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Abstract

Nucleic acids are most commonly associated with the genetic code, transcription and gene
expression. Recently, interest has grown in engineering nucleic acids for biological applica-
tions such as controlling or detecting gene expression. The natural presence and functional-
ity of nucleic acids within living organisms coupled with their thermodynamic properties of
base-pairing make them ideal for interfacing (and possibly altering) biological systems. We
use engineered small conditional RNA or DNA (scRNA, scDNA, respectively) molecules to
control and detect gene expression. Three novel systems are presented: two for conditional
down-regulation of gene expression via RNA interference (RNAI) and a third system for
simultaneous sensitive detection of multiple RNAs using labeled scRNAs .

RNAI is a powerful tool to study genetic circuits by knocking down a gene of interest.
RNAI executes the logic: If gene Y is detected, silence gene Y. The fact that detection
and silencing are restricted to the same gene means that RNAI is constitutively on. This
poses a signi cant limitation when spatiotemporal control is needed. In this work, we
engineered small nucleic acid molecules that execute the logic: If mMRNA X is detected,
form a Dicer substrate that targets independent mRNA Y for silencing. This is a step
towards implementing the logic of conditional RNAI: If gene X is detected, silence gene
Y. We use scRNAs and scDNAs to engineer signal transduction cascades that produce an
RNAI e ector molecule in response to hybridization to a nucleic acid target X. The rst
mechanism is solely based on hybridization cascades and uses SCRNAs to produce a double-

stranded RNA (dsRNA) Dicer substrate against target gene Y. The second mechanism is
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based on hybridization of sScDNAs to detect a nucleic acid target and produce a template for
transcription of a short hairpin RNA (shRNA) Dicer substrate against target gene Y. Test-
tube studies for both mechanisms demonstrate that the output Dicer substrate is produced
predominantly in the presence of a correct input target and is cleaved by Dicer to produce
a small interfering RNA (siRNA). Both output products can lead to gene knockdown in
tissue culture. To date, signal transduction is not observed in cells; possible reasons are
explored.

Signal transduction cascades are composed of multiple scRNAs (or scDNASs). The need
to study multiple molecules simultaneously has motivated the development of a highly
sensitive method for multiplexed northern blots. The core technology of our system is the
utilization of a hybridization chain reaction (HCR) of scRNAs as the detection signal for
a northern blot. To achieve multiplexing (simultaneous detection of multiple genes), we
use uorescently tagged scRNAs. Moreover, by using radioactive labeling of scRNAs, the
system exhibits a ve-fold increase, compared to the literature, in detection sensitivity.
Sensitive multiplexed northern blot detection provides an avenue for exploring the fate of

scRNASs and scDNASs in tissue culture.



viii

Contents

Acknowledgments iv
Abstract Vi
1 Introduction 1
2 Engineering a conditional catalytic DsiRNA formation mechanism 9
2.1 Introduction. . . . . . . . . 9
2.2 Mechanism . . . . .. 12
2.3 Design ..o e 13
24 Results. . . . . . e 16
241 Invitrostudies . . . . . . .. 16

2.4.1.1 Study of ON:OFF properties of triggered Dicer substrate

formation . . . . . ... L 16

2.4.1.2 Study of the catalytic properties of the mechanism . . . . . 17

2.4.1.3 Dicer cleavage assayS . . . . . . v i i 17

2414 Cellstudies . . . . . . . . .. 19

2.5 DISCUSSION . . . . . . o o 24
2.6 Materialsand methods . . . . . ... ... ... 27

Characterization of cellular modes of failure for conditional Dicer sub-

strate formation in tissue culture 39



3.1
3.2

Introduction . . . . . . . . . 39
Results . . . . . . . e, 40

3.2.1 Examination of toehold mediated branch migration in tissue culture

and combatting delivery . . . . . . ... ... L oL 41

3.2.2 Study of hairpin degradation in tissue culture . . . . . .. ... ... 46
3.2.3 Silencing by mechanism hairpin C is mediated by RNAi . . . . . .. 46

3.3 DISCUSSION . . . . . . e 48
3.4 Materialsand methods . . . . . . . . ... 51
Engineering a conditional shRNA transcription mechanism 58
4.1 Introduction . . . . . . . . . .. 58
4.2 Mechanismand Design. . . . . . . . . . . . . ... e 61
421 Mechanism . . . . . ... 61
422 DESIgN . . . . 61
4.2.3 Promoter choice . . . . . . .. . ... ... 63

43 Results. . . . . . . 64
43.1 Invitrostudies . . . . . . . ... 64
432 Invivostudies . . . . . . . ... 64

4.4 DISCUSSION . . . . . o o e 67
45 Materialsand methods . . . . . . . .. ... L 71

Sensitive multiplexed northern blots via hybridization chain reaction

(HCR) 85
51 Introduction. . . . . . . . . . ... 85
51.1 Northernblot . . . . .. ... ... .. ... ... 86
5.1.2 Northern blot probes and detection strategies . . . . . . ... .. .. 86
5.1.3 Northern blot in comparison to other methods . . .. .. ... ... 87

5.1.4 Hybridization chain reaction (HCR) . . ... ... ... ... .... 88



X

5.2 HCR as a detection method for northern blots . . . . .. ... ... .... 90
53 Results. . . . . . . e 91
5.3.1 HCRN\dotblot™ .. ... ... ... ... ... .. .. ... ..., 91
532 mRNADbDIlots . ... ... ... 93
5.3.2.1 Speci city and blotting conditions . . . . ... ... . ... 93

5.3.2.2 Multiplexed detection of endogenous targets . . . ... .. 94

533 miRNADbIlots . . . . .. . ... .. 99
5.3.3.1 Blotting conditions for miRNAs . . . .. ... ....... 99

5.3.3.2 Multiple HCR-initiator probes . . . . ... ... .. .... 102

5.3.3.3 Multiplexed miRNA detection using HCR . . . . . . .. .. 103

5.3.3.4 Detection limit of HCR-based miRNA northern blot detection105

5.3.3.5 Estimation of polymerlength . . . . . ... ... .. .... 107

5.4 DISCUSSION . . . . . . . e 108
5.5 Materialsand methods . . . . . . . . ... ... 111
Supplementary information for Chapter 2 125
Al Stepping gel . . . . . 125
A.2 Quanti cation of ON and OFF states . . . . ... ... ... ........ 126
A.3 Quanti cation of catalytic property . . . . . . .. .. ... ... ... ... 126
A4 InVItro DICer assay . . . . . v v v v e e 127
Supplementary information for Chapter 3 132

B.1 Catalytic Dicer substrate formation mechanism based on 5’-toehold hairpins 132

Supplementary information for Chapter 4 135
C.1 Steppinggel . . . . . . . 135
C.1.1 Conditional shRNA transcription and Dicergel . . . ... ... ... 136
C.1.2 Quanti cation of ON-to-OFF ratios . . ... ............. 136

C.2 Design of a triggered shRNA transcription mechanism using the H1 promoter137



C.3 Materials and methods



Xii

List of Figures

1.1

2.1
2.2
2.3
2.4

2.5

3.1

3.2
3.3
3.4

4.1
4.2
4.3
4.4

5.1
5.2

Hairpin and toehold-mediated branch migration nomenclature and schematics 3

Conditional catalytic DsiRNA formation schematic . . . . ... ... ... .. 14
Conditional catalytic DsiRNA formation in a test tube . .. ... . ... .. 18
Conditional siRNA production invitro . . . . ... ... ... ... ..... 19

Transfection of conditional Dicer substrate formation into HEK293 d2EGFP
DsRed cells . . . . . . . . e, 21

Conditional Dicer substrate formation is not functional in vivo . . . . . . .. 23

d2EGFP knockdown via a simpli ed triggered Dicer substrate formation

mechanism (M1) . . . . . . . . . . e 44
Expression of three hairpins from one plasmid, M1 mechanism . . .. .. .. 45
Hairpin C of mechanism M1 is partially degraded in tissue culture . . . . . . 47
Hairpin C of mechanism M2 leads to RNAi mediated knockdown . . . . . . . 49
Conditional shRNA transcription mechanism schematic . . . ... . ... .. 62
Conditional shRNA transcription . . . . . . .. .. .. .. ... ........ 65
In vitro transcribed shRNA down-regulates d2EGFP . . . . . . . .. ... .. 67
T7 RNA expression and functionality in HEK293 d2EGFP cell line . . . .. 68
HCR polymer formation schematic . . . . .. ... ... ... ......... 90
Northern blot detection via HCR schematic . . . . . . .. ... ... ... .. 92



5.3
5.4
5.5
5.6
5.7

5.8

5.9

5.10
511
5.12
5.13
5.14
5.15

Al
A2
A3
A4

B.1

C1
C.2
C.3
C4
C5

Xiii

EGFP \dot blot" detectionviaHCR . . . . . . ... ... .. ... ...... 93
Speci ¢ d2EGFP detectionviaHCR . . . . . .. ... ... .. ... ..... 95
Multiplexed GAPDH and ssRNA ladder detection viaHCR . . . . . ... .. 97

Multiplexed detection of GAPDH, 18S rRNA and ssRNA ladder via HCR . . 98
Multiplexed detection of synthetic miR-16a target, endogenous U6 RNA and

microRNA ladder via HCR . . . . . . . . . .. . .. ... 101
Detection of endogenous miR-16a target using a FAM-labeled LNA probe . . 102
HCR-based detection using probes with multiple initiators schematic. . . . . 103

HCR-based detection using probes with single, double and quad initiators . . 104

Multiplexed HCR-based detection of endogenous miR-16a . . . . . .. .. .. 105
Multiplexed HCR-based detection of endogenous miR-16a, miR-21 and U6 . 106
Multiplexed HCR-based detection of miR-16a and miR-21 . . . . . . . . . .. 107
Sensitivity of HCR-based detection . . . . . .. ... ... ... ........ 107
Estimation of HCR polymerlength. . . . . . .. ... ... ... ....... 108
Stepping gel for the conditional catalytic DsiRNA formation mechanism . . . 128
Quanti cation of B C nal product formation in ON and OFF states. . . . . 129
Quanti cation of catalytic B C nal product formation . .. ... ...... 130

Dicer processing gel for the conditional catalytic DsiRNA formation mechanism131

Catalytic Dicer substrate formation mechanism based on 5’-toehold hairpins

1 133
Conditional shRNA transcriptional template formation . .. .. .. ... .. 145
Conditional shRNA transcription and Dicer processing. . . . . . .. ... .. 146
Quanti cation of transcribed sShRNA product . . . . . . . ... ... ..... 147

Conditional shRNA transcription mechanism based on H1 promoter schematic 147

Conditional shRNA transcription template formation with H1 promoter . . . 148



C.6

Xiv
Transfection of an annealed H1-promoter-based mechanism does not lead to

d2EGFP knockdown . . . . . . . . .



Chapter 1

Introduction

Nucleic acids, deoxyribonucleic acid (DNA) and ribonucleic acid (RNA), are essential
macromolecules for known forms of life. DNA stores the genetic information of a cell while
RNA molecules participate in transmitting, expressing and controlling this information.
Fortunately, one can do more with nucleic acids than carry genetic information. Using the
base-pairing properties of nucleic acids, one can use nucleic acids to design molecules that
self assemble into speci ed structures. This eld is called nucleic acid nanotechnology or
nucleic acid engineering.

The eld emerged three decades ago with the seminal work of Nadrian C. Seeman
who devised that it is possible to generate nucleic acid sequences that form 3- and 4-arm
junctions rather than linear double helix duplex [1, 2]. Since then, many other complex
structures have been engineered from DNA; 2-D structures such as lattices, tubes and
DNA origami as well as 3-D structures [3{7]. Compared to DNA, RNA can form non-
canonical base-pairs and is less hydrolitically stable. However, it has a rich conformational
and catalytic space and combined with its genetic encodability make it a powerful medium
for engineering nucleic acids for biological applications [8, 9]. As with DNA, a wide variety
of 2-D as well as 3-D structures have been composed out of RNA [9{12].

The goal of nucleic acid engineering is to design structures for real-life applications.

Structures can be made functional by using them as sca olds for precise spatial positioning
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of other molecules. For example, metals can be positioned to serve as nano-wires or pro-
teins can potentially be arranged for X-ray crystallography or to bring together enzymatic
activities [13{16]. Three-dimensional structures such as molecular cages, can potentially be
used in medical applications as a drug delivery vehicle where the cargo (drug) is released in
a programmable way [17{20]. Self-assembled DNA nanoparticles functionalized with a tar-
geting ligand and fused to siRNAs can be used for targeted drug delivery into tumor cells
[21]. Furthermore, the fact that nucleic acids are used as the engineering material opens
up the opportunity to interface with biological samples for controlling gene expression. For
example, a biomolecular computer can be designed to analyze the levels of messenger RNA
species and in response produces a molecule that a ects the level of gene expression [22].

A majority of nucleic acid structures described in the literature are static structures
formed by thermal annealing (a process in which the reactants are mixed together, heated
and then gradually cooled until they reach the desired structure). The target structure is
designed to have the lowest free energy compared to all other possible structures and is
therefore thermodynamically favorable to form. Dynamically formed nucleic acids struc-
tures can also be designed utilizing an isothermal process of strand displacement [23]. In
this process, two nucleic acid strands hybridize to each other while displacing a strand
that was previously hybridized. The newly revealed sequence can also initiate the reveal
of another sequence, resulting in a cascade. Strand displacement reactions are facilitated
by single-stranded regions called ‘toeholds’ that mediate a branch migration. Reactions
are driven forward by the gain of base-pairs in each step of the cascade and entropy gain
from disassembly reactions. Strand displacement cascades have been used to create logic
circuits [24, 25], walkers [26{29] and catalytic self-assembly [28].

In this eld, our lab has introduced the concept of kinetically controlling strand dis-
placement cascades based on hairpin motifs (a type of small conditional RNA or DNA
(scRNA and scDNA, respectively)). The hairpin motif is composed of three features: a

toehold, a double-stranded stem and a loop (Figure 1.1(a)). Strand displacement reac-
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Figure 1.1: Hairpin and toehold-mediated branch migration nomenclature and
schematics. 5° and 3’ polarity are di erentiated by an arrow representation of the 3’ end.
Letters marked with * are complementary to the corresponding unmarked letter (e.g., ‘a’ is
complementary to ‘a*”). Base-pairs are represented by a black line. (a) Hairpin schematic.
A hairpin consists of three domains: a single-stranded toehold, a double-stranded stem
and an unpaired loop. Letters represent domains in the structure (‘a’ is a toehold, ‘b’
and ‘b*’ compose the stem and ‘c’ is the loop). (b) Toehold-mediated strand displacement
schematic. The red strand (termed initiator) displaces the stem of the hairpin. Domain
‘a*’ of the initiator binds to toehold ‘a’ of the hairpin; next, branch migration occurs
and domain ‘b*’ of the initiator displaces domain ‘b*’ of the hairpin. The binding of the
initiator to the hairpin results in a new structure, initiator hairpin, with an exposed new
toehold ‘c’. Either ‘c’ or both ‘c -b*’ can serve to initiate a downstream reaction mediated
by another component (not shown).

tions cause the hairpin to change conformation and open up, resulting in a new initiator
that instead of being released is still bound to the initial initiator (Figure 1.1(b)). Using
hairpin-based cascades we have demonstrated autonomous locomotion [30], self-assembly
of branched dendrimers and catalytic self-assembly [28] and formation of a long dsDNA or
dsRNA polymer (hybridization chain reaction, HCR) [31, 32]. By functionalizing SCRNAs
with uorophores, a uorescent HCR polymer can be grown. This strategy was used for
multiplexed detection of uorescent in situ hybridization (FISH) with improved signal-to-
background compared to traditional FISH [32].

The focus of the work presented here is to expand the repertoire of applications available
from engineered nucleic acids using toehold-mediated strand displacement. Engineered
systems have the capacity to sense molecular cues (e.g., MRNA) and to produce an output

that leads to a change in the cell. Chapters 2, 3 and 4 present mechanisms with the aim
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of conditionally down-regulating gene expression via RNA interference (RNAI) in response
to detection of an input signal of an unrelated mMRNA molecule. Chapter 2 presents a
catalytic system based on scRNAs that generates an RNAIi e ector molecule in response
to an mRNA target. In Chapter 3 we examine some possible explanations as to why
conditional RNAI is not obtained in tissue culture. Chapter 4 presents a system based
on scDNAs that conditionally transcribes an RNAI e ector molecule. Finally, Chapter 5
expands upon the work presented by Choi et al. [32] to use uorescent scCRNAs as an
output signal for a sensitive, multiplexed northern blot detection of mMRNAs and miRNA:s.
The presented method has the potential to improve the study of transfected or expressed

ScRNAs described in Chapter 3.
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Chapter 2

Engineering a conditional catalytic
DsiRNA formation mechanism

2.1 Introduction

RNA is a versatile molecule responsible for many processes within a cell. It serves both as
a template and as a component responsible for protein translation, RNA processing and
as a regulatory element. Regulatory RNAs are non-coding RNAs (ncRNAs) that control
gene expression; control of gene expression may be initiated by ribozymes, riboswitches,
riboregulators, antisense and RNA interference (RNAI) [1]. In this work, RNA’s ability to
down-regulate gene expression through RNA interference (RNAI) [2, 3] is utilized. RNAI
has the potential to silence any gene, which has made it an attractive tool to probe gene
function and serve as a potential therapeutic [4{6].

RNAI is a mechanism of post transcriptional gene silencing, induced by small interfering
RNAs (siRNAs) in a sequence speci ¢ manner. siRNAs are short dsRNAs 21{25 nucleotides
in length, with a phosphate at the 5 end and a two-base overhang at the 3' end [7{
10]. siRNAs can be introduced directly into the cell or they may be processed in the
cytoplasm from long double-stranded RNAs (dsRNASs) or short-hairpin RNAs (ShRNAS)
by an RNaselll endonuclease called Dicer [11{13]. Following siRNA formation, a single

strand of the siRNA, the guide strand, is incorporated into a complex of proteins known
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as the RNA-induced silencing complex (RISC) [14], while the second strand, the passenger
strand, gets degraded [15{18]. Next, RISC uses the guide strand to nd the complementary
MRNA sequence via Watson-Crick base-pairing and endonucleolytically cleaves the target
MRNA [10, 19]. Once activated, RISC can undergo multiple rounds of mMRNA cleavage,
mediating a robust response against the target gene [20].

The logic operation RNAI implements using an siRNA for gene Y is: silence gene Y.
As a result, RNAI is constitutively on. This may pose a limitation on the study of essential
genes as well as therapeutics. There are several approaches for spatio-temporal control
of RNA.I, divided into \traditional and \engineered" approaches. Traditional approaches
include targeted delivery [21] and controlled shRNA expression either by tissue-speci ¢
promotors and/or activation/inactivation of promoters by small molecules or enzymatic
means [22{26] (discussed in Chapter 4). Engineered approaches rely on the use of non-
coding RNAs to control RNAI activity following detection of an input signal. These non-
coding RNAs harbor an RNAI e ector molecule which, in its initial state, may or may not
be functional. The presence of an input signal results in a conformational change of the
molecule allowing RNAI to be turned on or o .

Small molecules have been used as the input signal to obtain conditional RNAI in cells
[27{31]. These mechanisms use an aptamer as the input signal that controls RNAI. In
addition to conditionality, small molecule activators also allow the output signal to be
tuned (e.g., more ligand, stronger signal). Current small-ligand based mechanisms rely on
cellular expression of the non-coding RNA and exogenous addition of the input signal.

As an alternative to small molecules, nucleic acids can be used to control the confor-
mation of non-coding RNASs; this opens the possibility of controlling RNAI via endogenous
nucleic acids such as mRNA. Several groups have attempted to achieve this goal. Xie et
al. [32] have engineered a sensor that generates an siRNA in response to a 140-nt RNA in
Drosophila embryo cell-free extract. While the system succeeds in detecting a long RNA

molecule, the detection sequence di ers by two nucleotides from the sense strand of the
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output siRNA resulting in the logic: If gene Y is detected, silence gene Y?.

With careful design, a conditional RNAI system can be engineered to implement the

logic operation: If gene X is detected, silence independent gene Y.
So far, two systems [33, 34] have been designed toward this goal. While both designs detect
and silence two independent sequences, they rely on the use of a short synthetic target and
not on a full-length mRNA. In the rst system, Kumar et al. [34] based their design on
the miRNA pathway. In this pathway, a long stem-loop structure called primary-miRNA
is being processed by Drosha to produce a precursor-miRNA (pre-miRNA) which can
then be processed by Dicer [35, 36]. In their system, a non-coding RNA was expressed in
mammalian cells; upon the transfection of a short target X, the non-coding RNA underwent
a conformational change which resulted in the formation of a pri-miRNA. In the second
system, Masu et al. [33] engineered a system that, when annealed in a test tube with a short
synthetic RNA target X, generates a Dicer substrate. Neither system worked by detecting
an endogenous target. For RNAI activation in cells, the systems were either reacted outside
the cells or expressed inside the cells and triggered by addition of a chemically modi ed
synthetic target.

In this chapter, we present a conditional RNAi mechanism, that is intended to imple-
ments the logic: If gene X is detected, silence independent gene Y. Upon the detection of
MRNA X, the mechanism produces a Dicer substrate targeting gene Y. Conditional RNAI
activation is mediated by small conditional RNAs (scRNAs) through toehold-mediated
strand displacement. Activation of the mechanism is demonstrated in the presence of a
short synthetic nucleic acid target and full-length mRNA in a test tube. The mechanism
exhibits good ON-to-OFF ratio; in the absence of a detection target, minimal Dicer sub-
strate is formed. The Dicer substrate can be processed by Dicer in vitro while initial
and intermediate components remain intact. When generated in a test tube, the Dicer

substrate leads to down-regulation of gene expression in tissue culture.
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2.2 Mechanism

We envision a conditional RNAI mechanism based on Dicer processing. As such, the
output of the mechanism, the nal product, must be an RNAi e ector molecule: an siRNA,
ShRNA or longer dsRNA. A long dsRNA was chosen since it allows more exibility in the
design. Moreover, Kim et al. [37] have demonstrated that synthetic dsSRNA duplexes 25{30
nucleotides long are more potent RNAI activators than siRNAs. This enhanced potency
is attributed to the fact that longer dsRNAs are Dicer substrates, directly linking siRNA
production and incorporation into RISC.

Our mechanism is based on metastable hairpins. By metastable we mean that the
hairpin conformation is not the global minima and it is Kinetically trapped in a hairpin
state. A good mechanism should have good ON and OFF states. In the OFF state
the hairpins are kinetically trapped in the monomer state. In the presence of a detection
target (X) the mechanism is turned ON and the hairpins are \released" from their trap and
interact to form a Dicer substrate. The system components are hairpins with 3’ toeholds.
This way, as opposed to the mechanism presented in Appendix B, the siRNA antisense
sequence is never exposed as a single-stranded region during mechanism transduction and
therefore cannot interact with the silencing target prematurely.

The mechanism depicted in Figure 2.1, is an extension of the catalytic hairpin cascades
pioneered by Yin et al. [38]. The mechanism reactants consist of three hairpins: the rst
hairpin (A) detects the detection target X, while the other two hairpins (B and C) serve
to produce a Dicer substrate against the silencing target Y. In the presence of detection
target X, toehold ‘a*’ of hairpin A binds to ‘a’ of the detection target, initiating a branch
migration of hairpin A, ending in the complex X A and exposing ‘c’ on hairpin A (step
1, Figure 2.1). Next, toehold ‘c*’ of hairpin B binds to ‘c’ in the single-stranded region
of complex X A, followed by a branch migration leading to the opening of hairpin B and
to the formation of complex X A B, exposing ‘X’ on B (step 2, Figure 2.1). In the third

step, toehold ‘x*’ of hairpin C binds to ‘x’ in the single-stranded region of complex X A B,
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leading to a branch migration and formation of complex X A B C (step 3a, Figure 2.1).
Finally, entropy drives the release of complex B C from X A (step 3b, Figure 2.1). The
formed B C complex harbors the output signal, domains ‘v-w-x-y-z’, which serve as a
substrate for Dicer, triggering the RNAI pathway.

The output of the mechanism (B C in Figure 2.1) is inspired by Dicer substrate in-
terfering RNA (DsiRNA). Typical DsiRNAs contain a 25bp stem and a two nucleotide 3
overhang in the antisense strand [37, 39, 40]. The incorporation of a 3’ overhang on only
one end introduces a preference for Dicer processing to start from that end since Dicer acts
as a molecular ruler, measuring its cleavage site from the 3’ end overhang [39, 41]. Due to
design constraints, the B C nal product contains a longer stem and a 5° overhang instead
of a blunt end.

A notable feature of this mechanism is catalytic production of the nal Dicer substrate
B C. When complex B C dissociates from X A B C then X A is released (step 3b, Figure
2.1). The re-emergence of complex X A allows it to interact with a new B hairpin without
the need to detect a new target molecule. This way, the detection of one target molecule
(by one A hairpin) can lead to the formation of multiple Dicer substrates (B C duplexes),

limited by the amount of B and C hairpins present.

2.3 Design

The design follows the logic operation: If gene X is detected, silence independent gene
Y. As can be seen in Figure 2.1, complete sequence independence is observed between
the detection target X (Sequence ‘a-b-c-d’) and the silencing target Y (Ssequence ‘v-w-x-y-
Z’). This makes it possible to re-program the mechanism to detect and silence di erent
genes. The sequence design space is constrained by the detection and silencing targets. The
sequences are constrained by either the detection target (DsRed mRNA) or silencing target
(destabilized eGFP mRNA, d2EGFP) with the exception of domain ‘e’. The purpose of this

domain is to allow some structural exibility to the mRNA A B complex. Domain ‘e’ was
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Figure 2.1: Conditional catalytic DsiRNA formation schematic. The detection
target X is detected by hairpin A (step 1) initiating a cascade of reactions resulting in
the opening of hairpins B (step 2) and C (step 3a) leading to catalytic formation of Dicer
substrate B C (step 3b). Domain dimensions are listed.
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set initially as two nucleotides but it can be made longer, shorter or removed altogether.
Domain ‘d’ in the loop of hairpin A is part of the detection feature of the hairpin. The
purpose of this domain is to help hairpin A stay bound to the target by the addition of
extra binding through the loop. This segment can also be removed if deemed unnecessary.

Sequences were assigned to our structures using the concentration-based multi-state
design feature on NUPACK [42, 43](Wolfe, unpublished data). It was previously demon-
strated in our lab that region 591{623 of DsRed is a good detection region. We therefore
speci ed the design code to chose the detection sequence from this region. The siRNA
output was selected from the full-length eGFP coding region. To assign sequences to struc-
tures, the design code locates regions in the mRNA that minimize the sum of the ensemble
defect (a measurement of how far the system is from an ideal design) [43, 44]. Designed
structures include the initial hairpin components (A, B, C), the nal structure B C as well
as the structures produced in the rst and second steps (X A and X A B, respectively).
Concentration based design was used to ensure that structure X A B dominates over dimer
X A and monomer B in a dilute solution. The sequence segment ‘e’ that is not constrained
by the detection or silencing sequence was assigned by NUPACK to minimize the ensemble
defect.

Following the initial design of hairpins on NUPACK we used NUPACK'’s thermody-
namic analysis tools [42, 45{47] to pick the set of designed sequences that performed best
according to the design speci cations (starting materials form the correct structure and
that only desired complexes are formed). Based on thermodynamic analysis we then mod-
i ed the dimensions of hairpins B and C to improve the design. Two nucleotides were
removed from the 5' end of hairpin B and the corresponding two nucleotides were removed
from the toehold of hairpin C to ensure complementarity. This change made the stem of
hairpin B shorter while making the toehold longer and was predicted to improve the bind-
ing of hairpin B to complex Xshort A (Xshort COrresponds to the sequence of the detected

region on DsRed mRNA). To prevent Dicer from cleaving the starting and intermediate
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structures, we made the molecules shorter than a standard Dicer substrate and/or used
2-OMe modi cations.

Following initial in vitro studies (data not shown) the stem of hairpin C was shortened
by two nucleotides in order to obtain a longer toehold with the aim of improving conversion.
We also changed the 2"-OMe modi cation pattern of hairpin B. In the original design the
toehold of hairpin B was 2'-OMe while the rest of the hairpin was made of RNA. In the
second iteration, the toehold of hairpin B was changed to RNA and ve bases at the 3
end of the stem of hairpin B were changed to 2'-OMe. With this change we hoped to
achieve two goals: improve conversion and reduce leakage. When the toehold of hairpin
B binds to hairpin A we make 2'-OMe:RNA base-pairs rather than 2’-OMe:2'-OMe base-
pairs, potentially making a stronger bond which should improve our conversion. By placing
2'-OMe bases at the stem we change one end of the stem from RNA:RNA to RNA:2"-OMe,
again making a tighter bond [48, 49], which should reduce leakage. Alternative modi cation
patterns for all three hairpins were also explored (data not shown); we chose to proceed
with modi cations which resulted in the best ON:OFF ratios and did not lead to unwanted
Dicer cleavage of reactants.

Hairpin A is made entirely of 2°-OMe, hairpin B has a stem which is partially modi ed
with 2°-OMe and the stem of hairpin C is half RNA and half 2"-OMe. The sequences listed

in Table 2.1 are the nal versions used to generate the data presented in this chapter.

2.4 Results

2.4.1 In vitro studies
2.4.1.1 Study of ON:OFF properties of triggered Dicer substrate formation

A good mechanism is turned OFF in the absence of a detection target (hairpins do not
interact), while forming the nal product (Dicer substrate) in its ON state upon the pres-

ence of a detection target. We demonstrate the di erent steps of our mechanism using
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native polyacrylamide gel electrophoresis (Figure 2.2(a) and Figure A.1 in Appendix A).
In the OFF state, a minimal amount of Dicer substrate B C is produced. The OFF state is
represented either using no target (lane 4, Figure 2.2(a)), an o -target mRNA Z (GAPDH
MRNA, lane 9, Figure 2.2(a)) or the output silencing target Y (d2EGFP mRNA, lane 10,
Figure 2.2(a)). The silencing target was used as an OFF state measurement since both
B and C hairpins contain sequences that are complementary to d2EGFP and we wanted
to verify that the output target cannot turn the mechanism ON by reversing the steps of
the mechanism. In the ON state, the Dicer substrate B C is produced. The ON state is
demonstrated using both a short synthetic target (Xshort) and full-length DsRed mRNA
(X) (lanes 7,8 of Figure 2.2(a), respectively). The amount of B C formed in the ON and
OFF states is quanti ed and normalized relative to production using Xshort (Figure 2.2(a)

and Figure A.2 in Appendix A).

2.4.1.2 Study of the catalytic properties of the mechanism

To demonstrate the catalytic property of the mechanism we used sub-stoichiometric amounts
of Xshort to trigger the formation of complex B C. While the consumption of hairpin A is
limited by the amount of Xgnort, if the mechanism is indeed catalytic then B and C will
still be consumed. As expected, the amount of B C formed is greater than the amount of
Xshort present in the reaction; B and C are nearly consumed with as little as 0.3  Xghort
and roughly 50% are consumed with 0.1 Xgnhort Within two hours (Figure 2.2(b), left to
right and Figure A.3 in Appendix A). The amount of B C formed is quanti ed relative to
B C production using 1 Xghort-

2.4.1.3 Dicer cleavage assays

The nal product of our mechanism, complex B C, was designed to be processed by Dicer
to produce an siRNA. We show here that indeed the Dicer substrate can be cut by Dicer

while the initial and intermediate components remain uncut. Components in the absence
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Figure 2.2: Conditional catalytic DsiRNA formation in a test tube. (a) Condi-
tional Dicer substrate formation in vitro. ON and OFF states of the mechanism in the
presence of a short synthetic target Xqnhort (lane 7), DsRed mRNA target X (lane 8) , no tar-
get (lane 4), GAPDH o -target mRNA Z (lane 9) and silencing o -target mMRNA d2EGFP
Y (lane 10). (b) Catalytic Dicer substrate formation. Sub-stoichiometric amounts of target
Xshort generate above stoichiometric amounts of B C (target levels increase between lanes 1
through 4). All the lanes have a 0.5 M mixture of hairpins A, B and C. Plots represent the
normalized intensity of BC in each lane. Quanti cation was done as described in methods.












































































































































































































































































































































































































