that, below some threshold length, this will impose a steric
constraint on the conformational sampling of the second dsRBD once the first dsRBD engages,
which will diminish its apparent affinity for the dsRNA. This model is represented by equation 44 (see section 4.3.4), which parametrically captures the effect by using the affinity of the first
dsRBD (K1) and accounts for the volume that the tethered second dsRBD would occupy to
determine the effective binding affinity of the second dsRBD (K2ʹ). We can then predict the
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apparent affinity of TRBP-ΔC, Kcalc, by using a model that explains the behavior of bi-dentate
binding derived by Crothers and Metzger (see equation 4-5).13
We begin our analysis by using a model system. This model binds RNA in a bi-dentate
fashion with an affinity K1 = K2 = 105 M-1. As can be seen by Table 4-3, the predicted binding
affinity for our model analysis, K1,2Ɨ, is reduced significantly compared to the K1K2 result of 1 x
1010 M-1. Comparison of our model K1,2Ɨ with the Kobs of the TRBP-ΔC experimental results in
Table 4-1, show that this model prediction actually correlates well with our ITC linker study data;
only showing a small 2-4 fold difference between Kobs and K1,2Ɨ. Now, we consider TRBP-ΔC
binding to GC20 where binding by the dsRBDs in isolation is inequivalent and K 1 = 1 x 106 M-1
and K2 = 5 x 105 M-1. Comparison of the predicted affinity, K1,2ƗƗ, now correlate with the Kobs for
all TRBP-ΔC linker mutants well (Compare Table 4-3 with Table 4-1). The small discrepancy
(0.2-1.5 –fold difference) is well within the experimental error. Strikingly using this model we
can also better predict the apparent binding affinity of PKR (K1,2ƗƗ = 6 x 1010 M-1). Taken together
these results suggest a basic model in which we can predict the observed binding affinity of
multi-dsRBD proteins by taking into consideration the linker length region between the dsRBDs.
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Table 4-3. Parameters from Williams analysis.
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4.5. Conclusion
For the most part, dsRBD bind to dsRNA in a non-sequence specific manner. This
manner of binding makes them suitable for a diverse array of tasks: basically anything that
requires binding to dsRNA. It is intriguing then, that there seems to be a selective pressure to
maintain multiple copies of dsRBDs within the same polypeptide. Moreover, among multidsRBD proteins, there is a large swath of binding affinities observed, and studies have shown that
multi-dsRBD proteins can even have optimal lengths of dsRNA that they bind. 4,19–21 Here we
focused on the multi-dsRBD protein, TRBP, that has two dsRBDs separated by a flexible 61
residue linker. The ITC from the TRBP-ΔC linker mutant study demonstrate that the linker length
correlates with binding affinity, by showing an 8-fold change in KD just by removing 50 residues
of the linker region. Furthermore, analysis of the data using the Jacobson-Stockmayer method
shows that the Gibbs free energy penalty of + 0.03 kcal·mol-1·residue, which explains why
decreasing the linker length correlates with a decrease in binding affinity. Lastly, we reconcile a
literature-based discrepancy about how to model TRBP-dsRNA binding interactions. By using an
analysis employed by the Williams group5, which takes into consideration the linker region, we
are able to accurately predict the apparent binding affinities of multi-dsRBD proteins from the
affinities of the individual domains in isolation. Overall, this work demonstrates the importance
of linker regions between protein domains and how they can be just as important in the binding
mechanism as the domain itself.
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Chapter 5
Determining Cooperativity in a Non-sequence Specific World

5.1 Abstract
MicroRNAs (miRNAs) are critical post-transcriptional regulators of gene expression.
Their precursors have a globally A-form helical geometry, which prevents most proteins from
identifying their nucleotide sequence. Furthermore, the processing enzymes in the miRNA
maturation pathway require tandem-dsRBD cofactor proteins for optimal function, suggesting a
mechanistic role for cooperative intra-chain binding of dsRNA between domains. Here, we focus
on the tandem-dsRBDs of TRBP, which have been shown to tightly bind Watson-Crick dsRNA.
We hypothesize that, although dsRBDs bind dsRNA in a non-sequence specific manner, they are
sensitive to structure, which allows them to assist miRNA processing enzymes in locating proper
RNA cleavage sites. We present a combination of dsRNA binding assays demonstrating that
TRBP binds dsRNA with positive cooperativity. Application of nucleic acid lattice models to our
data shows that the microstates accessed by an individual dsRBD binding to RNA are different
from those accessed by the tandem-dsRBD construct.

5.2 Introduction
Among the most well studied mechanisms relevant to higher eukaryotes is posttranscriptional gene silencing carried out in RNA interference (RNAi). MicroRNAs (miRNAs)
and small interfering RNAs (siRNA) are single-stranded RNAs that bind to complementary
sequences found in the 3´-untranslated region (UTR) of mRNA and down-regulate protein
expression.1,2

Processing of nascent miRNAs to their final form involves two multi157

macromolecular complexes: the ‘Microprocessor’ complex, composed of the RNase III enzyme
Drosha and its double-stranded RNA binding protein (dsRBP) cofactor DGCR8, and RISC, the
RNA-induced silencing complex. In humans, RISC is minimally composed of three proteins: the
RNase III enzyme Dicer, one of four Argonaute proteins (AGO1-4), and a dsRBP cofactor –
TRBP or less frequently PACT.3 One striking feature common to several of the dsRBPs discussed
here, including TRBP, is that they contain more than one dsRBD, suggesting that their function
and ability to select appropriate binding targets may be enhanced by the co-localization of
multiple dsRBDs within a single chain. Generally, dsRBDs recognize dsRNA through nonsequence specific interactions.4 Although a general mechanism has not been established, dsRBDs
are generally found to discriminate dsRNA based on length, as has been demonstrated for Dicer,
RDE-4, DGCR8, and PKR.5–8 Surprisingly, several studies have shown TRBP binds dsRNA in a
manner that is independent of dsRNA length; these same studies conclude that TRBP interacts
with RNA in a non-cooperative fashion.6,9 Importantly, however, these studies relied on much
longer RNA molecules than are commonly encountered in the miRNA pathway, and neither
employed analysis methods that separate statistical effects from the observed equilibrium
constants, which can mask length dependence and cooperativity.
Here, we define a cooperative interaction between sites as binding to the first site
influencing the likelihood of the additional binding events occurring. Cooperativity can manifest
itself within a peptide chain, as suggested by Tian et al., who observed that PKR’s second dsRBD
interacts with its first to improve binding affinity and that this positive cooperativity helps define
the minimum length of the RNA molecule needed to activate PKR.10 A previous study by Parker
et al. probed TRBP’s cooperative interactions with RNA using long dsRNA (40-650 bp) and
found that TRBP binds to dsRNA with similar macroscopic Kd,app values, indiscriminate of
length.6 The study showed that TRBP gave band patterns featuring multiple intermediates with
varying mobilities in the gel shift assays, particularly at non-saturating TRBP concentrations.
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This observation, coupled with the minimal change in macroscopic affinity when dsRNA length
increased, led the authors to conclude that TRBP binds dsRNA non-cooperatively.6 Conversely,
the study also showed that RDE-4, a protein with a similar role to TRBP found in Caenorhabditis
elegans, bound longer dsRNA with increasing affinity and without intermediates in the gel shift
pattern. Therefore, unlike TRBP, RDE-4 binds dsRNA with positive cooperativity. It is known
that C. elegans siRNA precursors are very long compared to miRNA precursors and therefore
studies involving duplexes hundreds of base pairs in length may be more relevant to
understanding how RDE-4 functions in siRNA maturation than how TRBP functions in miRNA
maturation in humans. Here, we have designed a study featuring shorter dsRNAs, aiming to better
understand how TRBP interacts with miRNA-relevant sequences, as TRBP may engage in
fundamentally different binding modes for these two regimes.
This study aims to provide fundamental insights into the molecular mechanism of TRBP
binding to dsRNA, which will lead to a better understanding of its role in delivering mature
miRNA to RISC. More generally, our studies solidify the observation that tandem dsRBDs
display enhanced binding affinity, relative to the domains in isolation, and provide additional
insight into the nature of thermodynamic cooperativity commonly observed for tandem dsRBD
proteins binding to dsRNA. Contrary to previous studies, our comprehensive results demonstrate
that TRBP binds dsRNA with intermolecular cooperativity, and it does so in a dsRNA lengthdependent manner. This final result is motivated through detailed modeling of circular dichroism
(CD) and electrophoretic mobility shift assay (EMSA) results, which have been published and by
taking a lattice model approach not previously employed in studies of this key protein.
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5.3 Materials and Methods

5.3.1. Sample preparation
Sample preparation for TRBP-dsRBD1, TRBP-dsRBD2, and TRBP-ΔC occurred as
reported here.11

5.3.2. Electrophoretic mobility gel shift assays (EMSAs)
The methods for preparation and Hill-style analysis of EMSAs can be found here.11

5.3.3. The Ising Model Equations:
In order to determine the extent of cooperativity, the data were analyzed using a finite
one-dimensional Ising lattice model, where the number of binding sites on a lattice of given
length (symbolized by M) was constrained by the experimental CD data as described above. Each
site of the n-site lattice can be either free or bound to the ligand (r). The concentration of the
unbound ligand is xfree. As part of our experimental conditions, we note that total concentration of
ligand, x, does not change upon binding (x ≈ xfree). In constructing our Ising model, we assume
that the interaction strength between the ligand and the lattice is equivalent at each site and
represented by the average microscopic equilibrium constant, k (which is an association constant
with units of M-1). This assumption is justified by the non-sequence specific nature of TRBP
binding to dsRNA, which should render all internal sites on the lattice equivalent.
When a ligand binds to the n and n+1 site, the ligands experience nearest neighbor
interactions whose strength is quantified by the dimensionless parameter σ. The general value of
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σ determines the type of cooperativity occurring between bound ligands. For non-sequence
specific interactions on a lattice of finite size, as demonstrated by Epstein12 we must consider the
number of distinct ways that r ligands occupy n-sites distributed with j number of adjacent sites
along the lattice. This is especially true under non-saturating conditions (r > M), where there will
be multiple possible configurations of the r ligands on the M-site lattice. The number of distinct
partitions of r that have r – j distinct lattice-runs, CM,j,r, is12

C M , j ,r 

( M  r  1)!*(r  1)!
( M  2 * r  j  1)!*(r  j )!* j!*(r  j  1)!

(Eq. 5-1)

We can now enumerate each value of CM,j,r, with its associated σ in building the partition
functions, PM, as
M r 1

PM   (C M , j ,r *  j k r x r )

(Eq. 5-2)

r 0 j 0

where the boundary condition M – r + j > 0 is observed. Using the resulting PM allows us
to generate specific binding isotherm equations, based on M, using the following relationship

M 

 (ln PM )
 ln x 

(Eq. 5-3)

This process allows for the analysis of the EMSA data to determine both σ and k, using
ΘM and x as inputs (for a detailed example of Ising model generation, see section 3.2.4).

5.3.4 Ising model generation.
We can now enumerate each value of CM,j,r, with its associated σ in building our partition
functions, such that the partition function, PM, which depends on M, j, and r is generically
expressed as
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M r 1

PM   (CM , j ,r * j k r x r )

(Eq. 5-4)

r 0 j 0

where the boundary condition of M – r + j > 0 is observed.
As an example, let us consider the more complicated 4-site lattice (M=4), shown
pictorially here for clarity:

Using Eq. 5-4 the P4 is generated as follows
P4 = 1+ 4kx + (3+3σ)*k2x2 + (2σ +2σ2)*k3x3 + σ3k4x4

(Eq. 5-5)

where the first term represents the fully unbound state, while the second term describes
the singly-ligated state, where the C4,0,1 = 4. The third term describes the doubly-ligated state
along with the sum of C4,0,2 and C4,1,2, showing equal possibilities of arranging two ligands onto
four sites without interaction and of arranging them having one interaction interface. The fourth
describes the triply-ligated state and shows that there are equal probabilities of having a singlecontact interaction or three consecutively bound ligands interacting. The final term describes the
fully bound state, in which the lattice is saturated forming an obligate three-interaction run
between the four bound ligands. Similar application of Eq. 5-4 yields P2, P6, and P8, as follows:

P2 = 1 + 2kx +σk2x2

(Eq. 5-6)
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P4 = 1+ 4kx + (3+3σ)*k2x2 + (2σ +2σ2)*k3x3 + σ3k4x4

(Eq. 5-7)

P6 = 1 + 6kx + (10+5σ)*k2x2 + (4 + 12σ + 4σ2)*k3x3
+ (3σ + 9σ2 + 3σ3)*k4x4 + (4σ3 + 2σ4)*k5x5 + σ5k6x6

(Eq. 5-8)

P8 = 1 + 8kx + (7σ + 21) *k2x2 + (6σ2 + 30σ + 20)*k3x3
+ (5σ3 + 31σ2 + 27σ + 7)*k4x4 + (4σ4 + 24σ3 + 24σ2 + 4σ)*k5x5
+ (3σ5 + 18σ4 + 7σ3)*k6 x6 + (2σ6 +6σ5)*k7x7 + σ7k8x8

(Eq. 5-9)

Using the resulting PM allows us to generate specific binding isotherm equations, for any
given value of M, as:

M 

 (ln PM )
 ln x 

(Eq. 5-10)

Using Eq. 5-10 and the partition functions P2, P4, P6, and P8 (Eq. 5-6 – 5-9), generate a
set of ΘM functions to model the raw EMSA data. Consider the 4-site lattice, where application of
Eq. 5-10 using P4 (Eq. 5-7) leads to
[4kx + (6 + 6σ)∗k2 x2 + (6σ + 6σ2 )∗k3 x3 + 4σ3 k4 x4 ]

Θ4 = [1 + 4kx + (3+3σ)∗k2 x2 + (2σ + 2σ2 )∗k3 x3 + σ3k4 x4 ]

(Eq. 5-11)

where ΘM is fit as a function of x to yield σ and k for the specific case of TRBP-ΔC
binding to ds22 .All other cases are fit similarly with the relevant form of ΘM.
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5.4 Results and Discussion

5.4.1. Macroscopic Analysis of EMSAs
As the nature of dsRNA binding by TRBP is non-sequence specific, it is possible that,
even for one-to-one binding of TRBP to dsRNA, super shifts will be observed in our gels that
correspond to electrophoretic artifacts. While we acknowledge that no technique is free from
limitations, the steps that we have taken in our EMSA experimental design yield the best possible
conditions for quantitatively evaluating TRBP-dsRNA interactions, as will be discussed for the
remainder of this section.
Having established that the saturating TRBP stoichiometry on dsRNA grows with duplex
length,11 we next tested the hypothesis that TRBP binding affinity increases with dsRNA length
when the RNAs considered are of a size relevant to processing in the miRNA pathway. In order
to fully describe the mechanism of TRBP-ΔC binding, we have characterized W-C duplex RNA
binding by both the individual TRBP-dsRBDs and the TRBP-ΔC construct, which allows us to
separate trends attributable to the individual dsRBDs from those that emerge only when both are
present.11 An overlay of the EMSA results for TRBP-dsRBD1, TRBP-dsRBD2, and TRBP-ΔC is
shown in Figure 5-1. As shown, TRBP-dsRBD1 and TRBP-dsRBD2 have similar apparent
macroscopic binding affinities (KD, app) for a given length of RNA. Strikingly, comparison of the
individual dsRBD results with that of TRBP-ΔC show that TRBP-ΔC binds 10-fold tighter than
the individual domains alone.

164

Figure 5-1. Macroscopic analysis of EMSA data for TRBP’s dsRBDs reveals length-dependent
affinity for dsRNA. The fits for each dsRNA length are shown in grayscale with the shortest
dsRNA (ds12) in black and ds44 in light gray. Also noteworthy is that for all cases, TRBP-ΔC
binds RNA with 10-fold tighter macroscopic binding affinity than the individual dsRBDs.
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In the case of a simple non-cooperative binder, two trends are expected to manifest in the
data for the experimental conditions we employed: 1) the transition region in a saturation curve
should span nearly two log units in concentration, because [RNA] << K d,app; and 2) as the number
of binding sites on the lattice becomes large, saturation of the lattice should become increasingly
harder due to the entropic penalty associated with reducing the statistically numerous
arrangements of proteins on the unsaturated lattice, as is necessary to achieve saturation. Our data
are inconsistent with the predictions of the simplest model on both counts. First, the transition
regions in our EMSAs span less than two log units in ligand concentration for all dsRNA lengths
when TRBP-ΔC is the titrant and for all dsRNA lengths > 16 base pairs when the individual
dsRBDs are the titrant. Second, even for the longest duplexes, where the stoichiometry and
number of binding sites is large, saturation of the dsRNA is clearly observed. 11 Therefore, our
data are qualitatively consistent with the presence of positive intermolecular cooperativity,
meaning that the binding of successive TRBP molecules to the dsRNA becomes easier after the
first binding event occurs.
Additional features of the length-dependence data set suggest the presence of
cooperative interactions in the TRBP-dsRNA system. Examination of the dissociation constants
reveals that the TRBP-ΔC construct binds with a 5- to 10-fold tighter Kd,app, when compared to
TRBP-dsRBD1 and TRBP-dsRBD2 binding similar lengths of dsRNA.11 This suggests that colocating the two dsRBDs of TRBP in a single chain may substantively alter the dsRNA binding
mode. In particular, it is interesting to test whether the cooperativity inherent to dsRNA binding
by TRBP-∆C is fundamentally different from that which is displayed by the isolated domains.
However, using the differences in the macroscopic binding affinity to quantify cooperative
interactions can lead to unreliable results, as the experimentally determined binding affinity is
composed of weighted averages of individual binding events, without statistical effects removed.
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5.4.2. Microscopic Analysis of EMSAs
Traditionally, the RNAi community has used a Hill analysis for the interpretation of
EMSA data. The use of EMSA, as a technique, therefore enables us to demonstrate the
consistency of our data with previous literature. However, we wish to provide a rigorous
quantitative assessment of cooperativity in this system, and have implemented a physically
intuitive lattice model approach to untangle the microscopic binding affinity and quantitative
cooperativity terms from the macroscopic binding affinities of TRBP binding dsRNA.
Here, we employed a simple yet thermodynamically rigorous approach by constructing
one-dimensional Ising models, where the number of sites in the partition function was dictated by
the CD-derived stoichiometries. Through their inclusion of nearest-neighbor interactions, Ising
models provide a robust means to interpret cooperative interactions in complex biological
systems.13,14 The formulation of the Ising models used here was based on the partition functions
of one-dimensional lattices used by Wang et al.14 to construct two-dimensional lattices. In order
to include non-sequence specific interactions in the Ising model analysis, we used a combinatorial
analysis approach by Epstein to enumerate the possible arrangements of ligands on a lattice.12 The
Ising model approach simultaneously allows us to determine the averaged microscopic affinity
for all sites and to quantitatively express the type of cooperativity exhibited by TRBP binding to
the dsRNA lattice. Using Ising models to reanalyze the EMSA data revealed strong
thermodynamic cooperativity between TRBP’s dsRBDs, including both intermolecular and intrachain cooperativity for TRBP-ΔC, which proved to be significant for the miRNA processing
pathway.
Using the CD results,11 we fixed the number of sites available for a given lattice length,
and then using a hybrid genetic algorithm with pattern searching in MatLab, we fit the raw
experimental EMSA data for an averaged microscopic association constant (k, M -1) and a lattice167

dependent dimensionless cooperativity term (σ). Initially, the binding of a given TRBP construct
was fit to each lattice independently and we found that k was nearly always consistent within
error across the set of TRBP constructs. This suggested that our model was robustly providing a
microscopic equilibrium constant, and motivated us to conduct global fitting across all dsRNA
lengths for each TRBP construct. In this global analysis, a single, averaged k was employed,
while σ was fit lattice-specifically under the assumption that cooperativity may be lengthdependent – a hypothesis rooted in our interpretation of the literature results previously discussed.
For a system displaying no cooperative effects, the apparent association constant is the
product of the microscopic association constant and the appropriate statistical factors, describing
the change in the number of configurations of bound ligands associated with the binding event. In
the case of simple, positive homotropic cooperativity, a sharp transition region to the binding
isotherm is seen, but the transition midpoint remains in place; i.e., the apparent association
constant does not vary, although the steepness of the transition changes. This is the basis for the
Hill analysis employed above, although this analysis is not formally robust for binding to a lattice
of numerous binding sites that are present in a quantity that depends on the binding density. For
such systems, positive cooperativity will manifest as a shift of the transition midpoint towards
lower ligand activity than predicted by the microscopic association constant; i.e., the transition
midpoint will shift, yielding a tighter apparent association constant than the true microscopic
constants fit by the analysis. This feature of positive cooperativity on a lattice is robustly captured
by Ising models, as previously demonstrated by Lui and Dilger.15 Table 5-1 shows the best-fit
parameters derived from the global fitting procedure; representative fitted isotherms for the case
of TRBP interactions with ds33 are shown in Figure 5-2. For all cases, the averaged microscopic
binding affinity is much lower than the apparent macroscopic binding affinity. Furthermore, σ>>1
for all constructs, which suggests that positive intermolecular cooperativity exists for both the
individual dsRBDs and the TRBP-ΔC construct. In fact, TRBP-ΔC is three orders of magnitude
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more cooperative than the individual dsRBDs. Conversely, the data suggests that the binding
affinity for the individual dsRBDs is actually tighter than that of TRBP-ΔC. This suggests that
while negative intra-chain cooperativity may exist in multi-dsRBD proteins, (refer to 4..4.3 for
ITC results that also come to this conclusion) it is greatly overwhelmed by the positive
intermolecular cooperativity manifested upon binding sufficiently long dsRNA.
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Figure 5-2. Ising model results for all the dsRBD constructs bound to ds33. The dashed line
represents the limiting case of n-independent and identical sites, where there is no cooperativity.
The black line represents the Ising model fit where cooperativity is >1 in all cases.
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Table 5-1. Global fitting of EMSA data using Ising models
-1

k (M )

σ1 (ds22)

σ2 (ds33)

σ3 (ds44)

χ

2

TRBPdsRBD1

2.2 ± 0.1
4
(x10 )

21 ± 4

85 ± 16

86±10

0.243

TRBPdsRBD2

2.1 ± 0.1
4
(x10 )

58 ± 8

100 ± 21

108±15

0.240

TRBP-ΔC

1.8 ± 0.1
3
(x10 )

107 ± 26
4
(x10 )

5 ± 1 (x10 )

4
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4

5.8±0.8 (x10 )

0.296

At first glance, our results appear to contrast with the prior literature. For example, the
experiments conducted by Parker et al.6 studied the siRNA pathway in C. elegans, for which the
relevant endogenous RNAs are considerably longer (hundreds of nucleotides) than the RNA
lengths relevant to the miRNA pathway in humans (~44 bp or shorter). It is entirely plausible that
TRBP behaves differently in the context of these two pathways, thus rationalizing the apparent
discrepancy between our two studies. Specifically, we did notice that as the length of dsRNA
increased in our study, the change in apparent dsRNA binding affinity also began to decrease (see
Fig. 6). Given that Parker et al. used much longer RNAs, it is plausible that at such lengths, the
positive cooperativity we observe is mitigated by the large number of possibilities for binding
(i.e., that lattice entropy is able to overcome intermolecular cooperativity for such large lattices),
leading to similar macroscopic binding affinities across lengths of dsRNA used.

5.5. Conclusion
The results of this study show that TRBP-ΔC binds dsRNA with weak microscopic
affinity and qualitatively negative intra-chain cooperativity between its two tethered dsRBDs.
However, due to the large intermolecular positive cooperativity, TRBP displays tight
macroscopic binding to lattices between 22 - 44 base pairs in length, in vitro. The results suggest
that in vivo, TRBP’s role in miRNA maturation is to sense and bind dsRNA around that length
scale of its substrate, such as pre-miRNA and miR/miR* duplex RNA. Through an exclusion
mechanism, TRBP binds around the imperfections in substrate miRNA and thereby aids the
catalytic enzymes in the RISC machinery in site-specific cleavage selection.
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Chapter 6
Using Small Angle X-ray Scattering to Constrain the 3-D Structure of
Primary microRNA

6.1 Abstract
MicroRNAs (miRNAs) are small single-stranded RNAs that are critical posttranscriptional regulators of gene expression. In humans, they are transcribed as long hairpin
RNAs, termed primary miRNAs, and undergo enzymatic processing to reach their final functional
state. Recently we have shown that the cofactor of the enzyme Dicer, TRBP, is able to recognize
helical imperfections, such as mismatches and bulges, which are unique to miRNAs. Therefore,
we hypothesize that the three-dimensional shapes of precursor miRNAs contribute to the
accuracy and efficiency with which enzymatic machinery processes them. Recently, the 3-D
structure of primary miRNA 16-1 was generated through a combination of secondary structure
mapping techniques, such as 2ʹ- hydroxyl acylation analyzed by primer extension (SHAPE)
chemistry, and structure calculation methods. While the resultant ensemble of structures was able
to constrain the A-form geometry of the stem region of primary miRNA, the apical stem-loop was
completely unconstrained. Here, we use small angle X-ray scattering to generate useful low
resolution models of a synthetic double-stranded RNA. We then combine size exclusion
chromatography in line with SAXS data collection to generate better models for primary miRNA
16-1 in order to constrain the apical stem-loop. Using SAXS, we simultaneously corroborate the
stem region results from the SHAPE- Mc Sym/Mc Fold data, while providing better constraints to
the apical stem loop.
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6.2 Introduction
Mature microRNAs (miRNAs) are approximately 22 nucleotides long, single-stranded
non-coding RNAs that are critical to various cellular and developmental processes, which they
impinge upon via post-transcriptional regulation of gene expression.1 Mis-regulation of miRNA
expression has been linked to various disease states including cancer, cardiac disease, diabetes,
and viral diseases.2,3 For instance, the knockdown or deletion of microRNA 16-1 (miR-16-1) has
been linked to prostate cancer.4 In mouse models, reconstitution of miR 16-1 expression levels
results in the marked regression of prostate tumors.4 Therefore, miRNAs are becoming promising
targets for RNA interference (RNAi)-based therapeutics.5
Processing of mature miRNA occurs in the canonical miRNA maturation pathway
through two cleavage steps. In humans, miRNA are produced either from their own genes or from
segments of introns and are approximately 100 nts in length, having a hairpin-like structure with
single-stranded tails. These primary transcripts, called primary miRNA (pri-miRNA), are
processed by the Microprocessor complex, composed of the RNase III enzyme Dicer and its
cofactor DGCR8, where the single-stranded tails are removed. The resultant transcript, termed
precursor miRNA (pre-miRNA) is then exported into the cytoplasm, where the apical stem loop
is cleaved by the RNase III enzyme Dicer and its cofactor TRBP. This results in a miR/miR*
duplex that is unwound by Dicer’s helicase domain.6 After which, the miR strand (mature
miRNA) is incorporated into the RNA-induced silencing complex (RISC) and binds to mRNA to
downregulate its translation.7
Structural recognition of the precursor-forms of miRNAs is necessary for accurate and
efficient processing. Indeed, pri-miRNAs come in many shapes and forms; however, there are
currently no atomic resolution structures of pri-miRNA available.8 Similarly, the only precursorform of miRNA available to date is the crystal structure of a pre-miRNA, pre-mir-30a, in
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complex with Exportin-5 and Ran-GTP.9 While this crystal structure shows that pre-mir-30a
contains an A-form stem region, the apical stem loop, along with two nucleotides in the stem
region are missing electron density. Given the benefits that miRNA structural information can
have on therapeutics, recent efforts to determine the 3-D structure of pri-miRNA have used a
combination of secondary structure mapping and computation structure calculations. 10–12
Recently, a three dimensional ensemble model for pri-mir-16-1 and pri-mir-30a was solved by
using 2ʹ- hydroxyl acylation analyzed by primer extension (SHAPE) chemistry coupled to MCSym / MC-Fold structure calculations.8 This model was able to accurate predict the general shape
of pre-mir-30a. In corroboration with the crystal structure, the SHAPE- MC-Sym/ MC-Fold
ensemble also showed that the same nucleotides were highly flexible, referred to as hotspots
Strikingly, these hotspots regions can be recognized (through exclusion) by the cofactor protein
TRBP.13 Unfortunately, the determined ensembles showed completely unconstrained apical stem
loops of all pri-miRNA considered.8 Therefore, unless it is generally true that the large and open
apical stem loops of these RNA structures are fully unconstrained in solution, which this data set
cannot rule out, other techniques must be used to better constrain the molecular models generated
of pri-miRNAs.
Small angle x-ray scattering (SAXS) provide low-resolution structural information on
macromolecules in solution.14 When combined with high-resolution domain structures, SAXS
data can provide constraints for more accurate modeling of ensemble structures. Here, we have
used SAXS to constrain the SHAPE- MC-Sym/ MC-Fold ensemble structures of pri-mir-16-1.
The scattering data and pair distance, p(r), distributions derived from the data indicate that primir-16-1 has an overall cylindrical conformation, which conforms well to A-form helical
geometry. The SAXS envelope that was calculated using the raw data indicates that the apical
stem loop, as well as the hot-spot regions, are indeed flexible. Strikingly, the resulting envelope
had regions of excess density that mirrored the hotspot regions seen in previous SHAPE data.
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More importantly, the envelope showed good density for the apical stem region, which can be
used to constrain the apical stem loop of SHAPE- MC-Sym/ MC-Fold ensemble structures.
Significantly, electron density for the single-stranded tails of the construct was largely absent,
consistent with their presence in a highly dynamic ensemble of conformations. Overall,
incorporation of this technique can vastly improve the structural prediction capabilities for primiRNAs.

6.3 Materials and Methods

6.3.1. Sample preparation
Preparation of pri-mir-16-1 from DNA was prepared using established protocols.8 RNA
was duplexed by heat denaturation (90°C for 45 sec) and slow annealing (20°C for 45 min).
Samples for SAXS were prepared in working buffer ( 50 mM HEPES, 50 mM KCl, pH 7.5),
filtered through 0.02 micron filters (Whatman) and centrifuged at 14K RPM for 5 minutes prior
to injection in size exclusion column.

6.3.2. Size exclusion Chromatography:
In order to separate out possible aggregates and complex states from one another, the
prepared samples were run through a size exclusion column (SEC) that flowed directly into a
capillary for instantaneous detection by SAXS. 100 μL of 0.5 mg/mL pri-mir-16-1 was injected
onto an AKTA avant 600 liquid chromatography system (GE Healthcare) equipped with a
Superdex 200 5/150 G size exclusion column (GE Healthcare). Working buffer was flowed
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through the column at a flowrate of 0.300 mL·min-1 and sample elution was monitored by UV set
@ 260 nm.

6.3.3. Small angle X-ray scattering
SAXS data were collected at beamline G1 at MacCHESS15 configured with a 1.5m
CHESS Compact Undulator with a beam diameter of 250 μm x 250 μm and an X-ray energy of
9.968 keV (wavelength = 1.257 Å) and flux of 1.6·1011 photons·sec-1 with a dual Pilatus 100K-S
detector with range of Q = 0.0098-0.776 Å-1. The sample flow through from SEC was flowed
through a custom made 0.5 μm capillary cell maintained at room temperature (298 K) so that the
sample was exposed to x-rays for less than 100 ms. Data were reduced to I vs. Q using
BioXtasRAW.14 Guinier analysis was performed using the low Q portion of the data where Rg·Q
< 1.3. The programs PRIMUSqt16 and GNOM17 were used to calculate the pair distance
distribution function, p(r), by an indirect Fourier transform of the scattering data over the range of
Q (Qrange) = 0.0004 to 0.0045 Å-1. The value of p(r) was constrained to be 0 at r = 0 and at the
maximum distance (Dmax). Values for Qrange and Dmax are tabulated in Table 6-1. Ab initio
modeling of the SAXS data was performed using the programs dammin and damaver that are
available in PRIMUSqt. Fitting of SAXS envelope to the pri-mir-16-1 ensemble structures was
performed in Chimera.18
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6.4 Results and Discussion

6.4.1. Analysis of pri-mir-16-1 by SEC-SAXS
Figure 6-1A shows the SEC trace of pri-mir-16-1 and demonstrates that only one peak
contributes to the SAXS scattering intensity. Figure 6-1B shows the SAXS scattering profiles
obtained for 0. 5 mg·mL-1 pri-mir-16-1. The scattering curve is flat in the low Q range, Qrange =
0.0004 – 0.0010 Å, confirming the absence of higher aggregates. The Guinier analysis in Figure
6-1C, was used to quantitatively define the radius of gyration Rg = 41 ± 1 Å. Goodness of fit is
shown in the residual plot (Figure 6-1D). The scattering intensity extrapolated to zero angle, I0,
obtained from the Guinier analysis was I0 = 8.90e-2 ± 5e-5. The value of I0 should be proportional
to the macromolecule concentration and molecular weight.14 The calculation of molecular
weights (MW) from I0 resulted in a MW = 34 kDa, which is in agreement with the theoretical
MW = 35.6 kDa. Given that this method of calculation can be somewhat unreliable, as it depends
on the absolute macromolecule concentration, the MW was also determined by water calibration.
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Using the absolute I0 the MW of pri-mir-16-1 = 35 kDa. The Kratky analysis (Figure 6-1E)

qualitatively shows that the macromolecule is of a closed volume while analysis the Porod
volume (Figure 6-1F) gives a MM = 41.2 kDa, which is slightly larger than expected. Taken
together, these results demonstrate that at 0.5 mg·mL-1 pri-mir-16-1 is homogenous and
monomeric.

180

Figure 6-1. SEC-SAXS analysis of pri-mir-16-1 RNA. (A) SEC spectra (blue) of 0.5 mg·mL-1
pri-mir-16-1. (B) Raw SAXS curve (black) with error shown in grey. (C) Guinier analysis with
data points used for fitting analysis shown in red. (D) Residuals from Guinier fitting. (E) Kratky
plot of raw SAXS data. (F) Porod plot of raw SAXS data.
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Figure 6-2A shows the p(r) curves that were obtained by indirect Fourier transformation
of the scattering data using the program GNOM.17 Analysis of the curved gave a predicted Rg =
50.16 ± 0.01 Å, which is slightly larger than that predicted by the Guinier analysis. The curve has
a maximum near 30 Å and an elongated tail with a shoulder around 80 Å. The p(r) curve shows a
Dmax = 204.85 Å, which is larger than the theoretical end-to-end distance of pri-mir-16-1 RNA
(Dtheo = 150 Å). Based on the p(r) distributions, we pursued structural reconstruction models of
pri-mir-16-1 RNA, using ab initio shape determination with dammin and damaver.17 Figure 6-2B
shows the fit results of the envelope reconstruction over the experimental data. As shown, the fit
captures the general shape of the experimental data. Figure 6-2C shows the MC-Sym /MC-Fold
generated ensemble bundle of pri-mir-16-1 RNA fit into the SEC-SAXS-derived envelope (grey
wire mesh), using Chimera.18 The resultant fit was adequate, with an average map value 0.0236
and with an average of 286 out of 3226 atoms unable to fit into the envelope. Strikingly, we note
that the SAXS envelope contains small pockets of excess density spaced approximately one turn
of helix apart from each other and spaced in a manner consistent with highly dynamic regions
previously identified in our laboratory by SHAPE methods.8 Closer inspection of the apical stem
loop is shown in Figure 6-2C (inset). Consistent with the SHAPE chemistry results, the presence
of a diffuse electron-density envelope spanned will by multiple inequivalent conformations is
consistent with the lack of secondary structure constraint provided by our previously reported
SHAPE data set. Taken together, the results provide good correlation with previous SHAPE
analysis, validating both the existence of the so-called “hotspot regions” and the flexibility of the
apical stem loop. Thus, our data set clearly demonstrates the benefit of SEC-SAXS for
investigation of hairpin RNAs.
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Figure 6-2. Modeling results for pri-mir-16-1. (A) The p(r) analysis of SAXS data (blue) with
error (grey). (B) Ab initio model fiting back calculation results (red line) overlayed on SAXS data
(black line). (C) 5 best pri-mir-16-1 structural model ensemble derived from MC-Sym/MC-fold
calculations (colored ribbons) fit into SAXS envelope (wire mesh). The in-set shows an enlarged
view of the apical stem-loop.
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Table 6-1. SEC-SAXS parameters for pri-mir-16-1.

Parameter
Concentration
-1

(mg·mL )
MMtheo (kDa)
I0

pri-mir-16-1

0.5
35.6
1.1E-2 ± 3.3E-4

Rg (Guinier)
MMguinier (kDa)
sRg limits
Qrange

41 ± 1
34
0.81 1.29
4E-4 1.0E-3

-1

Exp Rg·I0

-1

49.78 ± 0.01

P(r) Rg·I0

50.16 ± 0.01

Porod Vol

82424.2

MMPorod (kDa)
Dmax

41.2
204.85
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6.5. Conclusion
Given the difficulties of acquiring three dimensional structures of precursor forms of
miRNA, structure-function knowledge of miRNA precursors is dominated by secondary
structural predictions, deep sequencing analyses, or biochemical secondary structure mapping. 20
The combined results suggest that in vivo, TRBP’s role in miRNA maturation is to sense and
bind around the imperfections in substrate miRNA and thereby aid the catalytic enzymes in the
RISC machinery in site-specific cleavage selection through an exclusion mechanism.
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Chapter 7
DsRBD-dsRNA Interactions in the MicroRNA Maturation Pathway
In humans, mature miRNAs have been linked to several disease states including cancer,
neurodegenerative diseases, cardiac disease, and diabetes by regulating the expression of more
than 90% of genes. Given the sequence-specificity by which the RNA-induced silencing
complex, composed primarily of Argonaute2, Dicer, and the cofactor protein TRBP, uses the
mature miRNA to bind to mRNA, it is no surprise that literature suggests that the recognition and
cleavage of miRNA precursors is based, in part, on unique structural characteristics of the RNA.
My research into TRBP, and dsRBDs in general, stemmed from knowledge that TRBP, a protein
that solely contains dsRBDs, is essential for efficient Dicer cleavage of miRNA substrates. While
much of the focus has been placed on the domains of the catalytic enzyme Dicer, as it is
responsible for the cleavage of pre-miRNAs, much is unknown about how precursor miRNAs are
distinguished from other cellular RNAs and, furthermore, if this recognition influences the
maturation process miRNAs. Therefore, the long-term aims for my research is to apply the
knowledge gained here to expand the knowledge-base of multi-domain proteins and thereby use
this as a possible entry point for the regulation of the RNAi pathway.
Due to the prevalence of dsRBDs in RNAi, the Showalter Lab has been very involved in
studying these domains. While dsRBDs rarely recognize the nucleotide sequence of RNA, it is
was known that dsRBDs bound to dsRNA in a length-dependent manner. It was reasonable then
to hypothesize that their function is dependent on recognition of specific structural features that
are unique to miRNA precursors. Early work by Dr. Chris Wostenberg showed that the dsRBD of
the enzyme Drosha did not bind dsRNA at all. Therefore, RNA-binding became the responsibility
of its multi-dsRBD protein cofactor, DGCR8. Dr. Kaycee Quarles demonstrated that DGCR8Core (a construct containing both DGCR8-dsRBD1 and DGCR8-dsRBD2) was able to bind RNA
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in a RNA length-dependent manner. (Later, Joshua Kranick performed a rather clever experiment
that made the Drosha-dsRBD binding competent –- you guessed it— Drosha-dsRBD binds
dsRNA in a length-dependent manner.) Surprisingly, the literature at the time stated that TRBP
bound dsRNA in an RNA length-independent manner. This was surprising to me, as it set TRBP
apart from the other dsRBPs around it. Furthermore, the assumption at the time was that due to
the dsRBD structure, all dsRBDs were equal and some would say, even interchangeable. My
research was able to show that TRBP, contrary to literature, binds RNA in a RNA lengthdependent manner, but more importantly, that a regime exists where dsRBDs bind in RNA-length
dependence manner. Moreover, this regime could be different for a given dsRBP. This result
suggests that while dsRBDs all bind dsRNA in a similar fashion, they are not interchangeable and
are under some selective pressure to maintain their optimal function.
As previously mentioned, our lab strived to determine whether the dsRBD are capable of
distinguishing between RNAs with different structural features. During the course of my own
work, Dr. Quarles demonstrated that miRNA precursors were largely an elongated A-form helix
with a consistent display of two dynamic sites (termed the “hot spot” and secondary
imperfections) within them. She hypothesized that these unique features where the key to
distinguishing miRNAs from other dsRNAs in the cell. However, DGCR8-Core could not
distinguish between RNAs with structural imperfections (e.g., miRNAs) from those without
them. Dr. Wostenberg’s investigation of the dsRBD of the enzyme Dicer led to a similar
conclusion – binding was only dependent on the length of the RNA. The individual domains of
TRBP could not distinguish structural imperfections either. Strikingly, the tandem dsRBD
construct, TRBP-ΔC, was able to distinguish RNAs with structural imperfections through an
exclusion mechanism from other RNAs.
Fully understanding the interactions of proteins with miRNA precursors in RNAi requires
detailed characterization of both the protein and RNA molecules involved. Here we showed using
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circular dichroism that TRBP binds RNA in with a binding footprint of 12 base pairs through an
overlapping site size mechanism. We also demonstrated through ITC that the linker region length
correlates to overall binding affinity of multi-dsRBD proteins, like TRBP. Analysis of the
thermodynamic parameters show that this correlation is due to the chain entropy of the flexible
linker region. Furthermore, by modeling our EMSA binding data, we were able to show that
TRBP binds with intramolecular negative cooperativity, as suggested by the ITC data, but with
positive intermolecular cooperativity. The mechanistic insights learned here can be applied to
other multi-dsRBD proteins in order to generalize our understanding of dsRBPs.
We also showed using scattering data that the solution conformations of miRNA are well
predicted by the ensembles structures of miRNA, generated by Dr. Quarles and Dr. Debashish
Sahu. We still have much to learn about how the RNA-binding interactions of TRBP improve the
efficiency of Dicer cleavage. This thesis has produced many mutants of TRBP and thanks to the
groundwork by Dr. Quarles and Joshua Kranick, we have the capabilities to test how RNAbinding by TRBP influences Dicer cleavage ex vivo. This work, which coalesces Dr. Wostenburg,
Dr. Quarles, Joshua Kranick, and my own work, will be carried out by my undergraduate, Declan
Evans. One day, contributions from fundamental research, such as those detailed in this thesis,
will culminate into a complete and comprehensive understanding into these mechanistic pathways
and yield breakthroughs for the development of drugs and therapeutics in medicine.
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