103

Chapter 3.

A versatile cis-blocking strategy for ribozyme

characterization
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Abstract

Synthetic RNA control devices that utilize ribozyme-based actuator components
have been demonstrated in diverse organisms to regulate cellular behaviors in response to
environmental signals. The quantitative measurements of the in vitro cleavage rates
associated with these synthetic devices are essential for advancing our understanding of
the corresponding in vivo gene-regulatory activities. One of the key challenges in the
ribozyme characterization is the efficient generation of full-length RNA through
transcription reactions. Current methods of full-length RNA generation require a
laborious gel purification step. We developed a cis-blocking strategy that supports
efficient generation of full-length RNA by a simple gel-free process. We demonstrated
that our cis-blocking strategy is applicable to both natural ribozymes and synthetic
ribozyme devices. The cleavage rates obtained on the full-length RNA generated from
the cis-blocking strategy were characterized and closely correlated to those from the
trans-blocking strategy. We further developed a rapid, label-free cleavage assay based on
surface plasmon resonance (SPR). The SPR-based assay allows rapid monitoring of
ribozyme cleavage under varying reaction conditions. With further optimization and
development, our cis-blocking and SPR-based characterization strategies will provide a

powerful method for ribozyme characterization.
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3.1 INTRODUCTION

Synthetic biology is advancing the design of genetic circuits encoding desired
functions (1). As the proper functioning of synthetic genetic circuits often relies on the
precise control and tuning of key protein component levels, much effort in the field has
focused on developing programmable gene-regulatory devices. One class of gene-
regulatory devices, so called RNA control devices, utilize RNA molecules to link
changes in molecular signals to gene expression events. Progress in the fields of RNA
biology and engineering have allowed construction of RNA control devices through the
assembly of natural or synthetic components that encode more basic functions, such as
sensing, information transmission, and actuation (2). Because hammerhead ribozymes
can exhibit activity independent of cell-specific machinery, RNA control devices that
utilize ribozyme-based actuator components have been demonstrated in diverse
organisms spanning from bacterial, yeast, and mammalian systems to regulate cellular
behaviors in response to one or more environmental signals (3-6).

We recently described a modular ribozyme device platform based on the
functional coupling of three distinct components: an actuator encoded by a hammerhead
ribozyme from satellite RNA of tobacco ringspot virus (STRSV), a sensor encoded by an
RNA aptamer, and an information transmitter encoded by a sequence capable of a
programmed strand-displacement event (3) (Figure 3.1). The transmitter component
directs the device to partition between two primary functional conformations, where the
aptamer-folded conformation can be associated with the disruption or restoration of the
ribozyme catalytic core to construct ON (increased gene expression) or OFF (decreased

gene expression) devices, respectively, in response to ligand binding to the aptamer. The
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guantitative tuning of device regulatory dynamic range, which is set by the gene
expression activity in the absence and presence of input ligand, has been demonstrated to
be important for achieving effective control over phenotypic behaviors (see Chapter 2).
Computational models of ribozyme devices have predicted that the values of the
ribozyme cleavage rate can have substantial impact on the device gene-regulatory
activities (7). Therefore, quantitative measurements of the ribozyme cleavage rates are
essential to advance our understanding of the relationship between the in vitro cleavage

rates and the corresponding in vivo gene-regulatory activities.
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Figure 3.1 Modular composition of a synthetic ribozyme device. The ribozyme device is
constructed by linking a RNA aptamer (indicated in grey) to a hammerhead ribozyme
(indicated in white) through a programmed sequence (indicated in black) that directs a
strand-displacement event. The device can adopt two primary functional conformations,
in which the ribozyme-active conformation is associated with either aptamer-unformed or
aptamer—formed conformation to construct a ribozyme ON or OFF device, respectively.
In the case of a ribozyme ON device (depicted here), the device adopts a ribozyme-active
conformation in the absence of the input ligand, thereby leading to self-cleavage. In the
presence of the input ligand, binding of the ligand to the aptamer stabilizes a device
conformation in which the ribozyme catalytic core is disrupted, thus resulting in no
cleavage. Secondary structures were rendered using VARNA software (8).
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A key challenge in characterizing ribozyme cleavage rates is in the efficient
generation of full-length RNA for ribozyme constructs, including natural ribozymes and
synthetic ribozyme devices, by in vitro T7 transcription reactions. Typical transcription
reactions require high MgCl, (~mM) to achieve sufficient yield, conditions at which most
ribozyme constructs exhibit high cleavage activity, thereby resulting in low yield of full-
length RNA for the downstream Kinetic analysis. In early characterization studies of
natural ribozymes, researchers split the whole ribozyme sequence into an enzyme and a
substrate strand (9,10). The two strands were transcribed separately and annealed to
generate the functional two-stranded ribozyme complex. One disadvantage of this
strategy is that experimental conditions need to be optimized to ensure that the measured
cleavage rate is not affected by the association step between the two strands (11). Later,
researchers developed a trans-blocking strategy to generate full-length single-stranded
ribozyme transcripts by transcription reactions in the presence of an antisense DNA
strand complementary to the ribozyme catalytic core. Full-length trans-blocked RNA was
purified through polyacrylamide gel electrophoresis (PAGE) under denaturing conditions
and renatured prior to cleavage assays (9,12). Although this strategy allows
characterization of a ribozyme in its native conformation, previous studies have shown
that the gel-purified full-length RNA was still capable of cleaving during sample
handling, resulting in an ~30% loss prior to cleavage assays, and ~50% of the remaining
full-length RNA does not exhibit cleavage activity (9). Therefore, a more efficient
ribozyme-blocking strategy is desired.

As the kinetics of ribozyme cleavage are slow relative to many protein enzymes,

ribozyme cleavage rates are typically measured through a gel electrophoretic separation
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method (11,12). The cleavage reaction is initiated by the addition of MgCl, to the
radiolabelled full-length RNA and quenched at different time points. The quenched
samples are resolved by denaturing PAGE to determine the fraction RNA cleaved as a
function of time, which are fit to a first-order exponential equation to obtain the cleavage
rate. Because the gel-based ribozyme cleavage assay is discontinuous, several time points
are required in the initial as well as the final phase of the reaction for proper analysis,
thereby making the gel-based assay a time-consuming process. A continuous ribozyme
cleavage assay based on the intramolecular fluorescence resonance energy transfer
(FRET) has been developed and applied to characterize ribozyme cleavage rates (13,14).
However, the FRET-based cleavage assay requires labeling of RNA molecules with
appropriate fluorophores and is currently limited to the characterization of two-stranded
ribozyme complexes only.

Advances in biosensor technologies have led to the development of the Biacore
platform based on surface plasmon resonance (SPR) for real-time detection of
biomolecular interactions (15). The Biacore platform utilizes a sensor surface modified
with one molecule and measures the refractive index change, which is associated with the
local mass density change, due to the association or dissociation of another molecule in
solution. The refractive index change is converted into an SPR signal, which is expressed
in resonance units (RU), and fitted to a mathematical model to acquire thermodynamic
and Kkinetic parameters. The Biacore platform requires no labeling of molecules,
consumes little sample, and is highly-automated, thus making it an attractive tool for

developing novel ribozyme characterization strategies.
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In this work, we developed a simple two-step gel-free process that allows efficient
generation of full-length transcription products for diverse ribozyme constructs. We
designed an RNA sequence that was directly incorporated into the target transcript to co-
transcriptionally inhibit the formation of the ribozyme-active conformations. The
catalytic activity of the RNA was restored by the use of a DNA competing strand to
activate the blocked RNA through a fast toehold-mediated strand-displacement reaction.
We demonstrated our cis-blocking strategy to generate full-length RNA transcripts for
various natural ribozymes and synthetic ribozyme devices, with a blocking efficiency of
up to ~90%. We performed gel-based cleavage assays to measure the cleavage rates of
RNA generated from the cis-blocking strategy and compared these rates to those obtained
from the more traditional trans-blocking strategy. The two rates were closely correlated,
but further optimization of gel-based assays on RNA generated from the cis-blocking
strategy is needed. Lastly, we described a label-free and real-time SPR-based ribozyme
cleavage assay. Initial results suggested that the SPR-based cleavage assay can provide a

rapid and quantitative alternative to the traditional gel-based assay.

3.2 RESULTS
3.2.1 A cis-acting RNA blocking sequence supports inhibition of ribozyme cleavage
during transcription

To prevent ribozyme constructs from cleaving during transcription, we developed
a new strategy to inhibit the formation of ribozyme-active conformation co-
transcriptionally. We illustrated our strategy using a hammerhead ribozyme from satellite
RNA of tobacco ringspot virus (STRSV) as an example (Figure 3.2A). We rationally

designed a 12 nt RNA blocking sequence that is complementary to part of the STRSV
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ribozyme transcript (Figure 3.2A). The RNA blocking sequence was inserted in the 5’

end of the STRSV ribozyme transcript to generate a cis-blocked STRSV construct. As the

RNA is being synthesized, the blocking sequence is capable of competitively hybridizing

to the targeted ribozyme sequence, thus preventing the transcribed RNA from adopting a

ribozyme-active conformation (Figure 3.2A).

Blocking
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Figure 3.2 Development of the cis-blocking strategy to generate full-length RNA through
transcription reactions. The cis-blocking strategy is demonstrated on a STRSV ribozyme
construct. The arrow indicates the cleavage site. (A) RNA blocking (indicated in red) and
activation sequences (indicated in yellow) complementary to part of the ribozyme
(indicated in grey) are directly incorporated in the 5° end of the ribozyme transcript and
can inhibit the ribozyme construct from folding into the active conformation during the
transcription reaction. (B) The cis-blocked ribozyme construct can be relieved by the
addition of a DNA activator strand (indicated in brown), which competes with the
blocking sequence to bind to the ribozyme sequence through a toehold-mediated strand-
displacement reaction. As shown here, the fully hybridized ribozyme construct with the
activator results in the ribozyme-active conformation. Secondary structures were
predicted by RNAstructure folding software (16) and rendered using VARNA software

(8).
3.2.2 A trans-acting DNA activator allows release of blocked RNA through a strand-
displacement reaction

To activate the blocked sTRSV RNA for subsequent cleavage assays, we
rationally designed a 10 nt RNA activation sequence as a single-stranded domain directly
attached to the 5° end of the RNA blocking sequence (Figure 3.2A). The RNA activation
sequence serves as a toehold to allow for the design of a DNA activator complementary
to the RNA blocking sequence (Figure 3.2B). A toehold length between 5-10 nt has been
demonstrated to enhance the rate of strand-displacement reaction by ~10° fold (17). The
DNA activator can sequester the RNA blocking sequence through a fast toehold-
mediated strand-displacement reaction, thus activating the blocked RNA for subsequent

cleavage assays.

3.2.3 A RNA stabilizing sequence allows tuning of blocking efficiency
We tuned the strength of the competitive hybridization between the RNA
blocking and targeted ribozyme sequences by introducing a stabilizing sequence at the 3’

end of the sTRSV construct (Figure 3.2A). The stabilizing sequence is designed to
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hybridize to the RNA activation sequence, such that the thermal stability of the blocked
conformation can be tuned by varying the length of the stabilizing sequence. We
increased the length of the stabilizing sequence from 4 to 14 nt to generate a variety of
cis-blocked sTRSV constructs (Supplementary Figure S3.1). The blocking efficiency of
the resultant STRSV construct variants were determined by analyzing the transcription
products by PAGE analysis (Figure 3.3A). By adding 4 nt to the originally designed
stabilizing sequence (STRSV-4 construct), we increased the uncleaved RNA percentage
to ~90% from the transcription reaction. These results support that the cis-blocking
strategy is efficient in inhibiting ribozyme cleavage during transcription.

We examined the efficacy of the toehold-mediated activation strategy by
incubating the cis-blocked sTRSV construct variants at 5 mM MgCl; in the absence and
presence of the activator strand for 30 minutes at 25°C (Figure 3.3A). In the absence of
the activator strand, no cleavage was observed even at high MgCl,, indicating that the
RNA was incapable of spontaneously releasing itself from the blocked conformation. In
the presence of the activator strand, however, up to ~80% of the constructs with a toehold
length between 4-6 nt cleaved. Little cleavage was observed for constructs with a toehold
length between 0-2 nt, suggesting that the rate of strand-displacement reaction is too slow
to allow effective activation of the blocked RNA (17). These results highlight that our
cis-blocking strategy is efficient in generating full-length functional RNA through two

simple steps: transcription and activation.
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Figure 3.3 Quantification of the blocking efficiencies of the cis-blocking strategy on cis-
blocked ribozyme constructs. (A) The cis-blocked sTRSV construct variants
(Supplementary Figure S1) were incubated in: (i) HBS-EP buffer (10 mM HEPES, 150
mM NaCl, 3 mM EDTA, 0.05% P20, pH 7.4) (first lane); (ii) HBS-N buffer (10 mM
HEPES and 150 mM NaCl, pH 7.4) in the presence of 5 mM MgCI, for 30 minutes at
25°C (second lane); (iii) HBS-N buffer in the presence of 5 mM MgCl, and 6 uM
activator for 30 minutes at 25°C (third lane). The fraction of uncleaved fragment is
determined through phosphorimaging analysis. A black vertical bar is used to denote
samples run on different gels. (B) The blocking and activation sequences designed for the
STRSV ribozyme were directly incorporated into different synthetic ribozyme devices
(L2bl, L2b5, L2b8, L2bOFF1, and L2b8tc) (Supplementary Figure S3.2). The
transcription products of these constructs were analyzed as described for the cis-blocked
STRSV constructs. For clarity, only the full-length and 3’ cleaved products are shown.

3.2.4 The sTRSV-blocking sequence provides a modular strategy for inhibiting
cleavage of STRSV ribozyme-based devices

Because the designed RNA blocking sequence targets only the STRSV ribozyme,

it is expected that the cis-blocking strategy can be applied to generate full-length RNA



115

for the STRSV-based ribozyme devices. We inserted the RNA blocking and activation
sequences in several previously characterized ribozyme devices composed of different
sensors, transmitters, and actuators to generate the corresponding cis-blocked L2b1, L2b5,
L2b8, L2b8-al, L2bOFF1, and L2b8tc constructs (see Chapter 2) (Supplementary Figure
S3.2). The transcription products of these constructs were diluted in HBS-EP buffer and
analyzed on the gel to determine the blocking efficiencies (Figure 3.3B). Up to 90% of
the total transcribed RNA was uncleaved, supporting that the RNA blocking sequence is
modular to constructs based on the same ribozyme. In contrast, performing transcription
reactions on a ribozyme construct without the blocking sequence resulted in significant
cleavage (Supplementary Figure S3.3). The cis-blocked constructs were further incubated
at 5 mM MgCl; in the absence and presence of the activator strand for 30 minutes at 25°C
(Figure 3.3B). Similarly, the blocked constructs required both the presence of MgCl, and
activator to cleave. Up to ~80% of the full-length blocked RNA was released by the
activator and cleaved, supporting that the activation sequence optimized for the STRSV

ribozyme is modular to the corresponding ribozyme devices as well.

3.2.5 Full-length RNA generated through cis- and trans-blocking strategies exhibits
comparable cleavage rates

We next examined the cleavage rates (k) measured for the full-length RNA
generated from the cis-blocking strategies. The gel-based cleavage assays were
performed at physiologically-relevant reaction conditions (500 uM MgCl,, 100 mM NacCl,
and 50 mM Tris-HCI (pH 7.0)) at 37°C (Supplementary Figure S3.4). The blocked RNA
was activated by incubating with the DNA activator strands prior to addition of MgCl,.

The cleavage rate constants were obtained for the L2b8 (0.063, 0.008 min™) and L2b8-al
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(0.351, 0.043 min™) constructs in the absence and presence of 5 mM theophylline,
respectively (Figure 3.4A). These rates were compared to those previously obtained on
the full-length RNA generated from standard trans-blocking strategies requiring PAGE
purification of the blocked RNA strands (see Chapter 2) (Figure 3.4B). A correlation
analysis between the cleavage rates determined through these two methods indicates a
strong positive correlation (Pearson coefficient, r = 0.9999). However, the cleavage rates
associated with the cis-blocking strategy are slower than those associated with the trans-
blocking strategy. We postulate that the hybridizing reaction between the cis-blocked
RNA and the activator strand may result in a slower apparent cleavage rate, thus
requiring a longer incubation prior to the initiation of the cleavage reaction to allow

complete activation of the RNA.
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Figure 3.4 Comparison of the ribozyme cleavage rates on full-length RNA generated
from different blocking strategies. (A) Gel-based cleavage assays were performed on the
cis-blocked L2b8 and L2b8-al constructs at 37°C with 500 uM MgCl,, 100 mM NacCl,
50 mM Tris-HCI (pH 7.0). Cleavage rate constants (k) and errors are reported as the
mean and standard deviation from at least three independent assays. The cleavage rate
constants for the trans-blocked L2b8 (0.14, 0.025 min™) and L2b8-al (0.7, 0.1 min™)
constructs were characterized previously at the same reaction conditions in the absence
and presence of 5 mM theophylline, respectively (see Chapter 2). (B) Correlation analysis
of cleavage rates of full-length RNA generated from the cis- and trans-blocking strategies
indicates a strong correlation between these two rates; Pearson correlation coefficient (r)
of 0.9999.
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3.2.6 A label-free SPR-based assay to support rapid monitoring of ribozyme
cleavage

Our cis-blocking and trans-activating strategies allow the development of a label-
free and continuous cleavage assay based on the Biacore sensor platform (Figure 3.5).
We generated a reaction sensor surface by covalently linking the DNA activator strand to
the sensor surface (Figure 3.5A). The reaction sensor surface then allows both the capture
and activation of the cis-blocked RNA through programmed hybridization interactions
(Figure 3.5B). The capture of RNA is monitored in real time and represented as an
increase in the SPR signal due to increased mass density near the sensor surface. The
cleavage reaction is initiated by the injection of a buffer containing MgCl, (Figure 3.5C).
Cleavage of the RNA results in a 3’ cleaved fragment that is weakly hybridized to the
immobilized DNA activator strand through five bases (14). Therefore, the 3° cleavage
fragment rapidly dissociates, resulting in a decrease in the SPR signal due to decreased
mass density near the sensor surface. The observed RNA dissociation rate, which reflects
how fast the ribozyme construct cleaves, is obtained by fitting the sensorgram to a first-
order exponential decay equation. Because the DNA-based reaction sensor surface is
highly stable, the surface can be regenerated by an injection of nuclei acid denaturants
(i.e., NaOH) to remove residual RNA and reused for the next cleavage assay (Figure

3.5D).
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Figure 3.5 Schematic of the SPR-based ribozyme cleavage assay. (A) A sensor surface
for ribozyme cleavage characterization is generated by conjugating the DNA activator
strand directly to the chip surface. (B) The blocked ribozyme construct is injected over
the activator-coated surface, and the hybridization interaction between the ribozyme
construct and the activator, resulting in an increase in SPR signal, represented by
resonance units (RU). The hybridization of the ribozyme constructs allows the activated
of the blocked RNA. (C) The cleavage reaction is initiated by the injection of buffers
containing MgCl, over the sensor surface. Ribozyme cleavage results in a quick
dissociation of the 3’ cleaved fragment, resulting in a decrease in SPR signal. The
observed RNA dissociation rate is obtained by fitting the injection portion of the
sensorgram to a first-order exponential decay equation (see Materials and Methods). (D)
Finally, the surface is regenerated by an injection of 25 mM NaOH to remove residual
RNA for the next assay.

3.2.7 The observed RNA dissociation rates are closely correlated to the cleavage
rates obtained through the gel-based assay

We applied the SPR-based cleavage assays to monitor the cleavage of cis-blocked
STRSV, L2b8, and L2b8-al constructs under similar reaction conditions used for the gel-
based cleavage assays (Supplementary Figure S3.5). The reactions were initiated by
injecting buffers (500 uM MgCl,, 100 mM NaCl, and 50 mM Tris-HCI (pH 7.0))

containing: (i) no MgCl,; (ii) 500 uM MgCly; and (iii) 500 uM MgCl, and 5 mM
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theophylline (Figure 3.6A). Previous ribozyme kinetic studies have demonstrated that
much higher NaCl concentrations (>4 M) are required for ribozymes to exhibit cleavage
activities (18). Thus, the ribozyme constructs are expected to exhibit little cleavage
activity in the absence of MgCl, (reaction condition (i)), and the decrease in SPR signal
over the course of injection is solely contributed by spontaneous RNA dissociation (full-
length and 5’ cleavage fragments) from the activator strands.

The RNA dissociations rates were obtained through model fitting for each
construct under different reaction condition (Figure 3.6B). The measured spontaneous
RNA dissociation rates (reaction condition (i)) ranged from 0.05 to 0.18 min™. The
presence of theophylline has little nonspecific effect on the observed dissociation rates by
examining the rates obtained for the STRSV construct in the absence (1.66 min™) and
presence (1.54 min™®) of 5 mM theophylline. The observed RNA dissociation rates
obtained for L2b8 (0.13, 0.09 min™) and L2b8-al (0.55, 0.17 min™) in the absence and
presence of 5 mM theophylline, respectively, were generally in close agreement with
those obtained through the trans-blocking gel-based assays (Figure 3.4B). However, the
measured RNA dissociation rate (0.09 min™) for the L2b8 construct in the presence of
theophylline was significantly greater than the corresponding gel-based cleavage rate
(0.025 min™) obtained from the trans-blocking strategy, and was comparable to the
spontaneous RNA dissociation rate (0.05 min™) measured in the absence of MgCl,. This
result suggests that our current SPR-based assay is limited by the spontaneous
dissociation of RNA from the sensor surface, and thus may not be applicable to

characterize ribozyme constructs that exhibit slow cleavage rates.
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Figure 3.6 The observed RNA dissociation rate are closely correlated to the
corresponding cleavage rates. (A) The SPR-based assays were performed on the cis-
blocked sTRSV, L2b8, and L2b8-al constructs. The reactions were initiated by injecting
buffers (500 uM MgCl;, 100 mM NaCl, and 50 mM Tris-HCI (pH 7.0)) containing: (i) no
MgCly,; (ii) 500 uM MgCl,; and (iii) 500 uM MgCl; and 5 mM theophylline. A
representative sensorgram for the characterization of the L2b8-al construct at three
different assay conditions is shown here. The detailed assay steps are indicated. (B) The
injection portions of the sensorgrams were fit to a first-order decay equation to obtain the
RNA dissociation rate constants (kd) (Supplementary Figure S3.5). RNA dissociation rate
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constants and errors are reported as the mean and standard deviation from at least three
independent assays.
3.3 DISCUSSION

We described a ribozyme-blocking strategy to support efficient generation of full-
length RNA transcripts containing ribozyme constructs through in vitro transcription
reactions. In contrast to the traditional trans-blocking strategy that requires laborious
PAGE purification process for the recovery of full-length transcription products, our cis-
blocking strategy offers a rapid two-step process (transcription and activation) to yield
large quantities of full-length RNA. We demonstrated the cis-blocking strategy on a
variety of different ribozyme elements, including natural ribozymes and synthetic
ribozyme devices. The cleavage rate constants associated with the full-length RNA
generated from the cis- and trans- blocking strategies were shown to be in close
agreement and correlate with one another, thus supporting our cis-blocking strategy as an
efficient method for ribozyme characterization.

We employed a robust toehold-mediated strand-displacement reaction to facilitate
the activation of RNA. A similar toehold-mediated activation mechanism has been
applied to the kinetic study of the hepatitis delta virus (HDV) ribozyme through the use
of antisense oligomers that target the upstream natural cis-blocking sequence (19). We
rationally designed the blocking, activation, and stabilizing sequences to achieve an
optimal blocking efficiency up to ~90% for the sSTRSV ribozyme. Previous Kinetic
studies on the STRSV ribozyme have shown that ~50% of the full-length RNA generated
by the trans-blocking strategy remained uncleaved at the end of reaction (9). In contrast,

the full-length RNA generated by our cis-blocking strategy resulted in only ~16%



123

uncleaved products at the end of reaction, suggesting that full-length RNA prepared by
our method is less prone to misfolding.

Our cis-blocking strategy utilizes a trans-acting DNA strand to activate the
blocked RNA, allowing the development of an ‘on-chip’ activation strategy by generating
a reaction surface immobilized with DNA activator strands. We developed a rapid, label-
free cleavage assay based on SPR, which allows real-time monitoring of ribozyme
cleavage. Our SPR-based assay offers several unique advantages over the more
traditional gel-based assay in that: (i) it requires no radioactivity; (ii) it requires little
material (microfluidics-based flow system); and (iii) it is highly automatable. However,
to broaden the utility of our SPR-based strategy for the quantification of ribozyme
cleavage rates, efforts need to be made to address several immediate challenges. Our
strategy is currently based on a capture-based sensor surface. Although such strategy
allows the reuse of the surface by regeneration, the measured observed RNA dissociation
rate is contributed to both cleavage-dependent (3’ cleaved fragments) and spontaneous
(full-length and 5’ cleaved fragments) dissociation rates. Thus, the spontaneous RNA
dissociation rate prevents the quantitative measurement of cleavage rates solely based on
the SPR-based assays. In addition, our current SPR-based assay is limited by the
maximum injection volume allowed for the given instrument, which presents a challenge
for the characterization of ribozyme constructs exhibiting low cleavage activities (thus
requiring a longer injection).

To allow direct measurement of cleavage rates through the SPR-based assays,
efforts can be directed toward enhancing the stability of the hybridization reaction

between the RNA and the DNA activator strand by extending the length of the RNA
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activation sequence through its 5° end. Further optimization of the blocking and
stabilizing sequences may be necessary to ensure that a longer activation sequence does
not interact nonspecifically with neighboring sequences, thus impacting the blocking
efficiency. Alternative activator backbone, such as peptide nucleic acid (PNA), may also
be considered to enhance the stability of the RNA-captured sensor surface, as the PNA-
RNA duplex has been shown to exhibit greater thermal stability than the corresponding
PNA-DNA and DNA-DNA duplexes (20). To expand the range of cleavage activities that
can be analyzed by the SPR-based assays, strategies that allow a longer reaction have
been described by either directly using the characterization buffer as the instrument
running buffer (thus requiring no injection of the characterization buffer) or modifying
the SPR instrument with an external peristaltic pump (21). With further development and
optimization, the SPR-based cleavage assay will offer a powerful strategy for rapidly
quantifying cleavage rates for a wide variety of ribozyme constructs, thereby supporting

the functional design of RNA for diverse applications.

3.4 MATERIALS AND METHODS
3.4.1 Preparation of DNA templates for T7 transcription reaction

DNA synthesis was performed by Integrated DNA Technologies (Coralville, 1A)
or the Protein and Nucleic Acid Facility (Stanford, CA). PCR products were used as
DNA templates for in vitro T7 transcription reaction. For the cis-blocking strategy, PCR
products were amplified from templates using forward primer T7-fwd (5°’-
TTCTAATACGACTCACTATAGG) and corresponding reverse primers that are specific

to each construct (Supplementary Table S3.1), respectively.
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3.4.2 Generation of full-length RNA through cis-blocking strategy

A total of 1-2 pug of PCR product was transcribed in a 25 ul reaction, consisting of
the following components: 1XRNA Pol Reaction Buffer (New England Biolabs, Ipswich,
MA), 2.5 mM of each rNTP, 1 ul RNaseOUT (Invitrogen, Carlsbad, CA), 10 mM MgCl,,
1 ul T7 Polymerase (New England Biolabs), and 0.5 pCi « -**P-GTP (MP Biomedicals,
Solon, OH). After incubation at 37°C for 2 hr, NucAway Spin Columns (Ambion, Austin,
TX) were used to remove unincorporated nucleotides from the transcription reactions
according to manufacturer’s instructions. The transcription products were purified with
the RNA Clean & Concentrator'™-5 (Zymo Research, Irvine, CA) kit according to

manufacturer’s instructions.

3.4.3 Gel-based ribozyme cleavage assays
All gel-based ribozyme cleavage assays were performed in a physiologically-
relevant reaction buffer composed of 500 uM MgCl,, 100 mM NaCl, and 50 mM Tris-

HCI (pH 7.0) at 37°C. Full-length RNA generated from the cis-blocking strategy were

first incubated with 60 pmol DNA activator strand (5’- AAACAACTTTGTTTGTTTCC
CCC) for 2 min to activate the blocked RNA. Full-length RNA generated from the trans-
blocking strategy were incubated at 95°C for 5 min, cooled at a rate of -1.3°C to 37°C,
and held there for 10 min to allow equilibration of secondary structure. A zero time-point
aliquot was taken prior to initiating the self-cleavage reaction with the addition of MgCl..
Reactions were quenched at specified time points with addition of 3 volumes of RNA
stop/load buffer (95% formamide, 30 mM EDTA, 0.25% bromophenol blue, 0.25%

xylene cyanol) on ice. Samples were heated to 95°C for 5 min, snap cooled on ice for 5



126

min, and size-fractionated on a denaturing (8.3 M Urea) 10% polyacrylamide gel at 25 W
for 45 to 60 min. Gels were exposed overnight on a phosphor screen and imaged on a FX
Molecular Imager (Bio-Rad, Hercules, CA). The relative levels of the full-length
transcript and cleaved products were determined by phosphorimaging analysis. The
cleaved product fraction at each time point (F;) was fit to the single exponential equation
Fo=Fo+ (Fo— Fo)x(1— €™ using Prism 5 (GraphPad), where Fy and F., are the fractions
cleaved before the start of the reaction and at the reaction endpoint, respectively, and k is
the first-order rate constant of self-cleavage. All reported cleavage rates are the mean of

at least three independent experiments.

3.4.4 Biacore sensor chip surface generation
Biosensor experiments were performed on a Biacore X100 instrument (Biacore,
Uppsala, Sweden). A CM5 sensor chip (Biacore) was docked in the Biacore X100 and

equilibrated with HBS-N buffer at 25°C. The DNA activator strand (5°-

AAACAACTTTGTTTGTTTCCCCC-/AmMMOY/), with an amino modification on its 3’
end, was immobilized to the chip surface via standard amine-coupling chemistry. Briefly,
the carboxymethyl surface of the CM5 chip was activated for 7 min at a flow rate of 5
pl/min using a 1:1 volume ratio of 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (Biacore) and 0.1 M N-hydroxysuccinimide (Biacore). A molar ratio of
1:60 of DNA activator to cetyl trimethylammonium bromide (Amresco, Solon, OH) was
diluted in 10 mM HEPES buffer (Sigma, St. Louis, MO) to a final concentration of 10
uM and 0.6 mM, respectively, and injected over the activated surface for 10 min at a flow

rate of 5 ul/min. Excess activated groups were blocked by an injection of 1 M
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ethanolamine (Biacore), pH 8.5, for 7 min at a flow rate of 5 ul/min. The immobilization
reaction was performed on both flow cells (FC1, FC2), where FC1 was used as a
reference cell to correct for bulk refractive index changes, matrix effects, nonspecific
binding, injection noise and baseline drift (22). Approximately 1600 RU of the activator

strand was immobilized using this protocol.

3.4.5 Label-free SPR-based ribozyme cleavage assays

Full-length  RNA was prepared by the cis-blocking strategy without the
radiolabelled nucleotides. The Biacore X100 instrument was equilibrated with the
physiologically-relevant reaction buffer at 37°C prior to all ribozyme cleavage assays.
The SPR baseline was stabilized by performing 2-5 startup cycles, each cycle includes a
capture and a regeneration step. The capture step was performed by an injection of a total
of 10-25 ng transcribed RNA diluted in the reaction buffer over the reaction flow cell
(FC2) for 1 min at a flow rate of 10 pl/min. The capture step typically yielded ~50-300
RU of the SPR signal for the described constructs. The regeneration step was performed
by an injection of 25 mM NaOH over both flow cells for 30 sec at a flow rate of 30
ul/min,

Following the startup cycles, assay cycles were performed. Each assay cycle
includes a capture, a reaction, and a regeneration step. The capture and regeneration steps
were performed the same as those in the startup cycle. The reaction step was performed
by an injection of the running buffer or running buffers containing 500 uM MgCl, with or
without 5 mM theophylline over both FCs for 5 min at a flow rate of 10 ul/min. Biacore

sensorgram processing and analysis were performed using Biacore X100 Evaluation
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Software v2.0 (Biacore). Due to the slight time delay at which injected analyte reaches
the respective flow cells, the resultant sharp spikes at the beginning and the end of
injection were excluded from the analysis (23). The processed sensorgram (R) was fit to a

simple exponential equation R = Rox(e™*™

- 1) + offset, where R (fit globally for a given
replicate) is the initial SPR signal before the cleavage reaction, offset (fit locally for a
given replicate) is the residual response at the end of the cleavage reaction, and kd is the

first-order RNA dissociation rate constant. Reported values are the mean of at least three

independent experiments.
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3.5 Supplementary Information

Cis-Blocked Construct

sTRSV

sTRSV-2
sTRSV-4
sTRSV-6
sTRSV-8

sTRSV-10

Supplementary Figure S3.1 Cis-blocked sTRSV constructs with varying stabilizing
sequence length. The stabilizing sequence in the cis-blocked sTRSV construct (Figure 3.2)
is increased in 2 nt increment to generate STRSV-2, -4, -6, -8, and -10 constructs
(Supplementary Table S3.1). The targeted ribozyme sequence, and the RNA blocking,
activation, and stabilizing sequences are indicated in grey, red, yellow, and black,
respectively. The additional 2, 4, 6, 8, and 10 nt to the stabilizing sequence in the original
cis-blocked sTRSV construct results in a toehold length of 8, 6, 4, 2, and 0 nt,
respectively.
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Supplementary Figure S3.2 Cis-blocked constructs for synthetic ribozyme devices
composed of different functional RNA components. The same blocking (targeting the
same STRSV ribozyme sequence), activation, and stabilizing sequences shown in Figure
2 were directly incorporated into the synthetic ribozyme devices to generate the
corresponding cis-blocked ribozyme constructs (Supplementary Table S3.1). The targeted
ribozyme sequence, RNA blocking, activation, stabilizing sequences, and DNA activator
are indicated in grey, red, yellow, black, and brown, respectively, for the (A) L2b8
construct. The sensor (RNA aptamer), transmitter, and actuator (STRSV ribozyme) in the
L2b8 construct are indicated in green, blue, and white, respectively. For the subsequent
constructs, only components that are different from those in the L2b8 device are indicated
in brown. The blocked (top) and activated (bottom) conformations are shown for each
construct. The (A) L2b8, (B) L2b1, and (C) L2b5 devices are theophylline-responsive
ribozyme ON devices that differ slightly in the transmitter sequences. The (D) L2b8-al
device was modified from the L2b8 device by incorporating a ribozyme variant that
exhibits improved cleavage activity (see Chapter 2). The (E) L2bOFF1 device is a
theophylline-responsive ribozyme OFF device that is composed of a transmitter sequence
that is different from those in the ribozyme ON devices. The (F) L2b8tc device is a
tetracycline-responsive ribozyme ON device that was generated by directly replacing the
theophylline aptamer in the L2b8 device with the tetracycline aptamer (see Chapter 2).
Secondary structures were predicted by RNAstructure folding software (16) and rendered
using VARNA software (8).
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L2Theo
L2b8 L2Theo Contl

theophylline - +
full length
, -
3’ cleaved - —
5’ cleaved

Supplementary Figure S3.3 Gel analysis of the transcription products for the L2b8
construct without the cis-blocking sequence. PCR products, which were used as DNA
templates for in vitro T7 transcription reactions, were amplified using forward and
reverse primers T7-L1-2-fwd (5’- TTCTAATACGACTCACTATAGGGACCTAGGAA
ACAAACAAAGCTGTCACC) and L1-2-rev (5-GGCTCGAGTTTTTATTTTTCTTTT
TGCTGTTTCG), respectively. The transcription reactions were performed in the absence
and presence of 5 mM theophylline at the same reaction conditions as described for the
generation of cis-blocked RNA (see Materials and Methods). A previously described
non-switch control, L2Theo (3), which lacks the transmitter sequence in the L2b8 device
(thus only adopting the ribozyme-inactive conformation and cleaves) was transcribed,
resulting in 5° (25 nt) and 3’ (109 nt) cleaved fragments. In addition, a ribozyme-inactive
control, L2Theo Contl, generated by randomizing the ribozyme catalytic core in the
L2Theo construct (thus abolishing the ribozyme cleavage activity) was transcribed,
resulting in a full-length fragment (134 nt). The transcription products were size-
fractionated on a denaturing (7 M urea) 10% polyacrylamide gel at 25 W for 45 min and
imaged by phosphorimaging analysis. The transcription of the L2b8 construct without the
cis-blocking sequence resulted in 5” (25 nt) and 3’ (116 nt) cleavage fragments, and little
full-length (141 nt) fragment was observed.
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Supplementary Figure S3.4 Representative gel-based cleavage assays for measuring
cleavage rate constants (k) for RNA generated from the cis-blocking strategy. A
representative assay is shown for each cis-blocked construct in the absence and presence
(0 and 5 mM, respectively) of theophylline: (A) L2b8 and (B) L2b8-al. Bands for the
full-length uncleaved substrate (UC) and longer cleaved product (3°C) are shown, the
shorter 5°C product is omitted from the inset image for clarity. Methods used to prepare



139

full-length, uncleaved RNA transcripts and conditions of the cleavage assays are detailed
in the Materials and Methods section of the main text. Briefly, cis-blocked RNA was
incubated with the DNA activator in a buffer (100 mM NaCl, 50 mM Tris-HCI (pH 7.0))
for 2 min to activate the blocked RNA. A zero time point aliquot was removed prior to
initiating the reaction with addition of MgCl, to a final concentration of 500 uM.
Reactions were quenched at the indicated time points. Phosphorimaging analysis of
relative levels of the UC, 5°C, and 3’C bands was used to determine the fraction cleaved
at each time point (F). The fraction cleaved at the beginning (Fo) and end of reaction (F..)
varied between assays, but all assays were well-fit to the single exponential equation (R*
> 0.95):

Fi= Fo+ (F,— Fo )x(1— e

The black and red fit lines represent assays performed at 0 and 5 mM theophylline,
respectively. (C) The cleavage rate constant value (k) was determined for each assay. The
reported k for each device and theophylline assay condition is the mean and standard
deviation of at least three independent experiments.
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Supplementary Figure S3.5 Representative SPR-based cleavage assays for measuring
RNA dissociation rate constants (kd) for RNA generated from the cis-blocking strategy.
A representative Biacore sensorgram is shown for each cis-blocked construct: (A) L2b8,
(B) L2b8-al, (C) sSTRSV. The assays were performed in reactions buffers (100 mM NaCl,
50 mM Tris-HCI (pH 7.0)) containing: (i) no MgCly; (i) 500 uM MgCls,; and (iii) 500
uM MgCl; and 5 mM theophylline at 37°C. The capture, reaction, and regeneration steps
in the assay cycle are indicated for the L2b8 sensorgrams. Methods used to prepare full-
length RNA transcripts and conditions of the cleavage assays are detailed in the Materials
and Methods section of the main text. The reaction step of the sensorgram was well-fit to
the single exponential equation (Chi? < 0.34):
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Ry = Rox (e*%- 1) + offset

(D) The RNA dissociation rate (kd) was determined for each assay. The reported kd for
each construct are the mean and standard deviation of at least three independent

experiments.
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Supplementary Table S3.1 Sequences of primers and templates for all described cis-
blocked constructs in this work. The T7 promoter region in the template sequence is
indicated in bold.

Primer Sequence

T7-fwd TTCTAATACGACTCACTATAGG

STRSV-rev CAAAGCTGTTTCGTCCTCAC

STRSV-2-revv = AACAAAGCTGTTTCGTCCTCAC

STRSV-4-rev CAAACAAAGCTGTTTCGTCCTCAC

STRSV-6-revv = AACAAACAAAGCTGTTTCGTCCTCAC

STRSV-8-rev GAAACAAACAAAGCTGTTTCGTCCTCAC

STRSV-10-revn  GGGAAACAAACAAAGCTGTTTCGTCCTCAC

L2b1-rev CAAAGCTGTTTCGTCCTCGTCCCGTCC

L2b5-rev Same as b-L2b1-rev

L2b8-rev CAAAGCTGTTTCGTCCTCCGT

L2b8-al-rev Same as b-L2b8-rev

L2bOFF1-revv = CAAAGCTGTTTCGTCCTCGTCCACTGC

L2b8tc-rev Same as b-L2b8-rev

Template Sequence

STRSV TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTG

STRSV-2 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTGTT

STRSV-4 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTGTTTG

STRSV-6 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTGTTTGTT

STRSV-8 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTGTTTGTTTC

STRSV-10 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGA
GGACGAAACAGCTTTGTTTGTTTCCC

L2b1 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT

L2b5

TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGT
CCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGGAC
GAGGACGAAACAGCTTTG

TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
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TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGT
CCAATACCAGCATCGTCTTGATGCCCTTGGCAGTGGACGGG
ACGAGGACGAAACAGCTTTG

L2b8 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTTG
TCCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGGA
CGGAGGACGAAACAGCTTTG

L2b8-al TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGAATCAAGGTCCGGTCTGATGAGTCCGTT
GTCCATACCAGCATCGTCTTGATGCCCTTGGCAGGGACGGG
ACGGAGGACGAAACAGCTTTG

L2bOFF1 TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTGT
TGCTGATACCAGCATCGTCTTGATGCCCTTGGCAGCAGTGG
ACGAGGACGAAACAGCTTTG

L2b8tc TTCTAATACGACTCACTATAGGGAAACAAACAAAGTTGTT
TTGCTGTCACCGGATGTGCTTTCCGGTCTGATGAGTCCGTTG
TCCAAAACATACCAGATTTCGATCTGGAGAGGTGAAGAATT
CGACCACCTGGACGGGACGGAGGACGAAACAGCTTTG
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