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Although nucleic acids primarily function as carriers of the genetic information in 

biology, their chemical versatility, replicability and programmability render them much 

more functions inside and outside of cells.  Numerous nucleic acid catalysts (known as 

ribozymes and deoxyribozyme) and binding agents (known as aptamers) have been 

engineered through the combination of directed evolution and rational design.  However, 

new technologies and theoretical frameworks are still in need to better engineer and 

utilize these functional nucleic acids in diagnostics and therapeutics. 

Aiming at engineering more powerful aptazyme-based genetic regulators, we first 

devised a scheme for direct selection of physiologically active ribozymes in mammalian 

cells.  Model-driven analysis of the selection process showed that the stringency of the 

selection was strongly influenced by system variables such as degradation rate of un-

reacted ribozymes.  This analysis led to models that can be exploited to understand and 

predict the performance of aptazyme-based biosensors and genetic regulators.  Several 
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fundamental limitations of aptazymes-based systems were identified from the analyses of 

these models. 

As it became apparent that the signals generated by aptazymes need to be 

processed and amplified at molecular level to have satisfactory effects on the final 

readouts, we turned our focus to engineering nucleic acid-based signal processors using 

several newly invented schemes such as ‘entropy-driven DNA amplifier’ and ‘catalyzed 

DNA self-assembly.’  We first demonstrated a method to couple entropy-driven DNA 

amplifiers to allosteric deoxyribozymes, and then proved that the concept of catalyzed 

DNA self-assembly can be used to design efficient and versatile signal amplifiers for 

analytical applications on various platforms.  These developments may potentially lead 

to sensitive, low-cost, and point-of-care diagnostic devices. 

Taken together, these works not only addressed several important issues regarding 

the engineering and application of nucleic acid catalysts, but also revealed a new theme 

in molecular engineering:  In order to better engineer and utilize a part, one needs to 

characterize, model, and modify the system surrounding the part so that the potential of 

the part can be maximized. 
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Chapter 1:  Introduction to nucleic acid catalysts 

Although commonly recognized as ‘the carrier of genetic information,’ nucleic 

acids were found to be much more versatile than most people initially thought.  In both 

nature and laboratories, we can find numerous DNA and RNA molecules that can 

perform a wide variety of tasks – from catalyzing chemical reactions to assembling into 

higher-order, three-dimensional structures – in their own rights.  This vast versatility has 

arguably placed nucleic acids at the central stage in the current development of molecular 

biotechnology.  The root of this versatility is the two unique features that nucleic acids 

possess.  First, nucleic acids can be seen as a linear organization of information-bearing 

chemicals in a highly regular structure.  Because of the regularity, the general rules 

governing the structural, thermodynamic, and kinetic properties of DNA and RNA can be 

distilled from systematic studies.  In particular, the algorithms and thermodynamic 

parameters required to accurately predict the secondary structure of DNA and RNA have 

been well developed (Hofacker 2003; Zuker 2003).  The studies on the kinetics of 

nucleic acid hybridization have also yielded a number of generalizable rules (Wetmur 

1976).  Such predictability is particularly appealing to molecular engineers who typically 

rely on quantitative understandings of basic phenomena to design new devices.  Indeed, 

complex DNA and RNA nanostructures (Shih and Lin 2010) and large scale nucleic acid-

based reaction networks (Seelig et al. 2006) have been developed. 

The second feature of nucleic acids is the ability to fold into intricate three-

dimensional structures, and in doing so, play diverse biological roles such as ligand-

binding (Klussmann 2006), catalysis (Chen et al. 2007), protein synthesis (Steitz and 

Moore 2003), and regulation of gene expression (Montange and Batey 2008).  Although 

these intricate tertiary structures and their properties are very difficult to predict, 
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functional nucleic acids that fold into such structures can still be engineered through the 

process of directed evolution.   

Perhaps the most intriguing function of nucleic acids is catalyzing chemical 

reactions.  The discovery of catalytic RNA (also known as ribozymes) not only sparked 

fundamental studies into the mechanism of RNA catalysis and the role of nucleic acids in 

the origin of life, but also triggered research on the applications of ribozymes in 

biotechnology and medicine.  The discovery of catalytic DNA (also known as 

deoxyribozymes or DNAzymes) further boosted the development of technologies based 

on nucleic acid catalysts. 

Interestingly, although the catalytic power of nucleic acids was first shown by 

ribozymes and deoxyribozymes that fold into remarkably complex structures, nucleic 

acids can also catalyze chemical reactions in a much less intricate way.  By simply 

serving as a hybridization template, nucleic acids can bring together two substrates (each 

being a nucleic acid or being attached to a nucleic acid) and accelerate the reaction 

between the two substrates (Grossmann et al. 2008).  As can be expected, such catalysis 

is usually inefficient and is often limited by product release, especially when the products 

hybridize stronger to the template than the substrates. 

More efficient hybridization-based catalysis was developed based on dynamic 

hybridization between nucleic acids (e.g. strand displacements that involve branch 

migration).  These developments featured not so much ‘design of catalyst’ as ‘design of 

substrate’, since the catalysts here are just structure-free, single-stranded nucleic acids 

with arbitrary sequences. 

In this Chapter, both tertiary structure-based and hybridization-based nucleic 

acid catalysts are discussed, with the focus on the engineering and application of these 

catalysts.  
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RIBOZYMES AND DEOXYRIBOZYMES: DISCOVERY AND DIRECTED EVOLUTION  

The discovery of ribozymes 

With the exception of transfer RNA (tRNA) and ribosomal RNA (rRNA), nucleic 

acids have long been assumed to have only one role: carrying the coding information for 

proteins, whereas proteins are thought to perform all structural, signaling, and catalytic 

functions in cells.  Such a ‘division of labor’ resulted in the conundrum as to how life 

had emerged, since the extensive collaboration between nucleic acids and proteins would 

have been almost impossible in the primordial soup where prebiotic molecules had just 

been synthesized randomly. 

This early canonical view of the function of nucleic acids was changed by the 

discovery that an intron from Tetrahymena can splice itself out of host mRNA without 

the help of any protein (Kruger et al. 1982).  This self-splicing intron was later 

engineered to be a bona fide catalyst that can catalyze the turnover of multiple substrates 

without consuming itself.  Soon after this ground-breaking discovery by the Cech group, 

Altman and coworkers found that the RNA component of RNase P is catalytically active 

in the absence of any protein (Guerrier-Takada et al. 1983). 

These discoveries suggested that at least some chemical reaction can also be 

catalyzed by RNA.  A natural extension of this thought led to the ‘RNA world’ 

hypothesis, which argues that if enough reactions can be catalyzed by RNA, then RNA 

itself might be enough to fulfill all tasks life requires.   Of course, reactions that 

occurred billions of years ago are hard to study, hence making the direct proof the ‘RNA 

world’ hypothesis practically impossible.  However, another way to test this hypothesis 

(albeit indirectly) is to ask, “what, by their chemical nature, can RNA do?”  If all 

reactions required to support self-sustainable life can be catalyzed by RNA, it would be at 

least more sensible to imagine an RNA world.  This question can indeed be answered in 
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laboratories.  Even though only a handful of ribozymes have been discovered in nature, 

all of which catalyze transesterification reactions around the backbone phosphate of 

RNA, many more ribozymes with much wider catalytic activities were evolved in test 

tubes through the process of in vitro selection or directed evolution. 

Directed evolution of ribozymes 

In vitro selection of ribozymes was made possible by the development of methods 

to synthesize DNA with randomized sequences.  To start an in vitro selection experiment 

(Figures 1-1 and 1-2), a large pool of DNA oligonucleotides is synthesized.  This DNA 

pool contains constant sequences near the two termini (usually ~ 20-nt long at each 

terminus) to serve as primer binding sites during PCR, and a randomized region (usually 

30- to > 100-nt long) in the middle.  This pool of single-stranded DNA (ssDNA) is 

amplified and converted to double-stranded DNA (dsDNA) through PCR.  Usually a T7 

promoter is introduced during this PCR, making the PCR products templates for run-off 

in vitro transcription.  RNAs are transcribed (and possibly modified, see below), gel-

purified, and thermo-equilibrated by heating the RNA (in appropriate buffer) to ~ 90 oC 

then slowly cool down to the temperature at which the reaction is performed (typically 20 

to 37 oC).  The purpose of this thermo-equilibration is to maximize the fraction of RNA 

that folds into the thermodynamically most stable structure, rather than a kinetically 

trapped folding intermediate. 

The key in the design of an in vitro selection experiment is to devise a scheme to 

separate the RNA molecules that catalyze the desired reaction from those that do not.  

Two general strategies are presented in Figures 1-1 and 1-2.  To select ribozymes that 

catalyze a bond-forming reaction (designated as X + Y  XY, Figure 1-1), the RNA can 

be chemically linked to one of the reactants (for example, X).  And the other reactant (Y) 
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can be attached (either covalently or non-covalently) to a solid support.  The pool of 

RNA (linked to X) is then incubated with the solid support (modified with Y).  If an 

RNA catalyzes the X + Y  XY reaction, it would most likely link itself to the solid 

support through the newly formed bond between X and Y.  Other inactive RNA can be 

easily washed off.  The remaining, and presumably catalytically active, RNA can then be 

recovered by various methods.  For example, RNA can be eluted from the solid support 

by breaking the interaction between Y and the solid support.  Alternatively, RNA can be 

directly reverse-transcribed into cDNA while on the support, after which the cDNA can 

be eluted under denaturing conditions. 

 

Figure 1-1: General scheme for selection of ribozymes that catalyze bond-forming 
reactions.1 

 

                                                 
1 The most active variants in the pool are represented by the red curvy line.  Solid support is shown as the 
gray semiellipse.  Txn: transcription.  RT: reverse transcription. 
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Similarly, to select a ribozyme that catalyzes a bond-breaking reaction 

(designated as XY  X + Y, Figure 1-2), the substrate XY can be linked to RNA 

through the X moiety.  Then the XY-linked RNA can be attached to a solid support 

through an (covalent or non-covalent) interaction between the Y moiety and the solid 

support.  Therefore, catalytic active RNA can cleave itself from the solid support and be 

recovered. 

 

Figure 1-2: General scheme for selection of ribozymes that catalyze bond-breaking 
reactions.2 

Of course, these general schemes are not universally applicable.  For example, it 

might not be possible or feasible to link X to the RNA or to link Y to the solid support.  

                                                 
2 The keys are the same as in Figure 1-1. 
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Numerous other schemes have also been used to isolate ribozymes.  Dozens of 

ribozymes have been selected to catalyze functions such as the formation of various types 

of P-O bonds, C-O bonds, C-N bonds, C-S bonds, and C-C bonds.  These ribozymes 

have been summarized in a review we published recently (Chen et al. 2007). 

It should be noted that similar procedures can also be used to select DNA or RNA 

molecules that bind to pre-defined ligands.  These molecules are called aptamers.  Such 

a process of selecting aptamers is commonly called systematic evolution of ligands by 

exponential enrichment (SELEX).  Sometimes SELEX is misused to refer to the in vitro 

selection of ribozymes instead of aptamers. 

In vitro selection of deoxyribozymes 

Knowing that RNA can fold into complex tertiary structures for ligand-binding 

and catalysis, a natural question we might ask is whether DNA can do the same things.  

The answer turns out to be yes.  Soon after the demonstration of RNA aptamers, 

Ellington and Szostak selected DNA aptamers against several organic dyes (Ellington 

and Szostak 1992).  Later, Breaker, Joyce and their coworkers selected a series of 

catalytic DNA molecules (termed deoxyribozymes) that can catalyze a wide range of 

reactions, including RNA cleavage (Breaker and Joyce 1994), DNA phosphorylation (Li 

and Breaker 1999), DNA cleavage (Carmi et al. 1998), etc.  More DNA aptamers and 

deoxyribozymes were subsequently selected in many laboratories. 

Although these discoveries are considered less relevant to the origin of life (as 

DNA is thought to have emerged long after the collaboration of RNA and protein had 

been established), they had tremendous impact on biotechnology, primarily because DNA 

is much more stable than RNA and hence much easier to work with.  In the following 

section, the applications of ribozymes and deoxyribozymes are discussed in detail.  
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Since many conclusions apply to both ribozymes and deoxyribozymes, the term 

‘(deoxy)ribozyme’ is used to collectively refer to both types of nucleic acid catalysts. 

 

APPLICATIONS OF (DEOXY)RIBOZYMES IN BIOTECHNOLOGY 

Engineering and applications of (deoxy)ribozymes closely followed their 

discoveries.  For example, the Group I intron ribozyme which naturally splices itself out 

of an mRNA (i.e. cis-splicing) was engineered to be a trans-splicing ribozyme that can be 

used to fuse two pieces of RNAs together (Sullenger and Cech 1994).  Using this 

ribozyme, Sullenger and coworkers were able to repair defective mRNAs such as those 

that cause cancer (Shin et al. 2004) or sickle cell anemia (Byun et al. 2003). 

An underlying theme in the engineering of (deoxy)ribozymes was to take 

advantage of our understanding of nucleic acid hybridization and secondary structure 

formation, both of which are primarily driven by Waston-Crick base pairing.  In many 

cases (such as the one introduced above), the formation of a local duplex in a ribozyme is 

critical for its activity, whereas the sequence of the duplex is not important.  In such 

cases, the sequence can be changed to alter the specificity of the ribozyme or to regulate 

the activity of the ribozyme. 

It is generally true that the better we understand something, the more likely we 

can be successful using it.  Unfortunately, large ribozymes such as the Group I intron are 

still too big and too complex to understand thoroughly.  The sheer size (usually > 200 nt) 

also raises several practical difficulties in large scale preparation and cellular delivery.  

In this regard, the discovery of several small self-cleaving ribozymes such as 

hammerhead ribozyme (HHRz, Figure 1-3), hepatitis D virus (HDV) ribozyme, and 

hairpin ribozyme, greatly potentiated the application of ribozymes to a much wider area.  
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A number of small RNA-cleaving (deoxy)ribozymes were also selected using directed 

evolution (Salehi-Ashtiani and Szostak 2001; Silverman 2005), some of which were 

engineered for applications (see below).   

 

 

Figure 1-3:  Secondary structure of minimal trans-acting HHRz.3 

(Deoxy)ribozymes as gene-targeting tools 

Since most of the naturally existing ribozymes have the activity to cleave or ligate 

RNA, it is not surprising that the first attempts to use ribozymes were to disrupt cellular 

RNA metabolism, such as targeted inactivation of certain mRNAs.  For example, 

although HHRz was discovered as a self-cleaving ribozyme, it can be engineered to be a 

trans-cleaving ribozyme and cleave essentially any substrate RNA (Figure 1-3).  At the 

time (prior to the discovery of RNA interference), HHRz was regarded as one of the most 

promising tools for gene silencing.  However, despite tremendous efforts in 

optimization, the efficacy of HHRz was still controversial at best (see Chapter 2 for a 

                                                 
3 Ribozyme and substrate are shown in red and black, respectively.  The conserved nucleotides are shown 
in bold.  The arrow shows the cleavage site. 
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detailed discussion).  Similarly controversial results were obtained from the application 

of RNase P (Raj and Liu 2003) and several deoxyribozymes (Achenbach et al. 2004) for 

gene targeting.  Retrospectively, one can actually estimate the degree of success (or lack 

thereof) of using (deoxy)ribozymes for gene targeting from the wide-spread success of 

RNA interference.  

(Deoxy)ribozymes as reporters of biosensors 

One of the more successful applications of (deoxy)ribozymes is to use them as  

reporters for molecular recognition events.  This was achieved through the engineering 

of allosteric (deoxy)ribozymes – also known as aptazymes – whose catalytic activity can 

be regulated by the binding of an effector molecule to the allosteric ribozyme.  The first 

allosteric ribozymes were engineered through directed evolution.  By connecting an 

aptamer and a HHRz through a randomized ‘communication module’ (Figure 1-4), 

Breaker and coworkers were able to select variants of HHRz that are active only in the 

presence of the ligand of the aptamer (Soukup and Breaker 1999).  Similarly, a series of 

allosteric ligase ribozymes were engineered by the Ellington group (Robertson and 

Ellington 1999).  A particular advantage of these allosteric ligase ribozymes over their 

self-cleaving counterparts is that the product of the reaction is a larger piece of nucleic 

acid, which can be preferably amplified over the substrates.  This feature allows the 

conversion of analytes into amplicons, which, when combined with real-time PCR, can 

greatly improve the sensitivity of detection (see Chapter 3 for a detailed discussion).  

Following these pioneering works, numerous allosteric (deoxy)ribozymes with a wide 

range of ligand specificity were published (Liu et al. 2009). 
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Figure 1-4:  Scheme of the initial pool used to select allosteric HHRz by Soukup and 
Breaker (1999). 

The application of aptazymes in vitro can go well beyond biosensing.  For 

example, Famulok and coworkers used aptazymes to discover drugs that specifically bind 

to the active site of the reverse transcriptase of human immunodeficiency virus (HIV 

RT).  To do this, these researchers took advantage of the fact that an aptamer previously 

selected against HIV RT binds to the active site of the protein.  They therefore 

engineered an aptazyme that is only active when bound by HIV RT.  Since compounds 

that bind to the active site of HIV RT would compete with the aptazyme, the aptazyme 

can be a reporter to show whether the compound binds to the active site of HIV RT.  

(Deoxy)ribozymes as genetic regulators 

Even though the efforts of using trans-acting HHRz as a gene-targeting 

therapeutic tool was less than successful, HHRz as a cis-cleaving element (as in its 

natural context) is still useful in basic research, especially when the HHRz can be 

engineered be allosteric. 
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Yen et al. and Khvorova et al. independently showed that the insertion of full-

length (as opposed to minimized) HHRz in the 5’ or 3’ UTR of an mRNA in eukaryotic 

cells can lead to the inhibition of gene expression, whereas the mutant HHRz, incapable 

of self-cleavage, does not lead to inhibition (Khvorova et al. 2003; Yen et al. 2004).  

Based on these results, one can imagine that if the HHRz is replaced by an aptazyme, 

then the expression level of the gene that harbors the aptazyme in its mRNA can be 

regulated by the concentration of the effector (or ligand) of the aptazyme (Figure 1-5).   

 

 

Figure 1-5: Allosteric ribozymes as genetic regulators.4   

Win and Smolke implemented this scheme in yeast using theophylline as the 

ligand and GFP as the reporter gene.  They engineered both ligand-activated and ligand-

                                                 
4 Only ligand-activated aptazyme is shown here as an example. 
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inhibited aptazymes and inserted these variants into the 3’ UTR of the GFP gene.  Since 

HHRz cleavage leads to the inhibition of gene expression, the ligand-activated aptazyme 

would cause a down-regulation of GFP expression in the presence of theophylline.  

Similarly, the ligand-inhibited aptazyme would cause an up-regulation of GFP expression 

in the presence of theophylline.  After screening tens of constructs, the best ones in both 

categories showed a ~ 2.5-fold dynamic range of GFP expression (see Chapter 3 for a 

detailed discussion). 

At the same time, Hartig and coworkers developed an aptazyme-based gene-

regulation system in prokaryotic cells, where the cleavage of the aptazyme causes the 

separation between the ribosome-binding site (RBS) and an upstream sequence 

complementary to the RBS leading to the initiation of translation (Wieland and Hartig 

2008; Wieland et al. 2009). 

These works convincingly proved the principle of using aptazyme as genetic 

regulators.  However, these aptazyme-based genetic regulators usually yield dynamic 

ranges around 2- to 10-fold, which are decisively inferior to transcription factor-based 

genetic regulatory systems such as the popular LacI/IPTG-based system.  Even though 

aptazymes can potentially be optimized using directed evolution strategies (such as that 

described in Chapter 2), how well aptazymes could and should work is not immediately 

obvious by logic reasoning.  Model-driven and quantitative understanding of aptazyme 

function is thus critical for the improvements and applications of aptayzmes.  The 

Smolke group has previously attempted to model the functions of various types of 

riboswitches including aptazyme-based riboswitches in order to gain insights into design 

principles to create efficient genetic regulators (Beisel and Smolke 2009).  

Unfortunately, the models were not thoroughly analyzed and essentially no quantitative 

prediction could be made to direct further engineering.  In our recent work (Chen and 
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Ellington 2009), we re-analyzed the models of aptazyme-based genetic regulators (see 

Chapter 3).  By separating intrinsic and extrinsic parameters and focusing on 

experimentally measurable variables, we were able to reach on a number of quantitative 

conclusions and explain why the dynamic ranges of the aptayzme-based genetic 

regulators developed by the Smolke group were so narrow. 

 (Deoxy)ribozymes as information processors 

Allosteric ribozymes can be considered as information processors that convert the 

information initially represented by the presence or absence of an effector to the catalytic 

activity of the ribozyme.  However, such an information processor is rather primitive in 

that only 1 bit of information is processed.  Although allosteric ribozymes that can be 

regulated by two effectors simultaneously (i.e., capable of processing 2 bits of 

information) were developed (Jose et al. 2001) using directed evolution, more complex 

aptazyme-based information processors are hard to engineer. 

When aptazymes are treated as information processors for computational 

purposes (as opposed to biosensing purposes), the identity of the input signal (effector) is 

less important.  In this regard, time-consuming selections of aptamers and 

communication modules might not be necessary because it is easy to engineer ribozymes 

that respond to oligonucleotides with specific sequences as input signals.  Such a 

strategy was initially applied to HHRz (Burke et al. 2002; Wang et al. 2002), then to 

various other ribozymes and deoxyribozymes. 

In an elegant work, Stojanovic and coworkers systemically engineered two small 

RNA-cleaving deoxyribozymes, E6 (Breaker and Joyce 1995) (Figure 1-6a) and 8-17 

(Santoro and Joyce 1997), to create deoxyribozymes that are responsive to up to 3 

different oligonucleotide inputs.  To make these DNAzymes responsive to input 
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oligonucleotides, either or both substrate binding domains were extended to form hairpin 

loops, such that the substrate-binding domain was blocked (Figure 1-6b).  When an 

input oligonucleotide that was complementary to the loop sequence was present, it could 

hybridize to the loop and ‘spring’ the hairpin open, as in molecular beacons, making the 

substrate-binding domain accessible (Figure 1-6b). 

 

Figure 1-6: Deoxyribozyme-based DNA logic gates developed by Stojanovic and 
coworkers. 

Since the loop sequence could be arbitrarily designed, the deoxyribozyme could 

be rendered responsive to any input sequence.  If both substrate-binding domains were 

extended to become hairpins with different loop sequences, the deoxyribozyme could 

only become active when both input oligonucleotides were present (Figure 1-6c).  If the 

cleavage or non-cleavage of the substrate is defined as a logical output (with values 1 and 

0, respectively), and the presence or absence of the oligonucleotide input is defined as 

logical inputs, then the designed deoxyribozyme can be viewed as a molecular AND 

gate.  An OR gate can similarly be implemented by mixing two deoxyribozymes that are 
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activated by two different input oligonucleotides.  To construct a NOT gate, Stojanovic 

and coworkers exploited the fact that the size and sequence of the loop in the catalytic 

core of the E6 deoxyribozyme (Figure 1-6a) are not critical, whereas the stem must be 

formed for the deoxyribozyme to be active.  In their design, the original 4-nt loop of the 

catalytic core was replaced by a longer loop with arbitrary sequence (Figure 1-

6d).  Therefore, the deoxyribozyme is only functional in the absence of input 

oligonucleotides complementary to this loop.  To demonstrate the scalability of their 

designed gate structures, Stojanovic and coworkers implemented a set of logic circuits 

that, in combination, was capable of playing ‘tic-tac-toe’ with a human player (Stojanovic 

and Stefanovic 2003).  The readout of this device was ultimately the cleavage of an 

oligonucleotide, resulting in the separation of a fluorophore and quencher, and hence, in 

the increase in fluorescent signal in any given well. 

 

CATALYSIS BY BASE-PAIRING 

One mechanism that catalysts (including enzymes) use to accelerate chemical 

reactions is to co-localize the substrates, thereby increasing the local concentration of the 

substrates.  As discussed before, this principle has been exploited by the ‘catalysis-by-

templating’ strategy where two substrates are conjugated to two oligonucleotides, 

respectively, and a longer template is used to hybridize to both oligonucleotides in a way 

that the two substrates are juxtaposed.  However, this mechanism alone usually results in 

inefficient catalysis, and if the reaction results in the formation of a bond between the two 

substrates, the catalysis is usually limited by product release. 

A more efficient type of DNA-based catalysis that relies only on DNA 

hybridization was invented by Winfree and coworkers (Zhang et al. 2007) with the goal 
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of creating complex reaction networks without using enzymes.  Central to these DNA 

reaction networks was the concept of toehold-mediated strand displacement (Yurke et al. 

2000). 

Imagine a DNA hemiduplex formed by a 20-nt top strand and a 26-nt bottom 

strand with 6-nt 3' overhang, as shown in Figure 1-7a, top panel.  The displacement of 

the top strand by an incoming 20-nt strand that has exactly the same sequence as the top 

strand is a very slow process.  However, if the incoming strand is 26-nt long and is 

complementary to the bottom strand (Figure 1-7a, middle panel), the 6-nt segment at the 

5' end of the incoming strand can first bind to the 6-nt segment of the bottom strand at its 

3’ end and use this initial hybridization as a ‘toehold’ to initiate a branch migration that 

finally displaces the original top strand (Figure 1-7b).  Although the branch migration is 

reversible with no preference for either direction, once the initial top strand has been fully 

displaced, it would not have a toehold on the bottom strand, resulting in an irreversible 

strand displacement.  If the incoming strand is 20-nt long but has a ‘shifted’ sequence 

that is complementary to the 3’ 20-nt segment of the bottom strand (Figure 1-7a, bottom 

panel), toehold-mediated strand displacement will still occur, but the displaced strand 

will also have a 6-nt toehold on the bottom strand that can initiate the backward strand 

displacement.  This will result in a reversible toehold-mediated strand displacement, a 

process also called toehold exchange.  
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Figure 1-7: Toehold-mediated strand displacement.5 

Although this scheme at first seems simple and passive, it can, in fact, support 

interesting reaction pathways and circuitry.  The possibilities for programmed reaction 

networks become clear as soon as one considers that the top, bottom, and incoming 

strands in Figure 1-7 can all be extended at either or both ends.  Therefore, the toehold 

that is exposed by one strand-displacement reaction can potentially initiate a second 

reaction.  For example, given two ~20-nt input strands with known sequences designated 

as I1 and I2, an AND gate that generates a fluorescent signal only in the presence of both 

strands can be readily designed (Figure 1-8) (Seelig et al. 2006). 

In this scheme, the ‘program’ consists of three information-processing structures, 

also called gate structures, named P1, P2, and P3.  In gate P3, strand Ff has a fluorophore 

labeled at its 3’ end and strand Eq has a quencher labeled at its 5’ end, resulting in 

quenched fluorescence.  The separation of fluorophore from quencher, which yields an 

increased fluorescent signal, will serve as the final readout of the logic gate.  When both 

strands I1 and I2 are present, I1 can bind the toehold of strand K in gate P1, displace strand 
                                                 
5 (a) Fast and slow strand-displacement depending on the existence of a toehold.  (b) Branch migration is 
a key step in toehold-mediated strand displacement. 
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Jout and in doing so expose the toehold of Jout which was initially occluded (Figure 1-8, 

reaction 1).  Similarly, input I2 can displace strand Mout and exposes its toehold (Figure 

1-8, reaction 2).  Once Jout has an open toehold, it can hybridize with strand G of gate P3 

through toehold-mediated branch migration (Figure 1-8, reaction 3), and as a result 

expose the toehold of strand Ff.  This newly exposed toehold can associate with the open 

toehold on Mout and lead to displacement of strand Eq from Ff and an increase in 

fluorescent signal (Figure 1-8, reaction 4).  The serial connection of such gates is also 

possible, and in the same manuscript, Seelig et al. demonstrated that up to 6 input signals 

can be processed by 11 gate structures in a 4-layer serial architecture. 

 

Figure 1-8: A molecular AND gate designed based on the concept of toehold-mediated 
strand displacement and toehold exchange.6 

Although the computational power of toehold exchange reactions is evident, one 

obvious limitation is that one input molecule can generate, on average, no more than one 

output molecule.  Therefore, a damping of signal is inevitable since each reaction 

requires, in theory, an infinite amount of time to reach completion.  Synthesis errors and 

side reactions will also contribute to signal loss.  To implement signal amplification in 

                                                 
6 Toehold regions are colored in red or orange.  This figure is adapted from (Seelig et al. 2006). 
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DNA circuits, the signal-carrying strand must somehow produce more strands.  Winfree 

and colleagues have in fact devised a strand displacement scheme in which one input 

strand leads to the production of more than one output strands (Zhang et al. 2007).  A 

simplified version of this catalytic system has been published (Zhang and Winfree 2009) 

in which there are three types of molecules (Figure 1-9):  the input strand, the gate 

complex, and the fuel strand.  The output strand, which can potentially act as input for 

another gate, is part of the gate complex.  In the first step, the input strand first binds the 

gate complex through toehold hybridization and then initiates the branch migration to 

displace the output strand (step 1, similar to Figure 1-7a, bottom panel).  Since this 

strand displacement is reversible, it is possible that the output strand will displace the 

input strand in the reverse reaction.  However, since the concentration of fuel strand is 

much higher than that of the displaced output strand, the fuel will instead displace the 

input strand, resulting in a waste duplex and a recycled input strand that can proceed to 

liberate the output strand of another gate duplex with the concomitant production of 

another waste duplex.   

 

Figure 1-9: A simplified entropy-driven DNA amplifier. 

To demonstrate the effect of amplification, consider a reaction where the 

concentration of input strand, gate complex and fuel strand are 1 nM, 10 nM and 90 nM, 

respectively.  The net effect of the amplification reaction is that the input strand triggers 
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the exchange of output strand and the fuel strand on the dock strand.  The end point of 

the reaction is an equilibrium in which the concentration of free output strand is 9 

nM.  In this case, the signal intensity is amplified by a factor of 9.  In theory, as few as 

one molecule of input strand can trigger the production of almost any number of output 

strands, given sufficient time.  The fold-amplification is only limited by practical factors 

such as the rates of side reactions.   

At first glance, the driving force of the amplification is not obvious, since there is 

no change in total number of base pairing and no irreversible reaction.  In fact, the 

reaction is driven by an increase in the entropy of the system.  Before the reaction, the 

distribution of output strand and fuel strand is imbalanced:  the output strands are 

exclusively bound to the dock strand and the fuel strands are exclusively unbound.  With 

the completion of the reaction, the output and fuel strands will ‘share’ the dock strand 

according to their respective concentration:  1/10 of the dock strand (1 nM) is bound to 

output strand and 9/10 of the dock (9 nM) is bound to the fuel strand.  Consequently, 9 

nM of output strand is unbound, and the overall entropy is increased.   

In summary, the toehold-mediated strand displacement system has made two 

significant advancements to molecular programming.  First, the input and output signals 

are of the same nature, enabling serial connection of gates.  Second, signal amplification 

can guard against signal damping and therefore makes possible the connection of many 

layers of gates.  Building on these features, large DNA reaction pathways that involve 

~100 DNA strands and emulate neural networks are being investigated (Qian and 

Winfree 2009).  These pathways will represent the largest molecular systems (at least in 

terms of interacting molecular species) that have been rationally designed and 

synthesized.  While there are almost certainly many practical issues with 
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implementation, it has been credibly suggested that DNA can be used as a universal 

substrate for designed chemical reaction pathways (Soloveichik et al. 2009).   

 

CONCLUSION 

The simple rule of Watson-Crick base pairing rendered nucleic acids the most 

programmable biomolecules.  The development of various techniques to manipulate 

nucleic acids such as chemical synthesis, enzymatic modification, and PCR further 

primed the development of nucleic acid-based technology.  The discovery that nucleic 

acids can not only organize information in one dimension, but also organize chemistry in 

3D space, finally opened ample opportunities to engineer nucleic acid-based molecular 

devices capable of performing various tasks.  As the opportunities unfold, more 

techniques and theoretical frameworks to engineer and study nucleic acid-based devices 

are in need.  More connections between new discoveries and real-world problems also 

need to be made. 

Aiming at developments of more powerful aptazyme-based genetic regulators, we 

first devised a scheme for direct selection of physiologically active ribozymes in 

mammalian cells (Chen et al. 2009) (also see Chapter 2).  Quantitative analysis showed 

that the stringencies of the selections are strongly influenced by system variables such as 

degradation rate of un-reacted ribozymes.  This analysis led to models that can be 

exploited to understand the performance of aptazyme-based biosensors and genetic 

regulators (Chen and Ellington 2009) (also see Chapter 3).  In these efforts we 

identified several fundamental limitations of aptazymes-based systems.  As it became 

apparent that the signals generated by aptazymes need to be somehow processed and 

amplified at molecular level to have satisfactory effects on the final readouts, we turned 



 23

our focus to engineering nucleic acid-based signal processors using several newly 

invented schemes such as dynamic strand displacement and catalyzed DNA assembly.  

We first showed that strand displacement-based DNA amplifiers can be coupled with 

allosteric deoxyribozymes which might potentially lead to sensitive, low-cost, and point-

of-care diagnostic devices (Eckhoff et al. 2010) (also see Chapter 4).  We also proved 

that catalyzed DNA assembly can be used to design efficient and versatile signal 

amplifiers for enzyme-free biosensors of various platforms (see Chapter 5).  As we 

conclude these works, a new direction in development of nucleic acid-based technology 

becomes clear:  To engineer and utilize a part, one needs to characterize, model, and 

modify the system surrounding the part so that the potential of the part is maximized. 
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Chapter 2:  Direct selection for ribozyme cleavage activity in cells 

INTRODUCTION 

Compared with protein enzymes, (deoxy)ribozymes are much more amenable to 

engineering, by means of both rational design and directed evolution.  Such 

programmability drove the development of various (deoxy)ribozyme-based technologies, 

from in vitro biosensors to in vivo genetic regulators (Breaker 2004; Davidson and 

Ellington 2007).  For example, it has been discovered that a small self-cleaving 

ribozyme called hammerhead ribozyme (HHRz) can be engineered to be a trans-acting 

ribozyme that can cleave essentially any target RNA, as long as the substrate binding 

domain of the HHRz is complementary to its target.  Immediately following this 

discovery, it was realized that HHRz could be used as a gene-targeting tool to facilitate 

biological research as well as therapeutics development.  Toward this goal, the sequence 

and function of HHRz had been systematically optimized.  HHRz cleavage activity has 

been optimized by identifying accessible target sites on the mRNAs (Scherr et al. 2001) 

and by controlling the abundance and cellular localization of HHRz (Bertrand et al. 

1997).  However, although some successful examples of hammerhead-mediated gene 

regulation have been reported (Khan 2006), there have also been a number of cases 

where HHRz cleavage was not observed to regulate gene expression in vivo (Tatout et al. 

1998; Drew et al. 1999). 

It is possible that the in vivo function of RNA catalysts such as HHRz can be 

improved using in vitro selection.  During the past two decades, in vitro selection has 

been used to evolve numerous ribozymes (Wilson and Szostak 1999; Chen et al. 2007) 

with novel catalytic activity.  For HHRz, selection has previously been used to diversify 

the cleavage sites (Nakamaye and Eckstein 1994), to optimize the sequence and function 
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of the catalytic core (Tang and Breaker 1997), the stem-loop II (Long and Uhlenbeck 

1994), or both (Ishizaka et al. 1995).  However, due to the drastic difference between test 

tube and cellular environments, improvement in vitro does not necessarily translate into 

improvement in vivo.  One of the greatest challenges to using HHRz in cells is that the 

most engineered HHRz variants require high Mg2+ concentration (~10 mM) to be fully 

active, while the physiological free Mg2+ is only in the sub-millimolar range.  To meet 

this challenge, a number of researchers (Zillmann et al. 1997; Conaty et al. 1999; Persson 

et al. 2002) had selected HHRz variants that were active in lower Mg2+ concentration.  

However, these optimized HHRz still require ~1 mM Mg2+ to show appreciable activity.   

A breakthrough in the field of HHRz research was the discovery that tertiary 

elements (i.e. loop/bulge I and loop II) that were routinely removed in earlier studies can 

make specific contacts, and are essential for the in vivo function of HHRz (De la Pena et 

al. 2003; Khvorova et al. 2003).  Based on the sequence of two natural HHRzs 

(schistosomal and PLMV), Burke and colleagues successfully used in vitro selection to 

engineer HHRzs to perform trans-cleavage reactions at 100 µM Mg2+ (Saksmerprome et 

al. 2004).  

However, Mg2+ concentration is only one of a number of variables (ionic strength, 

temperature, interaction with cellular components and compartments) that differ in vitro 

and in vivo.  Therefore, unless the cellular environment can be faithfully recreated in test 

tubes, these are always pitfalls for applying ribozymes engineered in vitro to living cells.  

Therefore it would be valuable to develop procedures to directly select ribozyme activity 

in vivo.  Most traditional in vivo selection procedures can be described as ‘phenotype 

selections’ in which each cell possesses the gene of a unique variant that in turn produces 

a particular cellular phenotype – usually the production of a particular genetic reporter.  

Such selection schemes have been used to select or optimize RNA-based genetic 
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regulators including gene-targeting HHRzs (Unwalla et al. 2008), allosteric HHRzs 

(Wieland and Hartig 2008), trans-splicing Group I introns (Ayre et al. 2002), 

riboswitches (Lynch et al. 2007; Nomura and Yokobayashi 2007) and transcription 

activators (Buskirk et al. 2004).  However, the pool size is usually limited by the 

transformation of common experimental organisms such as E. coli and yeast.  The 

typical pool size for in vivo selections is only about 106 to 107.  In comparison, in vitro 

selection usually starts with up to 1014 variants.  While it is easier to introduce plasmid 

DNA to mammalian cells using transfection, performing phenotype selections in 

mammalian cells is even more challenging. The challenge is that it is hard to deliver a 

single plasmid producing a single ribozyme variant to each cell, and this is a prerequisite 

of the phenotype selection.   

Although phenotype selection is a standard practice, it does not mean that RNA 

elements can only be selected this way.  In fact, a great advantage RNA engineers hold 

is that RNA contains the replicable sequence on itself.  In other words, functional RNA 

can be directly replicated for following rounds of directed evolution, regardless whether 

the RNA is made in vitro or in vivo.  Following this thought, we have developed a 

scheme we term ‘genotype selection’ (Figure 2-1) in which a pool of PCR-amplified 

DNA templates is directly transfected into mammalian cells, and functional RNA 

molecules are directly isolated and recovered.  The general concept of genotype 

selection has been previously used to identify exonic splicing enhancers (Coulter et al. 

1997), and we now expand this strategy to catalytic RNAs.  
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Figure 2-1: General scheme of the genotype selection. 

Although conceptually straightforward, the scheme of genotype selection faces 

several practical and theoretical challenges.  First, the percentage of transfected DNA 

that enters nucleus and is transcribed is very low.  Second, large amounts of endogenous 

RNA, template DNA, and non-specifically degraded ribozymes are present as 

contaminants of the selection.  These challenges necessitate extremely specific and 

efficient isolation and amplification of small amounts of diverse, cleaved ribozymes.  

Moreover, the way to control the stringency of selection in vivo than is not immediately 

obvious, which requires an in-depth theoretical framework to guide the selections.  We 

have devised a novel selection scheme and theoretical analysis to overcome these 

difficulties.  As a proof of principle, we show that this scheme can yield HHRz variants 

that are functional and inhibit gene expression in vivo. 

 



 31

RESULTS 

Design and validation of selection scheme 

It has been reported that PCR-amplified linear expression constructs can be 

directly introduced into mammalian cells by transfection and be actively expressed in 

cells (Castanotto et al. 2002).  We exploited this fact in our selection scheme since direct 

transfection of PCR product allowed us to circumvent E.coli transformation which 

typically limits the pool size for selection experiments.  The use of linear DNA 

constructs to bypass E.coli transformation was previously employed by (Coulter et al. 

1997). 

The ribozyme expression cassettes consisted of a U6 promoter followed by the 

sequence of HHRz variants.  Spacer sequences were introduced both upstream and 

downstream of the hammerhead ribozyme.  The downstream spacer was designed to 

increase the difference in length between the uncleaved precursor and the 5’ cleavage 

product and thus would facilitate size selection of 5’ cleavage product on gels.  The 

upstream spacer was designed to assist affinity purification during selection (Figure 2-2, 

Step 4).  The expression cassettes were constructed using overlap PCR (Figure 2-2, Step 

1).  The PCR-amplified, U6 promoter-driven linear DNA constructs were transfected 

into HeLa cells, where HHRz were transcribed, presumably by RNA polymerase III, and 

active HHRz variants were expected to self-cleave (Figure 2-2, Steps 2 and 3).  A few 

(2 to 8) hours after transfection, the total HeLa RNA was extracted with TRIzol and 

resuspended in denaturing buffer to prevent the self-cleavage of HHRz after RNA 

preparation. 
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Figure 2-2: Detailed procedure for the in vitro / in vivo genotype selection of functional 
schistosomal HHRz.7 

The self-cleaved HHRz molecules were specifically enriched over the uncleaved 

HHRz by two methods.  First, the total RNA was separated by PAGE, where the section 

of gel corresponding to the 5’ cleavage product was excised.  The RNA in this gel slice 

was eluted into denaturing buffer, ethanol-precipitated and resuspended in water.  

Second, to prevent degradation products that have similar size to the authentic self-

cleavage product from being recovered and amplified, the 5’ self-cleavage product was 
                                                 
7 PCR products that encode the U6-driven HHRzs ( ) are transfected into HeLa cells.  The HHRzs ( ) 
are transcribed by cellular RNA polymerase III, and functional variants yield 5’ cleavage products ( ) and 
3’ cleavage product (not shown).  The 5' cleavage product can be gel-purified, 3’-end processed to reveal 
hydroxyl terminus, enriched via hybridization to a biotinylated capture oligonucleotide, and then ligated to 
a ssDNA adaptor (green in , arrow indicates 3’ terminus) in the presence of a splint oligonucleotide 
(purple, diamond indicates a 3’ C3 spacer to block the extension at the 3’ terminus).  The enriched ligation 
product is reverse-transcribed ( ) and amplified by PCR ( ).  HHRz sequence downstream of the 
cleavage site is furnished by PCR ( ).  The flanking spacer (gray in , , and ), and the U6 promoter 
were generated by PCRs in steps  and ), respectively.  In  to , orange, green, gray and white 
indicate the HHRz sequence, the adaptor sequence, the spacer sequence and the U6 promoter, respectively. 
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ligated to a ssDNA adaptor in a template-dependent manner using a splint 

oligonucleotide and T4 RNA ligase2 (Figure 2-2, Step 4).  It should be noted that, prior 

to ligation the RNA sample containing the 5’ cleavage product was treated with T4 

polynucleotide kinase to remove the 2’,3’-cyclic phosphate (Cameron and Uhlenbeck 

1977) from the 3’ terminus of the 5’ cleavage product, leaving a 3’ hydroxyl.  Then the 

RNA/DNA chimera consisting of the 5’ cleavage product and the DNA adaptor was 

purified from excess splint oligonucleotides and adaptors by hybridizing the 

HHRz:adaptor chimera to a biotinylated oligonucleotide complementary to the 5’ spacer 

sequence that was appended to the HHRz.  The biotinylated capture oligonucleotide was 

subsequently captured on a streptavidin-coated resin.  Weakly or non-specifically bound 

oligonucleotides were removed by multiple washes (Figure 2-2, Step 4).  The captured 

RNA was converted to cDNA by reverse transcription (Figure 2-2, Steps 5) and 

amplified by PCR (called specific PCR, Figure 2-2, Steps 6). 

Because the reverse primer (for both reverse transcription and PCR) was designed 

to bind the adaptor whose sequence is unrelated to HHrz, this amplification process not 

only prefers authentic cleavage products but also prevents the amplification of 

contaminating DNA template.  However, after this amplification the sequence 

information downstream of the cleavage site is lost.  To solve this problem, a 

regenerative PCR was carried out using a long reverse primer that covered 11 nt 5’ to the 

cleavage site as well as the complete HHRz sequence 3’ to the cleavage site (Figure 2-2, 

Step 7).  The product of the regenerative PCR was used as the template of a third 

amplification reaction (called extension PCR, Figure 2-2, Step 8) that appends spacer 

sequences upstream and downstream the HHRz sequence.  The product of extension 

PCR was in turn used in a fourth amplification reaction (called overlap PCR, Figure 2-2, 
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Step 9) to fuse with the U6 promoter at the 5’ end of the ribozyme, generating a selected 

expression construct for the next round of selection.   

The PCR products were generally clean, so that we did not have to gel purify any 

PCR product.  However, this caused a problem that the product of the specific PCR 

might be present in the overlap PCR, which might lead to the formation of a construct 

where U6 promoter is followed by the chimeric HHRz:adaptor sequence.  When this 

construct is transfected into a cell, the HHRz:adaptor sequence can be transcribed into 

RNA, and this RNA can be captured by the biotinylated oligonucleotide and amplified by 

the specific PCR of the next round.  To avoid this parasitic amplification, the adaptor 

and RT primer sequences were changed in each round (Table 2-2).   

While it seems unwieldy to split the overall recovery and amplification of 

expression constructs into multiple PCR reactions, it in fact avoids the accumulation of 

artifacts that could arise from attempting to reconstruct expression constructs in fewer 

steps.  

The full selection procedure was first validated using wild-type HHRz (wtHHRz), 

and A14G-mutant HHRz (mutHHRz) which has been shown not to self-cleave in 

mammalian cells (Yen et al. 2004).  The transfection of the U6-wtHHRz expression 

construct into HeLa cells resulted in the production of a cleaved transcript 48h after 

transfection (Figure 2-3a, Lane 2); this cleavage product was not seen for cells 

transfected with U6-mutHHRz expression construct (Figure 2-3a, Lane 3) or 

untransfected HeLa cells (Figure 2-3a, Lane 1). 
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Figure 2-3: Experimental validation of the genotype selection procedure.8 

 

We also observed a transcript slightly longer than the full-length hammerhead 

ribozyme in both transfections (Figure 2-3a, Lanes 2 and 3) which was probably due to 

the read-through of the U6 terminator, as shown before (Paul et al. 2003). 

                                                 
8 (a) Northern blotting to show the transcription of the wildtype (lane 2) and mutant (lane 3) HHRz in 
HeLa cells.  Blotting of untransfected HeLa cells (lane 1) was shown for comparison.  The upper and 
lower arrows indicate the positions of the uncleaved HHRz and the 5’ cleavage product, respectively.  One 
band of unclear origin (*) was also seen for both transfected samples.  (b) HHRz cleavage did not happen 
during or after RNA isolation.  In vitro transcribed, internally radiolabeled wtHHRz precursor was spiked 
into the TRIzol lysate of HeLa cells.  Whole RNA was extracted from the lysate, and the extracted RNA 
(lane 2) was run on a 8% denaturing polyacrylamide gel next to the in vitro transcribed, radiolabeled, 
uncleaved wtHHRz control (lane 1).  The upper arrow and lower arrows indicate the expected sizes of 
uncleaved HHRz and 5’ cleavage product, respectively.  (c) T4 PNK treatment and ligation to an adaptor 
oligonucleotide were efficient.  The 5’ cleavage product of an in vitro transcribed, internally labeled 
wildtype HHRz was spiked into the TRIzol lysate of HeLa cells.  After a mock selection through the 
adaptor ligation step (Figure 2-2, Step 4), the extracted RNA (lane 2) and a radiolabeled 5’ cleavage 
product control (lane 1) were run analyzed by PAGE.  The upper and lower arrows indicate the ligation 
product and the 5’ cleavage product, respectively.  (d) PCR-amplification of the HHRz:adaptor ligation 
depends on both ligation and RT.  M: Low molecular-weight ladder (NEB). 
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We verified that cleavage indeed happened in vivo rather than during or after 

RNA preparation.  After spiking a radiolabeled full-length wildtype hammerhead 

ribozyme into the TRIzol lysate, the ribozyme remained intact after RNA preparation 

(Figure 2-3b, Lane 2).   

To test the overall efficiency of this recovery scheme, a radiolabeled 5' self-

cleavage product was spiked into the TRIzol lysate, followed by extraction, T4 PNK-

treatment, and template-dependent ligation.  As a result, >70% of the radioactivity could 

be found ligated to the adaptor sequence (Figure 2-3c, Lane 2). 

Dissecting the tertiary loop-bulge interaction in HHRz 

Hammerhead ribozymes have long served as model systems for studying the 

mechanism of application of RNA catalysis.  Early researchers of the HHRz were 

perplexed by a lack of detailed understanding of the tertiary interactions between 

bulge/loop I and loop II (De la Pena et al. 2003; Khvorova et al. 2003).  The molecular 

basis for this interaction and its role in stabilizing the catalytically active conformation of 

the HHRz have been nicely illustrated by the crystal structure of the full-length 

schistosomal HHRz (Martick and Scott 2006).  The structure revealed an intricate 

interaction between bulge I and loop II that involves 3 non-canonical base-pairs and 

stacking interactions. 

In order to further probe this tertiary structural interaction, we aimed to determine 

which variants might stabilize the active conformation in vivo.  We therefore randomized 

Stem II (Stem Pool) and Loop II (Loop Pool) of the Schistozoma HHRz (Ferbeyre et al. 

1998) as starting points for the development of our in vivo genotype selection scheme 

(Figure 2-4).  When the U6-StemPoolHHRz underwent selection, the same, specific 

PCR product was observed as in previous, control experiments (Figure 2-3d).  The same 
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result was observed for the U6-LoopPoolHHRz (not shown).  For negative controls, 

either or both of T4 RNA ligase 2 and SuperScript III reverse transcriptase were omitted.  

For the PCR reactions shown in Figure 2-3d, only the “L+R+” sample received both 

ligase and reverse transcriptase.  PCR was carried out for 35 cycles.   PCR from other 

pools and rounds of selection showed similar results. 

 

Figure 2-4: Design of HHRz pools.9 

In vivo HHRz selection 

Five rounds of in vivo genotype selection were performed for both the Stem Pool 

and the Loop Pool.  To allow better recovery of functional sequences at earlier rounds 

and higher selection stringency during later rounds, the time between transfection and 

cell lysis started at 4 h for the stem pool and 8 h for the loop pool in the first round, and 

this time was gradually reduced to 1.5 h by the fifth round.  The initial incubation times 

were different for the two pools because the number of active variants in the Stem Pool 

was expected to be greater than in the Loop Pool.  Any sequence with a paired stem II 

and a G:C pair adjacent to the catalytic core was expected to be functional (~ 1 in 1000), 
                                                 
9 The stem II and loop II of schistosomal HHRz were randomized in the Stem Pool ( ) and Loop Pool 
( ), respectively.  The dashed line with arrows indicates the tertiary interaction between the bulge I and 
the loop II of schistosomal HHRz. 
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whereas only the wild-type sequence (CAAACA) in the loop pool was expected to be 

functional (~1 in 4000).  We therefore used less stringent selection conditions (longer 

incubation times) for the Loop Pool.  

Owing to the technical challenges of testing the in vivo cleavage rates of the initial 

and selected pools, we employed an in vitro cleavage assay with low Mg2+ concentration 

to assess the progression of the selections.  As shown in Figures 2-5a and 2-5b, 

although the initial pools showed little (if any) cleavage activity, the cleavage activities 

clearly increased at later rounds of the selection.  The activity of the Stem Pool reached a 

plateau after 5 rounds of selection, whereas the activity of the Loop Pool was still 

increasing at round 5.  Interestingly, fitting the cleavage kinetics to a single-exponential 

equation showed that there was little change in the first-order cleavage rate constant (kobs) 

between rounds, although the fraction of the population that cleaved did increase.  This 

is consistent with our model (discussed below) that shows that the stringency of selection 

is limited. 

We cloned the pools into E.coli and picked ~20 colonies for each pool for 

sequencing.  Sequence analysis revealed that round 5 of Loop Pool still contained 

diverse sequences (Table 2-1), as expected from the fact that the activity of the pool was 

still increasing.  Nevertheless, in 14 out of 15 successfully sequenced clones the last 

position of the hexameric loop is A (as in the wild-type ribozyme), and the first position 

is either C (as in the wild-type ribozyme) or G.  This consensus might in fact reveal the 

role of the first and last nucleotides in loop II as to anchor stem II with respect to bulge I.  

This anchoring can also be seen in the crystal structure of the schistosomal hammerhead 

ribozyme (Martick and Scott 2006), as shown in Figure 2-6. 

In contrast, sequencing the round 5 of Stem Pool revealed that the pool was 

dominated by three somewhat unexpected sequences (Table 2-1):  5' ACGC...GCGU, 5' 
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AGCC...GGCA, and 5' AAUG...CAUA, none of which has the known, consensus G:C 

pair nearest to the catalytic core.  The latter two ribozymes are predicted to have an A:A 

mismatch at this position.  Even though an additional (compared to the consensus HHRz 

sequence) A or U has previously been observed at the junction of an otherwise perfectly 

paired stem II and the catalytic core in some natural HHRzs [see the summary of HHRz 

sequence in (Khvorova et al. 2003)], the A:A mismatch has only been found when 

hammerhead-like ribozymes were selected in vitro from a completely random sequence 

(Salehi-Ashtiani and Szostak 2001).  The A:U pair at the this position has not been 

previously reported.  We reason that the less stable A:U pair and A:A mispairs offer 

amplification advantages in vitro over the G:C pair.  This notion was indirectly 

supported by the fact that point mutations that destabilize stem III (which was not 

randomized) arose in many selected sequences (Table 2-1). 
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Pool/Round Clone 
ID Sequence Occurrence 

# 
StemPool 
Round0 / GATGANNNNCAAATANNNNGAAACGCGC  

StemPool, 
Round 5 

1 GATGAACGCCAAATAGCGTGAAACGTGC 12 
3 GATGAAATGCAAATACATAGAAACGTGC 3 

17 GATGAAGCCCAAATAGGCAGAAACGCGT 1 
LoopPool 
Round 0 / GATGAGTCCNNNNNNGGACGAAACGCAC  

LoopPool, 
Round 5 

9 GATGAGTCCCAGTTAGGACGAAACACAC 1 
10 GATGAGTCCCACTTAGGACGAAACGCTC 1 
5 GATGAGTCCCAGGGAGGACGAAACACAC 1 

15 GATGAGTCCCAGGAAGGACGAAACACAC 1 
12 GATGAGTCCCACAGAGGACGAAACGTAC 1 
1 GATGAGTCCCGTGGAGGACGAAACGCAC 1 

11 GATGAGTCCCTCTAAGGACGAAACGTAC 1 
16 GATGAGTCCCCTTTAGGACGAAACGTAC 1 
6 GATGAGTCCGAGTGAGGACGAAACGCTC 1 

13 GATGAGTCCGGACAAGGACGAAACGTAC 1 
14 GATGAGTCCGGTTAAGGACGAAACGTAC 1 
21 GATGAGTCCGTATTAGGACGAAACGCAT 1 
24 GATGAGTCCGAGTGAGGACGAAACGTAC 1 
17 GATGAGTCCGATGTCGGACGAAACGCTC 1 
8 GATGAGTCCTGACAAGGACGAAACGTAC 1 

 

Table 2-1: Sequence analysis of selected HHRzs.10 

                                                 
10 Randomized region and selected sequences are shown in blue.  Mutations acquired during the selection 
(in constant regions) are shown in red. 
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Figure 2-5: In vitro functionality assay of the selected pools.11 

                                                 
11 Ribozyme cleavage reactions were carried out at low (100 µM) Mg2+ concentration.  (a) Cleavage 
kinetics for each round of the StemPoolHHRz (a) and the LoopPoolHHRz (b) selection are shown in dots 
and fitted to a single-exponential equation.  Data for round 0, 1, 2, 3, 4, and 5 and shown in red, orange, 
green, blue, purple, and black, respectively. 
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Figure 2-6: The crystal structure of schistosomal HHRz (PDB ID: 2GOZ).12 

In vivo functionality of selected HHRz variants 

To test whether the selected HHRz variants would be able to inhibit gene 

expression, we cloned several selected HHRz sequences as well as wtHHRz and 

mutHHRz (as positive and negative controls, respectively) into the 3’UTR of an 

mCherry-expression cassette in plasmid p2Color (Figure 2-7).  The p2Color plasmid 

                                                 
12 The interaction between bulge I and loop II are shown in atomic detail; other regions are shown in 
ribbon.  The extended stem I (including bulge I), stem-loop II, stem III and the catalytic core are shown in 
orange, cyan, grey, and green, respectively.  The first nucleotide (CL1) and last nucleotide (AL6) of loop II 
are shown in blue. The two bases in bulge I, CB4 and UB5, that form non-canonical base-pairs with CL1 and 
AL6, respectively, are shown in red. 
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also contains an EGFP-expressing cassette which serves as internal transfection control.  

When transfected cells are examined by flow cytometry, it can be seen that, as expected, 

wtHHRz significantly inhibits the expression of mCherry (almost to the detection limit of 

this assay; Figure 2-8 and data not shown) whereas mutHHRz did not cause detectable 

inhibition compared to original p2Color (not shown).   

 

Figure 2-7: Plasmid map of the p2Color-3’hh series.13 

This reporter assay was used to evaluate selected variants in vivo.  Interestingly, 

while selected HHRz pools were c.a. 10-fold slower than wtHHRz in the in vitro self-

cleavage assay, most selected HHRz variants showed strong inhibition in vivo, 

comparable to that observed with the wtHHRz.  In line with our original structural 

hypothesis, those hammerhead ribozyme variants that possess the (C/G)NNNNA pattern 

in loop II (predicted to interact with bulge I) showed higher activities in this assay than 

                                                 
13 p2Color-3’hh series plasmid are based on pcDNA3.1 vector (invitrogen), with the original neomycine 
resistance gene replaced by the EGFP gene and the mCherry cloned into the multiclonal site.  CMV: 
Human cytomegalovirus (CMV) promoter; pA (cyan): bovine growth hormone polyA signal; SV40: SV40 
replication origin and promoter; pA (purple): SV40 polyA signal. 
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ribozymes without this motif (Figure 2-9).  Moreover, all of the HHRz variants selected 

form the Stem Pool were found to be active when assayed in vivo (see Figure 2-9), 

despite having decidedly non-consensus base-pairs at stem II/catalytic core junction. 

 

Figure 2-8: Activities of a selected HHRz (round 5, clone 1 of the loop pool) in 
mammalian cells.14 

                                                 
14 The expression level of mCherry relative to EGFP were examined with flow cytometry.  The red 
fluorescent signals (FL2 values) are plotted versus the green fluorescent signals (FL1 values) on a linear 
scale for gated cells.  The cells transfected with p2Color-3’wtHHRz, p2Color-3’mutHHRz, and p2Color-
3’Lc5-1 (round 5, clone 1 of the loop pool) are shown with black, blue and magenta dots, respectively.  
The linear regressions for each population are shown in solid lines with the same color coding. 
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Figure 2-9: The normalized mean ratios of red/green fluorescent signal for mutHHRz, 
wtHHRz and selected HHRz clones.15 

DISCUSSION 

Factors influencing the stringency of in vivo selection 

Although it is obvious that physiologically active HHRz can be selected over non-

physiologically active HHRz using our in vivo genotype selection, it is not clear why 

non-optimal sequences were chosen.  While the selection is not apparently stringent 

enough, the variable that led to the low stringency is not immediately apparent.  In 

traditional in vitro selections of self-cleaving ribozymes, faster variants can be selected 

by simply reducing the reaction time.  However, this strategy is not feasible for our in 

vivo genotype selection because both the transfection of templates and the transcription of 

RNA by cellular RNA polymerase happen in a slower time frame than the self cleavage 

of HHRz.  For example, transfection takes hours to complete during which time some 

templates have already been transcribed and processed (or self-cleaved), while others are 

still in the process of reaching the cell nucleus and/or being transcribed. 

                                                 
15 The stem-loop II sequences for each HHRz are shown on the right panel.  The selected stem and loop 
sequences are shown in blue and red, respectively. 
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In a previous work (Donahue and Fedor 1997) a kinetic model was proposed for 

analyzing the role of a self-cleaving ribozymes in inactivating an mRNA that harbors the 

ribozyme.  The model predicted that when a self-cleaving ribozyme is placed in the 

3’UTR of an mRNA, as long as the cleavage rate constant of the ribozyme was similar to 

or faster than the degradation rate constant of the mRNA, then strong inhibition of gene 

expression should be observed.  We adopted this kinetic model to analyze the factors 

that impact selection stringency.  In our model (Figure 2-10), uncleaved precursor of 

each HHRz variant is transcribed at the same rate (rTxn), is degraded at the same rate 

constant (kDegPre), but has a distinct cleavage rate constant (kCle).  The 5’ self-cleavage 

product of each HHRz variant also has the same degradation rate constant (kDeg5’).  Since 

the 5’ cleavage product contains the randomized region and is amplified for the next 

round of selection, the fitness of each variant is proportional to the concentration of 5’ 

cleavage product at the point of RNA isolation.   
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Figure 2-10: Kinetic model for RNA genotype selection.16 

To simplify the model, we assume that RNA transcription, cleavage, and 

degradation happen in a much shorter time scale than transfection.  Thus the 

concentration of DNA in the cell can be assumed to be constant and the transcription rate, 

consequently, can also be assumed to be constant.  It should be noted that the principle 

finding of the following analysis still holds if the DNA concentration increases over time 

as a result of continuous process of transfection (simulation result not shown).  We 

assume that the degradation rates of different 5' cleavage products (kDeg5’) in the pool are 

equal.  In other words, the stability of the 5’ cleavage product is assumed to be 

independent of its sequence in the stem/loop II region.  We also assume kDegPre is 

independent of the stem/loop II sequence. 

                                                 
16 A is the template DNA; B is the newly transcribed, uncleaved HHRz precursor; C is the degradation 
product of the uncleaved HHRz; D is the 5’ cleavage product of the HHRz; E is the 3’ cleavage product of 
the HHRz; F is the degradation product of the 5’ cleavage product; and G is the degradation product of the 
3’ cleavage product.  The relevant rate constants are rTxn (the zero-order transcription rate constant), kDegPre 
(the first-order degradation rate constant for the uncleaved HHRz), kCle (the first-order cleavage rate 
constant for the uncleaved HHRz), kDeg5’ (the first-order degradation rate constant for the 5’ cleavage 
product), and kDeg3’ (the first-order degradation rate constant for the 3’ cleavage product). 
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We first consider the situation where the time span between transfection and RNA 

isolation are much longer than 
DegPreCle

2ln
kk +

, in which case the concentration of 5’ 

cleavage product (c5’) can be seen as at steady state.  Under this condition, we consider 

the extreme case where degradation of the uncleaved transcript is absent (kDegPre = 0).  In 

this situation, the precursor concentration (cPre) builds up until the cleavage rate (which 

equals cPre·kCle) approximates the transcription rate of HHRz, which is constant over all 

HHRz variants.   Similarly, the concentration of 5’ cleavage product (c5’) builds up until 

its degradation rate (which equals c5’·kDeg5’) approximates the cleavage rate of the HHRz 

which again approximates the universally equal transcription rate.  Thus, at steady state, 

the concentration of 5’ cleavage product c5’ equals 
Deg5'

Txn

k
r  which is completely 

independent of cleavage rate, and thus there is little or no opportunity to select for 

improved variants! 

In contrast, when the degradation of uncleaved HHRz precursors is greater than 

zero, the steady-state concentration of precursor becomes 
CleDegPre

Txn

kk
r
+

 and the steady-

state concentration of 5’ cleavage product becomes 
CleDegPre

Cle

DegPre

Txn

kk
k

k
r

+
⋅ .  As shown in 

Figure 2-11a, the HHRz variants with a faster cleavage rate constant have a selection 

advantage over slower ones, but the extent of this advantage is highly dependent upon the 

degradation rate constant of the HHRz precursor (kDegPre).  The higher kDegPre is, the more 

stringent the selection is. 

Unfortunately, in our selection scheme, kDegPre was determined to be 0.5~1.5 h-1 

by quantitative RT-PCR (data not shown), therefore HHRz variants only have to have a 

kCle of >2 h-1 in order to be selected.  Given that the wild-type HHRz has a cleavage rate 
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of 1 min-1 as determined in vitro at physiological Mg2+, the selection was not stringent, 

and the accumulation of non-optimized variants was to be expected.   

While selection pressure could also be applied by shortening the time span 

between transfection and RNA isolation, since faster ribozymes reach steady state earlier, 

this is not really feasible since transfection is necessarily a slow process that likely cannot 

be shortened to less than 1~2 hour, even with electroporation.  Given these times, the 

fitness-vs- kCle curve (Figure 2-11b) is similar to that of the previous steady-state 

analysis. 

 

Figure 2-11: Impact of the degradation rate of uncleaved HHRzs on the stringency of 
selection.17 

                                                 
17 The fitness, measured by the calculated steady-state (a) or simulated pre-steady state (b) concentration 
of 5’ cleavage products (according to the kinetic model outlined in Figure 2-10), was plotted versus the 
cleavage rate constant (kCle).  In the pre-steady state simulation (b), the concentration of all RNA species 
are set to zero at t = 0, and the concentration of the 5’ cleavage product at t = 2 h was used as the fitness 
value.  In both plots, the fitness-vs-kCle curves for a quickly-degrading transcript (kDegPre = 1 h-1) and a 
slowly-degrading transcript (kDegPre = 0.01 h-1) are shown with blue and red lines, respectively.  The 
transcription rate constant rTxn and the degradation rate constant for the 5’ cleavage product (kDeg5’) prove to 
be scaling factors that do not change the shapes of the curves. 
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Implications for the discovery and application of HHRz 

The Stem Pool selection raises the question as to why only HHRzs with a G:C 

pair at the base of stem II is present in nature.  The answer is likely two-fold.  First, 

during natural selection the advantage of even slightly faster ribozymes may be greatly 

magnified.  However, it is also possible that there may be more HHRzs, including 

ribozymes that contain A:U and A:A pairs at the base of stem II, than have previously 

been found, since previous bioinformatics studies have focused on re-finding the wild-

type template (Ferbeyre et al. 1998; Martick et al. 2008). 

Although the stringency of our selection scheme turned out to be low, it is likely 

that for many applications it will be the pool size, rather than speed, that is the more 

important consideration.  Even though our proof-of-principle experiments used relatively 

small pool sizes, the success of these experiments and the method in general suggests that 

much larger pools can now be sieved in vivo than was previously possible.  Despite 

being ~100-fold slower than the wild-type in vitro, the selected ribozymes were more 

than fast enough for efficient gene knockdown in cultured mammalian cells, in part due 

to the otherwise relatively high stability of mRNA in mammalian cells (as analyzed by 

(Donahue and Fedor 1997) and shown by (Yang et al. 2003).   

The finding that ‘slow’ ribozymes may be efficient enough for regulating gene 

expression has additional implications.  While the use of allosteric self-cleaving 

ribozymes to regulate genes in eukaryotic cells has been widely attempted (Link et al. 

2007; Win and Smolke 2007; Win and Smolke 2008) the dynamic range of regulation has 

been relatively small.  For instance, an allosteric self-cleaving ribozyme (Link et al. 

2007) had a cleavage rate constant in the absence of ligand that was 1/100th that of the 

wild-type schistosomal HHRz (and similar to that of our selected pools), and thus was 

likely already high enough to achieve substantial gene knockdown even in the absence of 
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ligand.  Win and Smolke (2007, 2008) engineered allosteric ribozymes that showed 

modest (2~4-fold) activation, and, unfortunately, in so doing disrupted loop I/loop II 

interactions of the TRSV ribozyme, leading to a 5-fold reduction in the cleavage [SI 

Figure 13 of (Win and Smolke 2007)].   

 

CONCLUSION 

We have devised a scheme to directly select physiologically active ribozymes in 

mammalian cells.  Our analysis of this seemingly straightforward selection scheme 

reflects that engineering molecular circuits in vivo is challenging in large measure 

because the complex systems within a cell can interact with and impact the function of 

the engineered circuit.  Therefore, it is important to establish quantitative models that 

take into account how the circuit and cell may interact.  In particular, in order to 

engineer ribozymes to modulate gene expression, the rates of transcription and 

degradation, which can significantly alter the behavior of the engineered circuit, must be 

taken into account.  We believe our selection method should prove useful in identifying 

allosteric ribozymes with wider dynamic ranges for in vivo applications.  However, as 

we will see in Chapter 3, the dynamic ranges of allosteric ribozyme-based genetic 

regulators are bound by several fundamental limitations of the system.  Better 

performance likely requires novel, system-level engineering concepts such as those 

shown in Chapters 4 and 5. 
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MATERIALS AND METHODS 

Oligonucleotides and pool construction 

The oligonucleotides are summarized in Table 2-2, and were obtained form 

Integrated DNA Technology (IDT, Coralville, IA).   The oligonucleotides encoding 

Stem.pool.U and Loop.pool.U were extended with the PCR using the primers Cap.hh.F 

and hh.t.R.  A double-stranded, linear DNA containing the U6 promoter was generated 

from the template pSIREN-DNR-DsRed (Clontech, Mountain View, CA) in a PCR with 

the primers U6_5.F and U6_3_Cap.R.  The extended pools and the amplified U6 

promoter were fused in an overlap PCR with the primers Eco.U6.F and hh.t.R, and the 

two PCR products described above as template.  The overlap PCR was carried out with 

KOD polymerase (Novagen, San Diego, CA), while all other amplifications were carried 

out with Taq polymerase.  EconoSpin columns (Epoch Biolabs, Missouri City, TX) were 

used to purify PCR products. 
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Purpose Name Sequence Note 

Pool 
Construction 

stem.pool 
 

CTGAGATGCAGGTACATCCAGCTGATGA
NNNNCAAATANNNNGAAACGCGCTTCGG
TGCGTCCTGGATTCCACTGCTATCCACAA 
 

Template to create round 0 
StemPoolHHRz 

loop.pool 
 

CTGAGATGCAGGTACATCCAGCTGATGA
GTCCNNNNNNGGACGAAACGCACTTCGG
TGCGTCCTGGATTCCACTGCTATCCACAA 
 

Template to create round 0 
LoopPoolHHRz 

U6_5.F 
ATCGCAGATCTGGATCCAAGGTCGGGCA
GGAAGAGGGCCT 
 

Forward primer, used to 
amplify U6 promoter 

U6_3_Cap.R 
 

CTGGTCATGGCGGGCATTTAACGGTGTTT
CGTCCTTTCCACAAGATATATAA 
 

Reverse primer, used to 
amplify U6 promoter and 
introduce 5’ spacer 
sequence for overlap PCR 

Cap.hh.F 
 

TTAAATGCCCGCCATGACCAGAACAAAC
AACAAACCTGAGATGCAGGTAC 
 

Forward primer, to amplify 
spacer-flanked HHRz and 
U6 expression cassette 

hh.t.R 
 

GAATTCGAATTCGAATTCAAAAAATTGTT
TTCTTTTGTTTTCTTTTGTTTTGTGGATAG
CAGTG 
 

Reverse primer, to amplify 
spacer-flanked HHRz  

Eco.U6.F 
 

GAATTCCCGAATTCCCGAATTCATCGCAG
ATCTG 

Forward primer, to amplify 
U6 expression cassette 

Selection 

splint 
 

TCCATTTTCCATCCCGACGCACCGAA 
 

Splint to ligate 5’ cleavage 
product to ssDNA adaptor 

Picker 
 

GGGATGGAAAATGGATGCCATAGAATCA
GCAGTATAGAG 
 

ssDNA adaptor; 5’ 
phosphorylated during 
synthesis,  used in 
StemPool round 1, 4; 
LoopPool round 1, 5 

RTprimer.R 
 

CTCTATACTGCTGATTCTATGGCA 
 

RT primer, used in 
StemPool round 1, 4; 
LoopPool round 1, 5 

PickerC 
 

GGGATGGAAAATGGActcttctgaaccctgtgataaa
aa 
 

ssDNA adaptor; 5’ 
phosphorylated during 
synthesis,  used in 
StemPool round 2, 
LoopPool round 2, 

Table 2-2: Sequence and purpose of oligonucleotides used in this work. 
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(Table 2-2 cont.) 

 

RTprimerC.R 
 

tttttatcacagggttcagaagag 
 

RT primer, used in 
StemPool round 2, 
LoopPool round 2, 

PickerD 
 

GGGATGGAAAATGGAttagctacgaagtccgcgatc
agg 
 

ssDNA adaptor; 5’ 
phosphorylated during 
synthesis,  used in 
StemPool round  3, 
LoopPool round 3 

RTprimerD.R 
 

cctgatcgcggacttcgtagctaa 
 

RT primer, used in 
StemPool round  3, 
LoopPool round 3 

PickerE 
 

GGGATGGAAAATGGAtactaacttataacactgggcg
cg 
 

ssDNA adaptor; 5’ 
phosphorylated during 
synthesis,  used in 
StemPool round  5, 
LoopPool round 4, 

RTprimerE 
 

cgcgcccagtgttataagttagta 
 

RT primer, used in 
StemPool round  5, 
LoopPool round 4, 

RG.F 
 

CTGAGATGCAGGTACATCCAGCTGATGA 
 

Forward primer, used for 
regenerating HHRz 
sequence from 
HHRz:adaptor chimera 
(Figure 2-2, step 7) 

RG.R 
 

TTGTGGATAGCAGTGGAATCCAGGACGC
ACCGAA 
 

Reverse primer, used for 
regenerating HHRz 
sequence from 
HHRz:adaptor chimera 
(Figure 2-2, step 7) 

Cloning to 
p2Color 

Eco.Cap.F 
 

AAAAAAGAATTCTTAAATGCCCGCCATG
ACCAG 
 

Forward primer, to amplify 
HHRz and introduce EcoRI 
site (underlined) for cloning 

NotI_sphh.R 
 

AACAACAACAACAACGCGGCCGCTTTTA
TTTTCTTTTGTTTTGTGGATAGCAGTG 
 

Reverse primer, to amplify 
HHRz and introduce NotI 
site (underlined) for cloning 

Northern Blotting aN79coreSp3 
 

TCATCAGCTGGATGTACCTGC 
 

Radiolabeled for Northern 
blotting 

In vitro assay 

aN79coreRN
A 
 

UCAUCAGCUGGAUGUACCUGC 
 

Complementary to the 
catalytic core of HHRz, 
preventing cleavage during 
transcription 

T7_Cap.F 
 

AAAATAATACGACTCACTATAGGTTAAA
TGCCCGCCATGACCAG 
 

Forward primer, to amplify 
T7-driven HHRz 
transcription template 

Selection procedure 

HeLa cells (ATCC) were maintained in MEME (ATCC) supplemented with 10% 

FBS (Invitrogen) and 1U/mL Pen/Strep.  One day before transfection, c.a. 106 cells were 

seeded in T25 flasks in antibiotic-free MEME with 10% FBS.  The cells generally 
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reached 50% confluency at the time of transfection.  2.5 µg of linear U6-HHRz 

constructs were mixed with 12.5 µL Lipofectamine 2000 (Invitrogen, Carlsbad, CA) and 

7.5 µg of p2Color, which served as both carrier DNA and as a reporter of transfection 

efficiency.  

1.5 to 8 hrs after transfection (depending on the round), HeLa cells were 

trypsinized for 5 min and then resuspended in MEME with 10% FBS.  Resuspended 

cells were centrifuged at 300 g for 5 min.  The supernatant was discarded and the pellet 

was lysed with 1mL TRIzol (Invitrogen, Carlsbad, CA).  Total RNA was isolated 

according to the manufacturer's instructions, except that the RNA was resuspended in 20 

µL of denaturing elution buffer (DE Buffer: 7.8 M urea, 10 mM EDTA, pH 8) to reduce 

post-extraction ribozyme cleavage.  Total RNA was sieved on an 8% denaturing 

polyacrylamide gel alongside a radiolabeled Decade Ladder (Ambion, Austin, TX).  

After electrophoresis the gel was briefly exposed and visualized using a Phosphorimager 

(GE Healthcare).  The region corresponding to 90 nt~110 nt, which was expected to 

contain the cleavage product, was excised, crushed in a 1.5 mL tube and soaked in 450 

µL DE Buffer for 10 min at 80oC.  The gel slurry was centrifuged at 16,000 g for 2 min 

and 400 µL of supernatant was transferred to another 1.5 mL tube and ethanol-

precipitated with 1/10 V of 3 M NaAc, 2.5 V 100% EtOH, and 40 µg glycogen (Roche).   

Size-selected RNA was resuspended in 16 µL H2O and dephosphorylated at its 3' 

end by incubation with 2 µL T4 polynucleotide kinase (10 U/µL, NEB, Ipswich, MA) and 

2 µL 10x T4 PNK Buffer (NEB) for 30 min at 37 oC.  Ligation followed by adding 100 

pmole of splint oligonucleotide, 150 pmole of adaptor oligonucleotide, 1.2 µL of 10 mM 

ATP and appropriate volume of H2O to reach a total volume of 28 µL.  This mixture was 

heated to 65 oC for 5 min and slowly cooled to 25 oC at the rate of 0.1 oC/s to allow 

hybridization of the cleaved HHRz and the adaptor oligonucleotides to the splint.   A 
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portion (14 µL) of this mixture was transferred to another tube to which 1 µL T4 RNA 

ligase 2 (NEB) was added.  The other half of the sample served as a no-ligation control.  

Both the ligation reaction and the no-ligation control were subsequently treated 

equivalently.  After 1 hr of ligation at 37 oC, 1 µL of 50 µM 5’-biotinylated, 2’-O-methyl 

capture oligonucleotide (complementary to the 5’ spacer sequence on the HHRz-adaptor) 

was added.  The sample was heated to 65 oC for 5 min and slowly cooled to 25oC at the 

rate of 0.1 oC/s to allow hybridization between the capture oligonucleotide and the 

HHRz-adaptor.  The reaction was added to 100 µL UltraLink NeutrAvidin slurry 

(Pierce) in PBS and incubated at 37 oC for 30 min on a rotator.  The NeutrAvidin resin 

was washed 3 times with 1 mL PBS for to remove excess splint and adaptor 

oligonucleotides, and was then eluted in 450 µL DE Buffer at 80 oC for 10 min in the 

presence of 100 pmole of a DNA oligonucleotide that could compete with the HHRz-

adaptor for the capture oligonucleotide.  The NeutrAvidin resin was briefly centrifuged 

and the supernatant was collected and ethanol-precipitated.  The pellet was resuspended 

in 14 µL of H2O and divided into a 10 µL portion and a 3 µL portion.  The 10 µL portion 

was reverse-transcribed in a total volume of 20 µL that contained 1µL of SuperScript III 

(200 U/µL, Invitrogen, Carlsbad, CA) and a primer complementary to the 3’ portion of 

the adaptor oligonucleotide; the 3 µL portion was to create a mock-RT reaction only 

lacking SuperScript III.   

In the end, four different samples covering two independent controls could be 

compared with one another:  ligation+RT+ (L+R+ in 20 µL); L+R- in 6 µL, L-R+ in 20 µL 

and L-R- in 6 µL.  Aliquots (1 µL) from each reaction were used as templates in trial 

PCRs to verify that only the L+R+ sample yielded an amplification product and to 

estimate the optimal number of thermal cycles to obtain a clean product.  A larger 

aliquot (10 µL) of the L+R+ sample was then amplified in ten individual PCR reactions 
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using the optimal thermal cycle number; this product was in turn used as the template for 

regenerative PCR (Figure 2-2, Step 7).  The regenerative PCR product was finally used 

to generate the U6-HHRz construct via a series of PCRs (Figure 2-2, Steps 8 and 9), as 

described above for pool construction. 

In vitro cleavage assay 

The T7 RNA polymerase promoter was added to HHRz constructs by amplifying 

PCR products with flaking spacers (Figure 2-2, Step 8) with primers T7_Cap.F and 

hh.t.R.  The templates were transcribed in vitro using the AmpliScribe T7 kit (Epicentre, 

Madison, WI) and trace amounts of [α-32P] ATP (3000 Ci/mmole, PerkinElmer, 

Waltham, MA).  An anti-HHcore RNA (‘aN79coreRNA’ in Table 2-2) (20 µM) was 

added to the transcription reaction to reduce self-cleavage.  After 15min of transcription, 

1 µL of DNase I (1 U/µL, Ambion, Austin, TX) was added to digest the DNA template, 

after which the whole transcription reaction was passed through an illustra MicroSpin G-

25 Column (GE Healthcare) to remove unused nucleotides.  The eluate was mixed with 

an equal volume of denaturing loading buffer (DL Buffer: 7.8 M Urea, 10 mM EDTA, 

spiked with small amount of xylene cyanol and bromophenol blue) and heated to 80oC 

for 10 min.  RNA substrates and products were separated by electrophoresis on an 8% 

denaturing polyacrylamide gel.  After brief exposure of the gel and visualization on the 

Phosphorimager, the region containing the uncleaved HHRz (typically 80%-90%) was 

excised, crushed and soaked in 400 µL DE Buffer at 80 oC for 10 min.  The eluate was 

ethanol-precipitated, resuspended in 20 µL of pre-reaction buffer (PR Buffer: 50 mM Tris 

pH 7.5, 100 mM NaCl, 100 µM EDTA), heated to 80 oC for 1 min and slowly cooled to 

25 oC at the rate of 0.1 oC/s.  The reaction was initiated by adding 5 µL PR Buffer 

supplemented with 1 mM MgCl2 (PRMg Buffer) to the HHRz in 20 µL PR Buffer at 25 
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oC (final free Mg2+ concentration 100 µM).  Reactions were carried out at room 

temperature rather than 37 oC in order to better control the rate of reaction initiation over 

multiple samples; no changes in rank ordering were seen in reactions done at 25 oC rather 

than 37 oC.  At each time point indicated in Figures 2-5a and 2-5b, 5 µL of the reaction 

was mixed with 5 µL stop buffer (ST Buffer: 95% formamide, spiked with small amount 

of xylene cyanol and bromophenol blue).  The samples were heated to 80 oC for 10 min 

and separated by 8% denaturing PAGE.  Gels were dried, exposed, and analyzed on a 

Phosphorimager.  Bands representing uncleaved and cleaved HHRz were quantified 

using ImageQuant (Molecular Dynamics, Sunnyvale, CA).  The amounts of substrates 

and products were normalized to one another by dividing by expected number of 

adenines in each fragment (since only adenosine was radiolabeled). 

Northern blotting 

Northern blot analyses were performed following the protocol optimized by the 

Ruvkun Lab and the Bartel Lab (Pasquinelli et al. 2000).  Briefly, 20 µg of total RNA 

and a readily-detectable amount of radiolabeled Decade Ladder (Ambion, Austin, TX) 

were run on an 8% denaturing polyacrylamide gel in 1x TBE, and then transferred to 

GeneScreen Plus membrane (PerkinElmer, Waltham, MA) with 1x TBE.  20 pmole of 

probe oligonucleotide (‘aN79coreSp3’, Table 2-2) was end-labeled with 1 µL T4 PNK 

(10 U/µL, NEB, Ipswich, MA) and  2.5 µL [γ-32P] ATP (5000 Ci/mmole, 10 Ci/mL, 

PerkinElmer, Waltham, MA), then purified using an illustra MicroSpin G-25 Column 

(GE Healthcare).  The radiolabeled probe was applied to the blot in Prehyb/Hyb Solution 

(5x SSC, 20 mM Na2HPO4 pH7.2, 7% SDS, 2x Denhardt’s) at 50 oC overnight.  The 

membrane was washed with Non-stringent Wash Solution (3x SSC, 25 mM NaH2PO4 pH 

7.5, 5% SDS, 10x Denhardt’s) four times and with Stringent Wash Solution (1x SSC, 1% 
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SDS) twice.  The membrane was then sealed in a plastic bag and exposed to a 

Phosphorimager plate overnight. 

Cell-based reporter assay 

The p2Color plasmid was constructed by inserting the mCherry-coding sequence 

between the BamHI and EcoRI sites of pcDNA3.1 (Invitrogen) and replacing the 

neomycin-resistant gene (SmaI-BstBI fragment) with the EGFP-coding sequence.  

Different HHRz sequences were then inserted between the EcoRI and NotI sites of the 

p2Color plasmid to give rise to a series of p2Color-3’hh plasmids (see Figure 2-7 for 

schematic map of p2Color). 

HeLa cells were seeded in a 12-well plate (4 cm2 per well, Greiner Bio One, 

Monroe, NC) one day before transfection so that cells reached ~70% confluency at the 

time of transfection.  A p2Color-3’hh series plasmid (400 ng) was transfected using 2 µL 

Lipofectamine 2000 together with 1200 ng pUC19 as carrier DNA.  Two days after 

transfection cells were trypsinized and FACS analysis was carried out on a FACSCalibur 

(BD Biosciences).  The FL1 (representing green fluorescent signal) and FL2 

(representing red fluorescent signal) values were recorded on a logarithm scale and the 

color compensation was set to “FL1 - 0% FL2” and “FL2 - 30% FL1.”  Total events 

were gated using the WinMDI software (version 2.8, 

http://facs.scripps.edu/software.html) to plot forward versus side scatter and identify 

intact, non-aggregated cells.  The FL1 and FL2 values were then exported to MatLab 

and converted to a linear scale, from which the red/green ratio was calculated as the slope 

of the linear regression (Figure 2-8).  The red/green ratio associated with each p2Color-

3’wtHHRz series plasmid was normalized by dividing it by the red/green ratio of the 
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negative control p2Color-3’mutHHRz, leading to the normalized red/green ratios that are 

reported in Figure 2-9. 
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Chapter 3:  Design principles for signaling aptazymes 

INTRODUCTION 

The combination of rational design and directed evolution gave rise to not only 

constitutively active (deoxy)ribozymes but also allosteric (deoxy)ribozymes whose 

activity can be regulated by effectors including small molecules and proteins.  The 

effector-recognition function is usually conferred by aptamers, which are signal-stranded 

DNA and RNA molecules evolved to bind their targets tightly and specifically.  

Therefore, allosteric ribozymes are often called aptazymes. 

Aptamers, for their target-binding abilities, have emerged as a powerful tool for 

molecular recognition, and have begun to be widely adapted as biosensors, in drug-

delivery systems, and as regulatory elements that control gene expression (Tombelli et al. 

2005; Bunka and Stockley 2006; Chu et al. 2007; Gallivan 2007).  Naturally occurring 

nucleic acid regulatory elements, riboswitches, have been discovered in a variety of 

organisms and control the expression of a wide range of genes (Montange and Batey 

2008). 

Aptamers can be easily coupled to other functional DNA/RNA molecules based 

largely on secondary structural considerations in order to generate allosteric constructs.  

To a large extent aptamer-based biosensors (both in vitro and in vivo) can be classified 

into two major categories.  The first category includes allosteric constructs in which the 

aptamer binding influences the hybridization state of other nucleic acids.  Examples of 

this category can be seen from several in vitro (Dirks and Pierce 2004; Zhao et al. 2008) 

or in vivo (Bayer and Smolke 2005) studies.  The second category includes constructs in 

which aptamer binding influences the catalysis of a (deoxy)ribozyme.  Several in vitro 

(Soukup and Breaker 1999; Piganeau et al. 2001; Robertson and Ellington 2001) and in 
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vivo (Win and Smolke 2007; Wieland and Hartig 2008; Win and Smolke 2008; Wieland 

et al. 2009) systems based on this principle have also been constructed. 

While there are numerous empirical examples of aptazymes operating as 

biosensors and regulatory elements, quantitative analyses of aptazyme performance and 

the development of design principles for aptazymes have seldom been attempted and are 

largely incomplete (Piganeau et al. 2001; Beisel and Smolke 2009).  Recently, Beisel 

and Smolke developed a similar model for riboswitch function (Beisel and Smolke 2009).  

However, only qualitative trends were concluded from their study.  For example, while it 

was concluded that “a design that is biased toward forming the disrupted-aptamer 

conformation will generally increase the dynamic range ...(but) require higher ligand 

concentrations to modulate protein level,” the more useful quantitative relationship 

between dynamic range and ligand sensitivity that should enable rational design was not 

described.  Similarly, the impact of fundamental kinetic parameters such as the ribozyme 

cleavage rate constant and mRNA degradation rate constant on the behavior of 

riboswitches was not carefully analyzed.  Furthermore, the numerical solutions that were 

given in their study were based on arbitrary parameters.  For all of these reasons it is 

unclear what parameters need to be measured for the quantitative prediction of riboswitch 

function.  It is also unclear how and to what extent the parameters can be optimized for 

improved function. 

To establish a better quantitative understanding of aptazyme-based biosensors and 

riboswitches, we analyze a two-state model for aptazyme function and illustrate:  (i) the 

quantitative relationship between the dynamic range and ligand sensitivity; (ii) the 

variables that limit aptazyme function; (iii) the minimal set of readily measurable 

parameters that are necessary and sufficient to quantitatively predict aptazyme function; 

and (iv) strategies to design optimal aptazyme-based biosensors for both in vitro and in 
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vivo applications.  In addition, we apply this model to published data for a previously 

engineered riboswitch system (Win and Smolke 2007) and show that this system is 

severely limited both by slow ribozyme cleavage relative to mRNA degradation and 

likely by the intracellular concentration of theophylline. 

 

Figure 3-1: Schemes for aptazyme design.18 

 

                                                 
18 (a) The general strategy for designing aptazymes, where the aptamer and the ribozyme are shown in blue 
and red, respectively.  The stem used to connect the aptamer and the ribozyme (the communication 
module) is highlighted in a dotted green box.  (b) Scheme for ‘binding-assisted stem-formation.’  (c) 
Scheme for a ‘slip structure.’  (d) Scheme for ‘strand replacement’.  In (b) to (d), the aptamer domain, the 
ribozyme domain and the communication module are shown in blue, red and green, respectively.  The 
ligand for the aptamer domain is shown as a blue hexagon.  Long gray lines indicate base-pairing; short 
grays lines (on the left) indicate un-paired residues; and dashed gray lines (on the right) indicate mis-paired 
or non-canonical base-pairs. 
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RESULTS AND DISCUSSION 

Schemes for the design of aptazymes 

The various designs of aptazymes were largely made possible by our ability to 

predict the secondary structure of functional RNA molecules.  Aptamer secondary 

structures are usually superimposed upon or swapped with portions of ribozyme 

secondary structures (Figure 3-1a), and interactions between the two domains are often 

controlled by junction sequences (so-called communication modules).  One commonly 

used strategy to design ligand-activated aptazymes can be described as ‘binding assisted 

stem-formation’ (Figure 3-1b) in which a weak but functionally important stem that is 

shared by the aptamer and the ribozyme is stabilized by ligand-binding (Wieland and 

Hartig 2008; Wieland et al. 2009).  Other design strategies include ‘slip structures’ 

(Figure 3-2c) (Soukup and Breaker 1999) and ‘strand replacement’ (Figure 3-2d) (Win 

and Smolke 2007; Win and Smolke 2008).  In these latter strategies the ligand-induced 

stabilization of the aptamer helix causes a conformational change in the secondary 

structure of the ribozyme that either promotes or inhibits catalysis.  Taken together, all 

of these strategies assume a two-state model for the aptazyme in which one of the states 

is stabilized by ligand-binding. 

To garner better insights into how to design aptazymes, we will attempt to model 

the interrelationships between aptazyme conformational change, ligand-binding, and 

catalysis.  In this way we can separate intrinsic variables (including the aptamer:ligand 

affinity and the ribozyme catalytic rate constant) from extrinsic or ‘engineerable’ 

variables (including only the equilibrium constant between the two conformers).  While 

the catalytic rates of the less active conformer and the more active conformer are also 

extrinsic variables, they should almost always be minimized (to zero if possible) and 

maximized (to the rate of the ribozyme-sans-aptamer if possible), respectively.  For 
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simplicity, we develop our analyses with self-cleaving aptazymes, but the model should 

be generalizable to aptazymes with other catalytic activities.  In fact, our model can also 

be applied to aptamer-based conformation-switching sensors with other signaling 

mechanism (e.g. fluorescence and electrochemistry). 

A model for ligand-activated and ligand-inhibited aptazymes as in vitro biosensors 

The general model for ligand-modulated ribozymes is similar to that for allosteric 

protein enzymes (Figure 3-2).  In this model, the aptazyme can assume two 

interchangeable conformations A and B with internal equilibrium constant Kint (see 

section Summary of terms of this Chapter), each of which has particular (but different) 

ligand-binding affinities defined by association constants Ka(A) and Ka(B), respectively, 

and particular (but different) cleavage activities defined by cleavage rate constants kCle(A) 

and kCle(B), respectively.  Since in most cases it is the local structure of the catalytic core 

(as opposed to the ligand-binding site) that determines the catalytic activity of the 

aptazyme, it is assumed that the aptazyme-ligand complexes AL and BL have the same 

cleavage rate constants as the unbound aptazymes A and B, respectively.  Furthermore, 

we only consider the situation where all four species (A, B, AL and BL) are in equilibrium 

at the start of the reaction.  When the conformer that possesses higher ligand-binding 

affinity also has higher catalytic activity the aptazyme is called ligand-activated; when 

the conformer that possesses higher binding affinity has lower catalytic activity the 

aptazyme is called ligand-inhibited.  In general we assign conformation B to have the 

higher ligand-binding affinity (Ka(B)> Ka(A)).  Thus, ligand can be thought to 

thermodynamically shift the A conformer towards B.  Since most two-state models for 

allostery assume that the ligand primarily influences the population of catalytically 

inactive and active conformations, we assume that the less catalytically active conformer 
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has zero activity and the more catalytically active conformer has the same cleavage rate 

constant as the ribozyme sans aptamer (denoted as kCle).  Formally, 

kCle(A) = 0 and kCle(B) = kCle for ligand-activated aptazymes 

and 

kCle(A) = kCle and kCle(B) = 0 for ligand-inhibited aptazymes. 

Another simplifying assumption is that the complex BL is much more 

thermodynamically stable than AL, and thus we can ignore the existence of AL and 

reduce the model to the path outlined in green in Figure 3-2.  This reduced model 

assumes that the A conformer must spontaneously refold into the B conformer in order to 

bind the ligand and thus excludes ligand-induced refolding of the aptazyme.  This 

reduction is valid when two conditions are both met:  (i) the energy barrier between A 

and B is not much higher than that between AL and BL, so that aptazyme refolding does 

not rely on the ligand as a catalyst; and (ii) when the aptazyme is bound to the ligand the 

aptazyme almost exclusively assumes the BL conformation.  We will use this reduced 

model in the following analyses. 

The in vitro performance of a self-cleaving aptazyme is usually evaluated by 

plotting the first-order apparent cleavage rate constant (kapp; the initial cleavage rate 

divided by the total concentration of aptazyme) against the total ligand concentration 

([Ltot]).   As a starting point of our model, we show how kapp, which is in fact contributed 

to by all three aptazyme conformations, is determined by the variables shown in Figure 

3-2. 

Assuming that ligand-binding reaches equilibrium much faster than the aptazyme 

cleavage (mathematically: [L]kon(B) + koff(B) >> kCle(B)) the initial cleavage rate constant 

should directly reflect the initial fraction of each of the three conformers A, B, and BL at 

equilibrium: 
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If ligand-binding is slow relative to cleavage, the apparent rate constant would 

reflect the rate of binding (the rate limiting step) instead of cleavage.  Based on the 

definitions of parameters (see section Equation derivation of this Chapter), the fraction 
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where *L  is relative ligand concentration, defined as the ligand concentration divided by 

the dissociation constant (Kd or
a(B)

1
K

) of the aptamer domain.  The introduction of 

relative ligand concentration implicates that Kd is only a scaling factor for ligand 

concentration.  In other words, two aptazymes with the same Kint but different Kd values 

would be indistinguishable in terms of their performance with respect to relative ligand 

concentrations. 
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 are the fraction of cleavage-competent conformers 

in the absence of ligand for ligand-activated aptazymes and ligand-inhibited aptazymes, 

respectively.  We term these ratios ‘cleavage tendency’ and denote them as ω.  

Formally: 
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=ω  for ligand-activated aptazymes and  
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=ω  for ligand-inhibited aptazymes. 
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It should be noted that the relationship between ω and Kint is dependent on the 

type of the aptazyme (i.e. ligand-activated or ligand-inhibited).  When the aptazyme type 

is specified, ω can be used interchangeably with Kint.  Since in many cases the equations 

are in simpler form when ω is used instead of Kint, we will primarily use ω in the 

following derivations and analyses.  From equations (1~3) and earlier assumptions, the 

relationship between kapp and the relative ligand concentration *L  are: 
( )
( ) Cle*

int

*
int
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=        
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for ligand-activated aptazymes, and:  

( ) Cle*
int

app 11
1 k

LK
k

++
=

      

or  

( )( ) Cle*app 11
k

L
k

+−+
=

ωω
ω        (5) 

for ligand-inhibited aptazyme. 
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Figure 3-2: Two-state model for aptazyme function.19 

Design principles for ligand-activated aptazymes used as in vitro biosensors 

The kapp-vs- *L  curve is an increasing hyperbola for ligand-activated aptazymes.  

The relationship between the parameters that describe the hyperbola (highest value 

kapp(max), lowest value kapp(min), and half-value concentration *
50EC ) and the model 

parameters (ω and kCle) can be determined by rewriting equation (4) as: 

( ) )app(min)app(minapp(max)*
50

*

*

app kkk
ECL

Lk +−
+

= . 

                                                 
19 The aptazyme conformers with low and high affinities for ligand are shown as A and B, respectively.  
The ligand-bound states of these two conformers are shown as AL and BL.  Kint is the equilibrium constant 
for the A-to-B transition.  Ka(A) and Ka(B) are the association constants for the ligand (L, shown as a blue 
hexagon) with the A conformer and the B conformer, respectively.  The first-order cleavage rate constants 
for conformer A and conformer B are defined as kCle(A) and kCle(B), respectively.  Under certain conditions 
(see text), the AL conformer can be ignored and the model can be reduced to the enclosed green box. 
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Here *
50EC  is the relative ligand concentration at which the kapp is half-way between 

kapp(min) and kapp(max).  As a result: 

Cleapp(min) kk ω=         (6) 

Cleapp(max) kk =          (7) 

ω
1*

50 =EC          (8)  

According to the definition of relative concentration, *
50EC  is dimensionless and 

scales relative to the Kd of the aptamer domain, the absolute 50EC  (actual concentration 

of ligand at which the activity of the aptazyme is halfway between kapp(max) and kapp(min)) 

can be calculated with the equation: 

d
*
5050 KECEC ⋅= . 

It is noteworthy that EC50 is often regarded as the ‘apparent Kd of the aptazyme’ and can 

be confused with Kd.  In fact, the Kd is an intrinsic (i.e. design-independent) variable 

reflecting the affinity between the aptamer and the ligand, while EC50 is design-

dependent.  From equation (8) it can be seen that 50EC  is always greater than Kd and is 

inversely proportional to ω, since the ligand binding-competent conformation B is only a 

fraction of the total aptazyme population and a smaller ω means this conformation is 

proportionately disfavored. 

In addition to 50EC , another important parameter for describing the performance 

of a ligand-activated aptazyme is the fold-activation of the cleavage rate constant when 

ligand concentration increases from 0 to infinite.  We denote this fold-activation as 

lTheoretica R,η  which is defined as: 

 
app(min)

app(max)
lTheoretica R, k

k
=η  

Comparing equations (6) and (7) it is obvious that for ligand-activated aptazymes,  
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ω
η 1

lTheoretica R, =  ,       (9) 

which means that the maximum fold-activation is solely determined by the cleavage 
tendency of the aptazymes.  In order to engineer aptazyme that have a higher lTheoretica R,η , 

one must minimize ω, i.e. the cleavage-competent conformation should be disfavored in 

the absence of ligand.  For example to achieve a >102-fold activation in the presence of 

an effector, ω should also be no greater than 10-2
, which in turn means that the free energy 

of conformation A should be disfavored by at least 2.8 kcal/mole (at 37 oC) relative to 

conformation B.  However, a low value of ω would also increase the concentration of 

ligand that was required to fully activate the aptazyme.  This can be seen by comparing 

equations (8) and (9), yielding: 

lTheoretica R,
*
50 η=EC         

or 

dlTheoretica R,50 KEC η=         (10)  

In other words, high sensitivity (low EC50) and a large dynamic range of kapp (high 

lTheoretica R,η ) cannot be obtained simultaneously (Figure 3-3).  Conversely, if an aptazyme 

displays a ‘mediocre’ 50EC  and also has a large fold-activation it can be inferred that the 

aptamer domain may actually have a very high affinity for its ligand.  For example, a 

lysozyme-dependent L1-ligase previously selected in our lab (Robertson and Ellington 

2001) exhibits an EC50 of 1.5 µM but has a 3100-fold activation in the presence of 
saturating concentration of ligand (which means lTheoretica R,η ≥3100).  According to 

equation (10), the aptamer domain of this aptazyme may have a Kd as low as 500 pM. 

To reach the full theoretical dynamic range of kapp, the ligand concentration 

should vary from 0 to infinite, which is of course impossible.  The upper limit of the 

realistic dynamic range of kapp for a ligand-activated aptazyme is determined by the kapp 
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at the highest possible concentration of ligand.  Therefore, when designing aptazymes it 

is important to consider the fold-activation of the cleavage rate constant when ligand 

concentration increases from 0 to its highest possible concentration.  We denote this 
fold-activation as Realistic R,η  and formally define it as: 

( )
)0app(

*
max

*
app

Realistic R, k
LLk =

=η  

where the *
maxL is the highest possible relative ligand concentration.   

Since decreasing cleavage tendency is a double-edged sword in that it increases 

lTheoretica R,η  but at the same time requires higher ligand concentration to achieve half 

activation, it is important to find the cleavage tendency that gives optimal aptazyme 
performance (the highest Realistic R,η ).  To find the optimal cleavage tendency, it is useful 

to determine the explicit expression of Realistic R,η  as a function of ω, which is: 

ω
η *

max

*
max

Realistic R, 1
1

L
L

+
+

=         (11) 

Interestingly, from this equation it is clear that for any *
maxL >0, Realistic R,η  increases 

monotonically as the cleavage tendency ω decreases, as shown in (Figure 3-4, left 

panel).  In other words, it is always beneficial to have a lower cleavage tendency when 
the goal is to design the aptazyme to maximize Realistic R,η . 

Practically, the only negative effect of engineering small cleavage tendencies in 
aptazymes is that the absolute value of ( )*

max
*

app LLk = is small, and thus the rate of 

cleavage and signal generated by the aptazyme may be small.  Therefore, as a practical 

guideline for designing ligand-activated aptazymes as in vitro biosensors the cleavage 
tendency should be minimized as long as the value ( )*

max
*

app LLk =  still falls within a 

range that is readily detected by a given assay.  
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Figure 3-3: The effect of cleavage tendency on the performance of ligand-activated 
aptazymes.20 

Design principles for ligand-inhibited aptazymes used as in vitro biosensors 

The kapp-vs- *L  curve for a ligand-inhibited aptazyme is a decreasing hyperbola, 

whose descriptor can be solved by rearranging equation (5) to the form: 

( ) )app(min)app(minapp(max)*
50

*

*
50

app kkk
ECL

EC
k +−

+
=  

yielding: 

0app(min) =k          (12) 

Cleapp(max) kk ω=         (13) 

ω−
=

1
1*

50EC          (14) 

Here the definition of the fold-inhibition over the theoretical dynamic range of 
kapp ( lTheoretica R,η ) is problematic since the theoretical lower limit of kapp is 0 and therefore  

                                                 
20 The basal cleavage rate constants in the absence of ligand are shown by horizontal dashed lines.  The 
values of *

50EC  are shown as a vertical dotted lines. 
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lTheoretica R,η  for a ligand-inhibited aptazyme would be infinite.  The value Realistic R,η  (now 

defined as ( )*
max

*
app

)0app(

LLk
k

=
) will be dependent on the design of the aptazyme (i.e. the 

choice of the cleavage tendency ω) and on the highest available relative concentration of 

ligand ( *
maxL ).  However, because the inhibited aptazyme is hyperbolically controlled by 

the ligand (see Figure 3-5), the lower realistic limit of kapp will be very hard to reach, and 

the range of kapp values for ligand-inhibited aptazymes will be heavily dependent on the 

ratio of *
maxL  to *

50EC .  A low *
50EC  will be crucial if the maximum possible 

concentration of ligand is limited or if the intrinsic affinity of the aptamer domain is low. 

 

 

Figure 3-4: Dynamic ranges of the aptazymes as functions of cleavage tendencies of the 
aptazymes.21 

                                                 
21 The relationship between the cleavage tendency (ω) of an aptazyme and the realistic ligand-dependent 
change in activity ( Realistic R,η ) is shown for ligand-activated aptazymes (left) and ligand-inhibited. 
aptazymes (right).  This relationship is shown for different maximum available ligand concentrations 
( *

maxL ). 
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According to equation (14), a lower *
50EC  should be engineered by decreasing ω.  

However, here we are facing a double-edged sword again: by comparing equations (13) 

and (14) we find: 

Cle*
50

app(max)
11 k

EC
k ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=        (15) 

which in turn implies that lowering *
50EC  will decrease the upper bound on possible kapp 

values (Figure 3-5).  Once again there is a compromise between ligand sensitivity and 

the dynamic range of activity.    

 

 

Figure 3-5: The effect of cleavage tendency on the performance of ligand-inhibited 
aptazymes.22 

                                                 
22 The basal cleavage rate constants in the absence of ligand are shown by horizontal dashed lines.  The 
values of *

50EC  are shown as a vertical dotted lines. 
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Again, to find the cleavage tendency that yields the highest Realistic R,η  for a given 
*
maxL , the expression of Realistic R,η  as a function of ω should be considered.  This 

expression is: 
( ) *

maxRealistic R, 11 Lωη −+=        (16) 

Interestingly, as cleavage tendency ω increases from 0 to 1, Realistic R,η  decreases 

linearly from 1 + *
maxL  to 1 (Figure 3-4, right panel).  Consequently, when designing 

ligand-inhibited aptazymes as in vitro biosensors, it is also always beneficial to choose a 
low cleavage tendency as long as app(max)k  is still readily detectable. 

In summary, for both ligand-activated and ligand-inhibited aptazymes there are 

trade-offs between ligand sensitivity and the dynamic range of activity, reflected by 
equations (10) and (15), respectively.  However, when attempting to maximize Realistic R,η  

it is always a good strategy to choose a low cleavage tendency, as shown by equations 

(11) and (16) and Figure 3-4. 

Aptazymes as in vivo riboswitches 

Aptazymes can be inserted into mRNAs in order to regulate their stabilities and 

translation efficiencies, thereby functioning similar to natural riboswitches in vivo.  In 

such applications, aptazyme performance will of necessity be further modulated by the 

dynamic processes surrounding RNA metabolism, including transcription, processing, 

transportation, translation and degradation.  In addition, the most readily observed 

signals will be steady state mRNA or protein concentrations, instead of cleavage rate 

constants.  These differences require us to build a more sophisticated model to study the 

performance of aptazymes as in vivo genetic regulators. 

The most straightforward strategy for adapting aptazymes to gene regulation is to 

engineer a ligand-responsive trans-cleaving ribozyme (such as a hammerhead aptazyme) 
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to target a particular mRNA.  However, despite decades of effort, gene regulation based 

on trans-cleaving ribozymes has proven largely unsuccessful.  Gene regulation via 

ligand-responsive ribozyme was paradoxically first demonstrated in a natural system, 

where a novel ribozyme located at the 5′ UTR of the glmS gene of B. subtilis was found 

to self-cleave only in the presence of GlcN6P (Winkler et al. 2004).  This cleavage has 

been shown to destabilize glmS mRNA and thus to down-regulate glmS expression 

(Collins et al. 2007).  Interestingly, biochemical study revealed that glmS ribozyme is 

not an allosteric ribozyme per se, since GlcN6P does not allosterically regulate glmS 

ribozyme but rather serves as a cofactor which directly contributes to catalysis (Cochrane 

et al. 2007). 

More recently, the engineering of artificial riboswitches based on cis-cleaving 

aptazymes has achieved some success.  By connecting the anti-theophylline or anti-

tetracycline aptamers to the tobacco ringspot virus (TRSV) hammerhead ribozyme 

(HHRz) via rationally designed or selected communication modules, Win and Smolke 

engineered aptazymes that, when inserted to the 3′ UTR of the GFP gene, could regulate 

GFP expression in yeast in response to theophylline or tetracycline concentration (Win 

and Smolke 2007).  The reported dynamic range of GFP expression level was 20- to 25-

fold [Figure 2 of (Win and Smolke 2007)].  However, closer inspection of the raw data 

provided in the supplementary material [Figure S13 of (Win and Smolke 2007)] showed 

that the dynamic range of GFP expression level was actually much lower.  Among all 

the aptazyme constructs that were designed and tested, most displayed only c.a. 1.5-fold 

regulation and the best ones displayed c.a. 2.5-fold regulation.  The discrepancy between 

the interpretation and the data was due to redefinition of the word ‘fold’ by the authors.  

Although in almost all disciplines of science the word ‘fold’ is specifically used to 

express the ratio of two quantities, Win and Smolke used ‘fold’ as a unit of absolute 
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quantity of GFP expression.  For example, the GFP expression level from an 

unengineered plasmid was defined as ‘50 fold.’  By this rather bizarre definition, when 

the GFP expression level from an engineered plasmid changed from ‘20 fold’ in the 

absence of theophylline to ‘43 fold’ in the presence of theophylline, a dynamic range of 

‘(43 - 20 =) 23 fold’ was claimed.  Most researchers would instead estimate the dynamic 

range to be (43 / 20 =) 2.2-fold.  Win and Smolke have also reported that multiple 

aptazymes inserted into the 3′ UTR could act as logic gates for gene expression, but the 

raw data necessary to evaluate these claims were not immediately available (Win and 

Smolke 2008). 

These designs were of necessity eukaryote-specific, since the 3′ polyA:5′ cap 

interaction is crucial for efficient protein translation.  A prokaryote-specific system has 

been developed by the Hartig group in which the ribosome-binding site (RBS) of a 

reporter gene was embedded in stem I of the Schistosomal HHRz, such that the self-

cleavage of the HHRz liberated the RBS for translation initiation (Wieland and Hartig 

2008; Wieland et al. 2009).  Through rational design and genetic screening, a 

theophylline-responsive aptazyme that exhibited 10-fold regulation of the expression of 

the reporter gene was generated.  The fold-regulation achieved by these authors (1.2- to 

10- fold) are far smaller than those that have been routinely demonstrated in vitro (102- to 

104- fold ). 

We will explore a kinetic model that reflects RNA metabolism and protein 

translation to explain this discrepancy.  In this model, the eukaryotic-specific system, 

where an aptazyme is placed within the 3′ UTR of an mRNA, will be used.  That said, it 

should be noted that self-cleaving HHRzs placed within the 5′ UTR can exert even 

stronger inhibition of gene expression (Yen et al. 2004), but such a model would be 
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inherently more challenging because it would have to take into account the continuous 

scanning by the pre-initiation complex. 

Modeling inhibition of gene expression by a constitutively active ribozyme 

We first model how gene expression can be inhibited by a constitutively active, 

self-cleaving ribozyme (Figures 3-6a and 3-6b).  In these models, we assume that the 

steady-state concentration of a protein is proportional to the steady state concentration of 

its intact mRNA.  In contrast, mRNA with a cleaved 3′ UTR is assumed to have a 

negligible translation efficiency or is rapidly degraded (Meaux and Van Hoof 2006).  

In the absence of ribozyme cleavage (Figure 3-6a) the steady state concentration 

of mRNA ([R]ss) is 
Deg

Txn

k
v .  When a constitutively active self-cleaving ribozyme is 

inserted to the 3′ UTR of the mRNA (Figure 3-6b), the steady state concentration of 

intact mRNA should depend on its cleavage rate, as well as on the transcription and 

degradation rates, specifically: 

CleDeg

Txn
ss][

kk
vR
+

=         (17) 

If we define the steady-state intact mRNA concentration without ribozyme as 1, 

then the relative steady-state intact mRNA concentration of an mRNA that harbors a 

ribozyme is: 

D
R

+
=

1
1][ Rel          (18) 

where 
Deg

Cle

k
k

D =  is the ratio of cleavage rate constant to the spontaneous degradation rate 

constant of mRNA.  The extent to which gene expression can be inhibited by an inserted 

ribozyme is solely determined by this ratio D, which implies that the rate of spontaneous 

degradation of mRNA also directly influences how much inhibition a given ribozyme can 
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potentially achieve as similarly shown by an earlier modeling study (Donahue and Fedor 

1997). 

 

 

Figure 3-6: Kinetic model for self-cleaving ribozyme-mediated regulation of gene 
expression.23 

Modeling regulation of gene expression by riboswitches based on ligand-activated 
aptazymes 

As before, we assume that the inactive conformer in a two-state model is 

completely inactive, and that the active conformer has the same cleavage rate constant as 

the ribozyme-sans-aptamer.  The kinetic model for gene regulation via ligand-activated 

self-cleavage is shown in Figure 3-7.  For simplicity only the 3′ UTR is shown.  In this 

model, mRNA is transcribed from the ‘gene’ (G) with a zero-order rate constant of vTxn.  

The nascent transcript (I) can fold into either aptazyme conformer [cleavage-incompetent 

conformer (A) or cleavage-competent conformer (B)] with folding and unfolding rate 

                                                 
23 (a) Kinetic model for mRNA metabolism in the absence of ribozyme or aptazyme cleavage.  (b) Kinetic 
model for mRNA metabolism when a constitutively active ribozyme is inserted into the 3′ UTR. 
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constants kFoldA, kFoldB and kUnA, kUnB, respectively.  The B (but not A) conformer can also 

bind the ligand L to form aptazyme:ligand complex BL which has the same catalytic 

activity as B (kCle).  The second-order association rate constant and first-order 

dissociation rate constant are denoted as kOn and kOff, respectively. 

 

 

Figure 3-7: Kinetic model for mRNA metabolism when a ligand-activated aptazyme is 
inserted into the 3′ UTR. 

Under this model (see section Equation derivation of this Chapter), the 

relationship between steady-state relative concentration of intact mRNA (including I, A, 

B and BL) and the concentration of total ligand L ([Ltot]) can be expressed in the 

following equation: 

D
L

L
R

⋅
++

+
+

=

βα
β
)1(

)1(1

1][

*

*Rel        (19) 

where  
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DegUnA

foldA

kk
k
+

=α         (20) 

*
DegCleDegUnB

foldB

Lkkkk
k

⋅+++
=β       (21) 

and  

CleDegOff

Ontot* ][
kkk

kL
L

++
= .       (22) 

This definition of relative concentration *L  is similar to our earlier definition of 

relative ligand concentration, except that in this case Kd is replaced by: 

On

CleDegOff

k
kkk ++

  

which we term the apparent dissociation constant and denote as 'dK .  'dK  is in similar 

form to Kd (
On

Off

k
k ) and will have a similar value to Kd when the dissociation rate constant 

of the ligand:aptamer complex (kOff values typically 10-3 to 101 s-1) is much faster than the 

cleavage rate constant of the ribozyme (kCle values typically 10-2 to 1 s-1).  However, it 

may also have a larger value than Kd when kOff is comparable to or larger than kCle.  

Again, 'dK  is the scaling factor for ligand concentration.   

Since the degradation rate constant of mRNA in eukaryotic cells is much slower 

[by up to 10 orders of magnitude; (Al-Hashimi and Walter 2008)] than structural 

transition, ligand dissociation, and ribozyme cleavage rates, α and β should have values 

similar to the equilibrium constants for the reactions I↔A (
UnA

FoldA

k
k

) and I↔B (
UnB

FoldB

k
k

).  

Notably, β can be treated as a constant although it is actually a function of ligand 

concentration. 

When β is treated as a constant, 
α
β  is similar to Kint in Figure 3-2 and 

consequently 
βα

β
+

 is equivalent to the cleavage tendency ω.  Moreover, since the 
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folded state is typically of lower energy (and thus more occupied) than the intermediate 

(I) or unfolded state, α is usually much greater than 1.  Given these two conditions, the 

equation (19) can be written as:  

( )
( ) ( ) D

L
L

R
⋅

++−
+

+
=

*

*Rel

11
11

1][

ωω
ω

      (23) 

It is interesting that equation (23) can be simply obtained by replacing kCle in (17) 

with kapp in (4).  This suggests that the equation for the function of aptazymes in vitro (4) 

can be used for aptazymes in vivo, with the only significant error coming when kCle is on 

the same order as or larger than kOff, which would in turn lead to a significant difference 

between 'dK  and Kd. 

Design principles for ligand-activated aptazymes as in vivo riboswitches 

Characteristics of the transfer function 

The aptazyme regulation of steady-state mRNA concentration can be thought of 

as ‘cascaded’ hyperbolic control in which the apparent cleavage activity of the ribozyme  
(kapp) is hyperbolically controlled by relative ligand concentration ( *L ) and [R]Rel is in 

turn hyperbolically controlled by the cleavage activity of the ribozyme.  Mathematically 

it can be proven that regulatory elements that exhibit hyperbolic responsivity also exhibit 

hyperbolic responsivity when coupled in series.  In general, if: 

xc
xbay

+
+

=
1

11  

and 

yc
yba

z
+
+

=
2

22  

then: 
( ) ( )
( ) ( )xcbcca

xbbabacaz
21211

2122112

+++
+++

= , 
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which means z is hyperbolically controlled by x.   
By applying this conclusion to equation (23) it can be seen that the [R]Rel–vs- *L  

curve is a decreasing hyperbola (Figure 3-8), whose descriptor can be obtained by 

rearranging (23) to:  

 

 

Figure 3-8: Performance of ligand-activated aptazymes as riboswitches.24 

( ) Rel(min)Rel(min)Rel(max)*
50

*

*
50

Rel ][][][][ RRR
ECL

EC
R +−

+
=     (24) 

where [R]Rel(max) is the maximum value of [R]Rel in the absence of ligand; [R]Rel(min) is the 

lower limit of [R]Rel and is approached at infinite ligand concentration; and *
50EC  is the 

value of the dimensionless ligand concentration (obtained by dividing by 'dK ) 

corresponding to the midpoint between [R]Rel(min) and [R]Rel(max).  As a result: 

                                                 
24 The relative ligand concentration (ligand concentration divided by the Kd of the aptamer) and the 
relative gene expression level (steady-state mRNA concentration of the aptazyme-harboring gene divided 
by that of the un-engineered gene) are shown on the horizontal and vertical axes, respectively. 
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D
R

ω+
=

1
1][ Rel(max)         (25) 

D
R

+
=

1
1][ Rel(min)         (26) 

( ) ( ) 1
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1
1

1*
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+
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=

DD
DEC

ω
ω

ω
ω       (27) 

Limits on the theoretical dynamic range 

The aim of riboswitch design is to optimize both the dynamic range of gene 

expression (as shown by the range of [R]Rel) and sensitivity to effector (as shown by 
*
50EC ).  In order to have a large dynamic range of activity and modulation at low 

effector concentrations, the aptamer, the ribozyme, and the mRNAs must be chosen to 

have optimal values of Kd, kCle, and kDeg, respectively.  In addition, aptazyme cleavage 

tendency can be engineered to improve the dynamic range of activity and responsivity to 

effector. 

For optimization of the dynamic range of activity, it is useful to think how closely 

the performance of the aptazyme can approach either completely cleaving or completely 

protecting an mRNA.  The difference between complete cleavage of the mRNA and the 

theoretical minimum steady-state mRNA level that can be obtained in the presence of the 

aptazyme will be called the ‘Floor Gap’ (Figure 3-8).  The difference between complete 

protection and the theoretical maximum steady-state mRNA level in the presence of the 

aptazyme will be called the ‘Roof Gap’ (Figure 3-8). The aptamer, ribozyme, mRNA, 

and aptazyme variables must be chosen so to have as narrow a ‘Roof Gap’ and ‘Floor 

Gap’ as possible, while still maintaining high ligand sensitivity (low *
50EC ).   

From equation (26), it is clear that for a ligand-activated aptazyme the ‘Floor 

Gap’ is solely dependent on the intrinsic variable D (
Deg

Cle

k
k

).  The ‘Floor Gap’ can only 

be narrowed by choosing or engineering faster ribozymes and/or more stable mRNAs.   
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In contrast, the ‘Roof Gap’ and *
50EC  are dependent upon the cleavage tendency 

of the aptazyme.  They also have additional limitations.  According to (27), *
50EC  is 

always greater than 1 since ω is always smaller than 1.  Thus 50EC  is always greater 

than 'dK .  Moreover, by comparing equations (25) and (27) we can appreciate the 

relationship between the maximum amount of intact mRNA at steady-state and *
50EC .  

Under the common conditions D >>1 and ω is very small (see below): 

DD
EC

ωω
ω 11

1
11*

50 ≈
−

⋅
+

=−  

and thus  

*
50

Rel(Max)
11][

EC
R −≈         (28) 

or 

‘Roof Gap’ *
50

1
EC

≈  

Therefore, ‘Roof Gap’ is inversely proportional to *
50EC , which is in turn 

determined by D and the cleavage tendency.   

An additional criterion that can be used to evaluate the system is the fold-

inhibition that occurs over the theoretical dynamic range of gene expression, denoted as 

lTheoretica R,η : 

Rel(min)

Rel(max)
lTheoretica R, ][

][
R
R

=η  

The ‘Roof Gap’ can be narrowed by engineering a very small cleavage tendency, 

i.e., by heavily disfavoring the cleavage-competent conformer (albeit at the cost of a 
rising *

50EC ).  Under these circumstances, the primary determinant of lTheoretica R,η  will be 

the ‘Floor Gap’, or [R]Rel(min).  For instance, when D can be made to be as high as 1000, a 

riboswitch with a theoretical ~1000-fold inhibition (assuming no constraints on ligand 

concentration) can be engineered by designing the cleavage tendency to be ca. 
10000

1 .  
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Given these parameters 50EC  would be around 10 times Kd'.  Practically, for stringent 

regulation (>10-fold), we believe that D should be at least 10.  This condition (high D, 

low cleavage tendency) satisfies equation (28), and is equivalent to saying that a high 

[R]Rel(max) requires a high *
50EC .  However, (28) also shows that when *

50EC  is greater 

than ~5, further increases of *
50EC  produce only marginal improvements in [R]Rel(max). 

This analysis suggests that the principles that apply in vivo are drastically 

different from those that apply to in vitro biosensors, primarily because the observed 

signals are different from one another (in one case, a direct readout of catalysis, in the 

other, a readout ‘buffered’ by transcription and degradation).  From equation (9) we can 
see that in the in vitro case kapp is essentially the observed signal, and a lTheoretica R,η  of 

1000 would therefore require an 50EC  of 1,000 times Kd.  In contrast, for the in vivo 

case, when observing [R]Rel the same lTheoretica R,η  can be obtained with higher ligand 

sensitivity (i.e, with an 50EC  of ca. only 10 times Kd', as detailed above).   

Limits on the realistic dynamic range 

Although the trade-off between ligand sensitivity and the theoretical dynamic 

range of activity in vivo is not as severe as was the case for the ligand-activated aptazyme 
in vitro, the [R]Rel-vs- *L  curve (in contrast to kapp-vs- *L  curve) is a decreasing 

hyperbola, and its lower limit is difficult to reach (see Figure 3-8).  Therefore when D is 

sufficiently large, the realistic dynamic range usually depends primarily on the maximum 
*L .  For the example above where the theoretical dynamic range of [R]Rel is 1,000-fold, 

even a 500-fold reduction of [R]Rel requires the intracellular ligand concentration to be at 

least 10,000× 'dK , e.g. for an aptamer with a Kd of 100nM, the intracellular ligand 

concentration must be 1mM!  The theoretical and realistic dynamic range of [R]Rel as 

functions of cleavage tendency can be seen in the ‘regulatory landscape’ (Figures 3-9).  
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In this figure, the relationship between three variables (cleavage tendency, [R]Rel, and 

ligand concentration) are plotted in two-dimensions.  In order to achieve the third 

dimension, ligand concentration is shown by color.  We also examine the relationships 

between these variables at two different values of D, 10 and 100. 

 

 

Figure 3-9: A guide to interpreting the regulatory landscape figures.25 

 

                                                 
25 When the type of aptazyme (ligand-activated or ligand-inhibited) and the values of D and *

maxL are all 
known, the regulatory landscape of a given riboswitch can be determined.  The left panel shows an 
example of a ligand-inhibited aptazyme with D = 10 and *

maxL = 100.  Different cleavage tendencies (ω, 
horizontal axis) and relative gene expression levels (vertical axis) are related by relative ligand 
concentrations (indicated by color mapping; the color scale is shown on the top of the right panel).  The 
dynamic range of activities for a given ω can be determined by drawing a vertical line and looking at the 
relative gene expression levels at relative ligand concentrations 0 and 100.  Such a vertical line is shown 
for a ω of 0.7, and the dynamic range (the ratio of the values at points  and ) is ca. 6-fold.  The relative 
concentration at point  corresponds to the *

50EC  of this riboswitch.  The dashed gray line represents the 

span of relative EC50 (
*
50EC ) values. 
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In these plots the upper limit of achievable ligand concentration was arbitrarily 

chosen to be 100 'dK .  The theoretical dynamic range of [R]Rel is encompassed within 

the colored region.  The bluer areas represent those regions that are realistically 

accessible.  The redder areas represent those regions that are inaccessible due to 

difficult-to-achieve relative ligand concentrations.  The *
50EC  value is shown as a dotted 

line. 

Based on the analyses above and an examination of Figure 3-10, we can 

qualitatively conclude that the primary variables that limit the performance of a ligand-

activated aptazyme as a gene-regulatory element are D and *
maxL . 

 

Figure 3-10: More regulatory landscapes with different parameters.26 

                                                 
26 (a-c) The regulatory landscapes of ligand-activated aptazymes with different D values (= 10 and 100) 
but the same *

maxL  value (= 100).  Note that panel (c) is an expanded view of panel (b) where ω varies 
from 0 to 0.1 (instead of 0 to 1).  (d-e)  The regulatory landscapes of ligand-inhibited aptazymes with 
different D values (= 10 and 100) but the same *

maxL  value (= 100). 
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Therefore, in optimizing riboswitches based on ligand-activated aptazymes one 

must:  (i) attempt to achieve the tightest ligand-binding possible; (ii) use or engineer a 

faster ribozyme and/or a more stable mRNA; (iii) appropriately disfavor the cleavage-

competent conformation; and (iv) choose a ligand with high cell-permeability and low 

cytotoxicity. 

More quantitatively, the optimal cleavage tendency ω can be determined when the 
limiting factors D and *

maxL  are both known.  By defining Realistic R,η  as the fold-

inhibition yielded by the aptazyme over the realistic dynamic range of [R]Rel (or formally:  
( )

Rel(min)

*
max

*
Rel

Realistic R, ][
][

R
LLR =

=η ), the relationship between Realistic R,η  and ω can be 

analytically obtained: 
( )
( )( )ωω

ω
η

DL
DLLD
++

+++
=

11
1

*
max

*
max

*
max

Realistic R,       (29) 

As shown in Figure 3-11, for any given D and *
maxL  there are always ω ‘sweet spots’ 

where Realistic R,η  is maximized.  Around these ‘sweet spots’ Realistic R,η  is especially 

sensitive to ω, especially when D and *
maxL are high.  The position of the ω ‘sweet spot’ 

(optimal ω) can be analytically obtained by solving 0Realistic R, =
ω

η
d

d
.  However, this 

analytical result does not elucidate mechanistic understanding and is thus not shown.  
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Figure 3-11: Quantitative relationships between realistic dynamic range and cleavage 
tendency.27 

Modeling regulation of gene expression by riboswitches based on ligand-inhibited 
aptazymes 

The model for a ligand-inhibited self-cleaving ribozyme is diagramed in Figure 

3-12.  The primary difference from the model for a ligand-activated aptazyme (Figure 3-

7) is that now only the conformer A, instead of both B and BL, can undergo self-cleavage.  

Given the parameters in Figure 3-7, the relationship between relative steady-state 

concentration of intact mRNA ([R]Rel) and ligand concentration ([Ltot]) is: 

D
L

R

βα
α

)1(1
1

1][

*

Rel

+++
+

=       (30) 

where:  

                                                 
27 For ligand-activated aptazymes Realistic R,η  is defined as fold-inhibition and fold-activation of gene 

expression across the realistic dynamic range of gene expression.  The relationship between Realistic R,η  

and cleavage tendency ω is shown for different, maximum possible relative ligand concentrations ( *
maxL ; 

shown in different colors). 
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Figure 3-12: Kinetic model for mRNA metabolism when a ligand-inhibited aptazyme is 
inserted into the 3′ UTR. 

In this case the apparent dissociation constant 'dK  (
On

DegOff

k
kk +

) is closer in value 

to Kd since kCle does not appear in the definition of 'dK .  As before, α and β are similar 

to the equilibrium constants for the reactions I↔A (
UnA

FoldA

k
k

) and I↔B (
UnB

FoldB

k
k

), 

respectively, and β can be treated as a constant.  Given that 
βα

α
+

 = ω, when α is much 

greater than 1 then equation (30) can be re-written as:  
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Since the inhibition of aptazyme cleavage would result in a increase of gene 
expression, the [R]Rel-vs- *L  curve is an increasing hyperbola, whose descriptor can be 

obtained by re-writing (34) to: 

( ) Rel(min)Rel(min)Rel(max)*
50

*

*

Rel. ][][][][ RRR
ECL
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=  

where: 
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ω
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DEC         (37) 

From these results it can be seen that the ‘Roof Gap’ (Figure 3-13) for a ligand-

inhibited aptazyme is always 0, since the mRNA can theoretically be completely 

protected when the concentration of the ligand approaches infinite.  In contrast, the 

width of the ‘Floor Gap’ is dependent on D and the cleavage tendency ω.  As before, the 

theoretical and realistic dynamic ranges of gene expression are graphically represented as 

a regulatory landscape (Figures 3-10d, 3-10e).  Analytically, by defining:  

Rel(min)

Rel(max)
lTheoretica R, ][

][
R
R

=η  

and 
( )

Rel(min)

*
max

*
Rel

Realistic R, ][
][

R
LLR =

=η , 

it can be shown that: 

Dωη += 1lTheoretica R,        (38) 
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and 
( )( )
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η *
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*
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*
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11

LDL
LLD

−++
−++

= .    (39) 

Once again, for each given D and *
maxL there is an optimal ω to maximize 

Realistic R,η  (Figure 3-14).  Interestingly, though, for ligand-inhibited aptazymes a much 

wider range of cleavage tendencies give satisfactory Realistic R,η  values (Figures 3-14). 

. 

 

Figure 3-13: Performance of ligand-inhibited aptazymes as riboswitches.28 

Analytical import of the model 

A major advance in our modeling compared to previous work (Beisel and Smolke 

2009) is that we provide practical guidelines for what experiments should be carried out 

to develop a quantitative understanding and prediction of riboswitch function.  Based on 

                                                 
28 The relative ligand concentration (ligand concentration divided by the Kd of the aptamer) and the 
relative gene expression level (steady-state mRNA concentration of the aptazyme-harboring gene divided 
by that of the un-engineered gene) are shown on the horizontal and vertical axes, respectively. 



 98

our analysis, the performance of an aptazyme-based riboswitch can be quantitatively 

predicted when four parameters are known:  (i) the gene expression level of an 

unengineered mRNA; (ii) the ratio of the ribozyme cleavage rate constant to the mRNA 

degradation rate constant (D); (iii) cleavage tendency of the aptazyme (ω); and (iv) the 

maximum available relative concentration of ligand ( *
maxL ). 

 

 

Figure 3-14: Quantitative relationships between dynamic range and cleavage tendency 
for ligand-inhibited aptazymes.29 

Among these four parameters, the gene expression level of an unengineered 

mRNA can be trivially measured.  Using equation (18), D can be obtained by measuring 

the gene expression level of an mRNA harboring a ribozyme sans aptamer at its 3′ UTR 

(or elsewhere).  Once D is determined, the cleavage tendency can be predicted based on 

                                                 
29 Realistic R,η is defined as fold-inhibition and fold-activation of gene expression across the realistic 

dynamic range of gene expression.  The relationship between Realistic R,η  and cleavage tendency ω is 

shown for different, maximum possible relative ligand concentrations ( *
maxL ; shown in different colors). 
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RNA folding energetics or by measuring the gene expression level of an aptazyme-

harboring mRNA in the absence of ligand, according to equations (25) and (35).   

The only parameter that cannot be directly measured is *
maxL .  However, *

maxL  is 

ligand-specific, aptamer-specific, and organism-specific.  But it is not design-specific.  
Therefore if the Realistic R,η  for one aptazyme is measured, *

maxL  can be calculated and 

used to predict the performance of other aptazymes which contain the same aptamer and 

are used in the same organism.  To calculate 
*
maxL  from Realistic R,η  one need only solve 

equations (29) and (39), yielding: 
( )( )

( )[ ]ωηω
ηω
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for ligand-activated aptazymes and 
( )( )
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for ligand-inhibited aptazymes. 

With such a theoretical framework we can attempt not only to promulgate 

engineering principles, but also to analyze previously designed aptazyme-based 

riboswitches.  As we discussed above, Win and Smolke generated a series of 

theophylline-responsive hammerhead ribozymes by grafting the anti-theophylline 

aptamer onto loop I or loop II of the TRSV ribozyme via various communication 

domains (Win and Smolke 2007).  When these different constructs were placed in the 3′ 

UTR of a reporter gene (GFP) modest 2-fold effects on gene regulation were observed.  

One rationale for the disappointing results was that introduction of aptamer domains into 

loop I and loop II disrupted a known, critical tertiary interaction (Khvorova et al. 2003).  

Although the original TRSV ribozyme inserted into the 3′ UTR can inhibit the expression 

of GFP expression to 2% of the unengineered mRNA level, when loop II was extended 
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the inhibition was only to ~10%.  If the steady-state GFP signal reflects the steady-state 

concentration of intact mRNA, the intrinsic D value for the engineered aptazymes was 

thus likely to be ~10.  Therefore, the maximum activation and inhibition could never 

exceed 10-fold, as shown by Figures 3-11, 3-14 (top panels).  The constructs were 

inherently restricted by their very design. 

Beyond limitations on catalysis, we also suspect that there were limitations on 

either the allosteric binding sites or the available intracellular ligand concentration.  

Using the data from Figure S13 of (Win and Smolke 2007) and equations (25) and (35), 

the cleavage tendencies of each aptazyme were calculated (Table 3-1).  *
maxL  was also 

calculated from each aptazyme construct using equations (40) and (41) (Table 3-1).  

Although many *
maxL values fall into a narrow range, they were not consistent.  Possible 

explanations for this inconsistency include:  (i) the existence of ‘non-productive’ 

aptazyme conformations not considered in the model (e.g., a non-binding and non-

cleaving conformation of the ligand-inhibited aptazyme); and (ii) the possibility that the 

basic functionality of either the aptamer or the ribozyme were significantly altered in the 

aptazyme designs.   
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Table 3-1: Analysis of the experimental data in Win and Smolke (2007).30 

To further our analysis, we assume that the aptazymes showing the largest *
maxL  

(~12) did not operate under the caveats stated above.  If so, the maximum available 

cellular theophylline concentration was only about 12 times the 'dK  of the anti-

theophylline aptamer.  The anti-theophylline aptamer has a reported Kd <1 µM (Jenison 

et al. 1994).  Assuming the aptamer retains its affinity for theophylline in the cellular 

environment, the calculated *
maxL  indicates that the intracellular concentration would be 

on the order of 12 µM, even though the extracellular concentration of theophylline was 

                                                 
30 The arbitrary unit (a.u.) for GFP expression is defined by Win and Smolke (2007).  With this definition, 
the GFP expression level for unengineered mRNA is 50 a.u.  Source of data: SI Figure 13 of Win and 
Smolke (2007). 
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Realistic R,η  ω *
maxL  

Ligand-
activated 

aptazymes 

L2bulgeOff1 31 14 0.62 0.28 2.2 0.06 4.3 
L2bulgeOff2 15 8 0.3 0.16 1.9 0.23 2.6 
L2bulgeOff3 10 7 0.2 0.14 1.4 0.40 1.4 

L1cm10 27 13 0.54 0.26 2.1 0.09 3.3 
L2cm1 36 27 0.72 0.54 1.3 0.04 1.3 
L2cm4 39 20 0.78 0.4 2.0 0.03 5.1 
L2cm5 42 28 0.84 0.56 1.5 0.02 3.4 
L2cm9 16 6 0.32 0.12 2.7 0.21 9.2 * 
L2cmd 22 7 0.44 0.14 3.1 0.13 9.9 * 

Ligand-
inhibited 

aptazymes 

L2bulge1 20 43 0.4 0.86 2.2 0.15 9.7 * 
L2bulge2 22 38 0.44 0.76 1.7 0.13 3.5 
L2bulge3 25 34 0.5 0.68 1.4 0.10 1.3 
L2bulge4 21 41 0.42 0.82 2.0 0.14 6.1 
L2bulge5 41 49 0.82 0.98 1.2 0.02 10.0 * 
L2bulge8 6 18 0.12 0.36 3.0 0.73 11.7 * 
L2bulge9 15 36 0.3 0.72 2.4 0.23 6.5 
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5mM.   This discrepancy is consistent with an early finding that the intracellular 

concentration of theophylline in E.coli is 103-fold lower than the concentration in media 

(Koch 1956), and with the previous performance of an engineered antiswitch in yeast 

(Bayer and Smolke 2005).  

The comparison between the model and the experimental data from these studies 

can be visualized in the regulatory landscapes shown in Figure 3-15a and 3-15b, where 

the calculated cleavage tendencies and the relative gene expression values are shown both 

in the absence of theophylline (circles) and in the presence of 5 mM theophylline 

(triangles).  For most constructs, there was quantitative agreement between the model 

and experimental data with acceptable variance.  It should be noted that if we had used 

the original, published estimates for the fold-change due to the aptazyme there would 

have been virtually no agreement between model and experiment. 

With aptazymes that had an intrinsically limited D (~10) and a small upper limit 

of L* (~12), it was ultimately to be expected that the maximum fold-change that might be 

available through optimization of the communication module was only ~3.5-fold 

(Figures 3-11 and 3-14, upper panels) for both ligand-activated and ligand-inhibited 

aptazymes.   

In order to actually obtain better aptazyme and riboswitch functionality both a 

larger D and a higher upper limit of L* must be engineered.  Our model predicts that by 

using a 10-fold more stable mRNA the maximum fold-change can be increased to ~7-

fold (Figure 3-11 and 3-14, lower panel; keeping the upper limit of L* constant).  For 

this more stable mRNA when L* is also increased to 50 (by using a tighter binding 

aptamer:ligand pair and/or a ligand that is better able to penetrate the cell), ~17-fold 

regulation can be achieved. 
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In summary, the dynamic range of gene expression in the current aptazyme-based 

riboswitch system is severely limited by the cleavage rate of the ribozyme relative to 

spontaneous mRNA degradation rate and the achievable intracellular ligand 

concentration relative to the in vivo Kd of the aptamer.  Reasonable improvements of 

these factors should lead to a wider dynamic range of gene expression. 

. 

 

Figure 3-15: Model-driven analysis of the performance of aptazyme-based riboswitches 
developed by Win and Smolke (2007).31 

Challenges and future directions 

Although throughout the above analyses we assume that the cleavage tendency 

can be freely tuned, this is based on the assumption that for a given sequence design the 

aptazyme conformations and their relative energetics can be reliably predicted.  This 

assumption is questionable.  For example, we have recently designed a series of 

biosensors based on the anti-thrombin aptamer, and demonstrated that biosensor 

                                                 
31 The regulatory landscapes for either ligand-activated (A) or ligand-inhibited (B) aptazyme-based 
riboswitches are shown.  In these landscapes the value of D is 10, and the value of *

maxL  is 12.  The 
published relative expression levels of the designed aptazymes in the absence of ligand (pink circles) and at 
saturating concentrations of ligand (pink triangles) are plotted versus the calculated cleavage tendency 
[using equations (25) and (29)].  (C) The discrepancy between designed cleavage tendencies and observed 
cleavage tendencies (Table 3-1). 
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properties did not align with the stabilities based on secondary structural features alone, 

but were fit much better by measured stabilities (Hall et al. 2009).  Similarly, attempts to 

computationally design hammerhead aptazymes based only on secondary structural 

hypotheses [the ‘slip structure’ model; (Soukup and Breaker 1999)] yielded aptazymes 

that were much less activated (Hall et al. 2009).   

Such discrepancies are likely to be even greater when intracellular energetics need 

to be predicted.  For example, for the aptazymes designed by Win and Smolke (2007), 

the cleavage tendencies calculated from experimental data (Table 3-1) largely disagree 

with the predicted cleavage tendencies calculated from the thermodynamics data [taken 

from Table S1 of (Win and Smolke 2007)], as shown in Figure 3-15c.  In principle, 

designed aptazymes should be characterized in vitro to better understand whether and 

how they fit either in silico data or the in vivo data.  Similarly, a recent attempt at model-

driven design of allosteric shRNAs  also yielded only qualitative agreement with 

modeling based on secondary structures (Beisel et al. 2008).   

To better ensure coherence between model and reality, many assumptions and 

predictions made in our model of aptazyme-based biosensors and riboswitches need to be 

tested experimentally.  First of all, it is critical to test to what extent the two-state 

structural and energetic model is acceptable.  In a recent elegant study on the kinetics of 

a previously engineered theophylline-activated hammerhead ribozyme (Soukup and 

Breaker 1999), de Silva and Walter observed four conformations relevant to activation 

using single-molecule fluorescent resonance energy transfer (FRET) (de Silva and Walter 

2009).  Moreover, upon the addition of theophylline the conformational change of the 

aptamer domain was observed to be much faster than that of the ribozyme core.  Based 

on these results the authors suggested a model for ligand-induced conformational change 

in which the aptamer domain is capable of binding ligand even in the cleavage-
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incompetent conformation of the aptazyme.  Consequently, the ligand binding of the 

aptamer domain primes the conformational change of the communication domain and the 

ribozyme domain (induced fit).  To the extent that this mechanism proves to be general, 

it will strongly impact how the kinetics of effector modulation are modeled, and may 

alter the equilibrium arguments we make herein, depending on how the different energy 

states are populated.   

In addition, parameters relevant to the in vivo environment need to be 

characterized in greater detail in order to understand aptazyme function.  For example, 

translation efficiency and the half-life of cleaved mRNAs should be carefully determined 

since these factors, although ignored in the current model, would contribute to the 

background expression level when a ribozyme or aptazyme is cleaving at full speed 

(Meaux and Van Hoof 2006).  A more fundamental and largely unknown issue is how 

the energetics and kinetics of RNA folding are influenced by the biochemical properties 

(ionic strength, viscosity, the presence of RNA chaperons and helicases) in cellular 

environments.  While predictive models are incomplete in the absence of such 

information, it is nonetheless worthwhile to formulate them so that the functionality of 

aptazymes can be more routinely evaluated as these additional variables are acquired. 

 

CONCLUSION 

We have developed aquantitative and predictive model for aptazymes as 

biosensors in vitro and as genetic regulators in vivo.  In the process, we have identified 

key relationships (or dimensionless parameters) that dictate aptazyme performance, and 

in consequence, established equations for precisely engineering aptazyme function. In 

particular, our analysis quantifies the intrinsic tradeoff between ligand sensitivity and the 
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dynamic range of activity.  We were also able to determine how in vivo parameters, such 

as mRNA degradation rates, impact the design and function of aptazymes when used as 

riboswitches. Using this theoretical framework we were able to achieve quantitative 

agreement between our models and published data. In consequence, we are able to 

suggest experimental guidelines for quantitatively predicting the performance of 

aptazymebased riboswitches. By identifying factors that limit the performance of 

previously published systems we were able to generate immediately testable hypotheses 

for their improvement.  More importantly, our analysis elucidates the limitation of 

allosteric control which largely originates from the nature of allostery: binding and 

consequent conformational change.  More sophisticated signaling mechanisms utilized 

by biology (such as post-translational modifications) might prove useful in artificial 

signaling systems, as can be seen in Chapters 4 and 5. 

 

METHODS 

The derivations of the fundamental equations (equations (2), (3), (19) and (30)) 

that describe how energetic parameters dictate the performance of aptazymes in vitro and 

in vivo are provided in the section Equation derivation.  All figures were produced with 

MatLab using the equations described in the text. 

The Supplemental Information and Figure 13 from Win and Smolke (2007) were 

used to derive data for our analyses.  The ‘designed cleavage tendency’ presented in our 

Figure 3-15c was calculated using the equations: 

⎟
⎠
⎞

⎜
⎝
⎛ ∆−∆
−=

RT
GG

K inactiveactive
int exp  

and  
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int

int

1 K
K
+

=ω  

where the values of activeG∆  and inactiveG∆  were taken from the Supplemental 

Information Table 2 of reference (Win and Smolke 2007). 

Several notes for Table 3-1 are discussed below: 

First, according to the definition of [R]Rel (18) and the assumption that gene 

expression level is proportional to steady-state intact mRNA level, ( )0][ *
Rel =LR  and  

( )*
max

*
Rel][ LLR =  are calculated with the following equations: 

( ) ( )
a.u. 50

00][
*

*
Rel

=
==

LGFPLR  

( ) ( )
a.u.50

][
*
max

*
*
max

*
Rel

LLGFP
LLR

=
==  

Second, the cleavage tendencies (ω) are calculated with equations (25) and (35) 

for ligand-activated and ligand-inhibited aptazymes, respectively.  The value of D used 

in these calculations is 10 (see text). 

Third, the maximum available relative ligand concentrations ( *
maxL ) are calculated 

with equations (40) and (41) for ligand-activated aptazymes and ligand-inhibited 

aptazymes, respectively. 

Lastly, the five constructs that showed high *
maxL  are denoted with *. 

DERIVATION OF EQUATIONS 

Derivation of the transfer function for aptazymes used as in vitro biosensors    

The definition of Kint and Ka(B) is:   

int][
][ K

A
B

=          (S.1) 

and:  

d(B)
a(B)

1
]][[

][
K

K
BL

BL
== .       (S.2) 



 108

Since in this analysis we ignore the presence of AL (see main text), only the 

dissociation constant of the complex of the B conformer with the ligand (Kd(B)) affects the 

behavior of the aptazyme.  Therefore in the following derivation we use the term ‘Kd’ in 

place of ‘Kd(B)’ for simplicity. 

If we assume that the concentration of ligand is much greater than the 

concentration of aptazyme, the concentration of free ligand should be similar to the 

concentration of total ligand, and therefore: 

d

tot ][
][
][

K
L

B
BL

=          (S.3) 

where [Ltot] is the total concentration of the ligand.   

It can be seen that for a given internal equilibrium constant Kint partitioning 

between A, B, and BL is determined by the ratio of [Ltot] to Kd.  We define this ratio as 

the ‘relative ligand concentration,’ or L* (
d

tot* ][
K
LL = ).  Therefore (S.3) can be rewritten 

as: 
*

][
][ L

B
BL

= .         (S.4) 

From (S.1) and (S.4) the fraction of A can be deduced to be:  

*
intint

*
intint 1

1
][][][

][
][][][

][
LKKALKAKA

A
BLBA

Af A ++
=

++
=

++
=   

and the total fractions of B and BL are: 

 *
intint

*
intint

1][][][
][][

LKK
LKK

BLBA
BLBf BLB ++

+
=

++
+

=+ . 
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Derivation of the transfer function for aptazymes used as in vivo riboswitches 

Ligand-activated aptazymes 

Assuming that the kinetic parameters outlined in Figure 3-7 and the initial 

concentrations of each species are known, the concentration of each species at any time 

point can be obtained by integrating the differential equation set: 

)]([][
DegFoldBFoldATxn kkkIv

dt
Id

++−=      (S.5) 

)]([][][
DegUnAFoldA kkAkI

dt
Ad

+−=       (S.6) 

])[]([][][][
OnCleDegUnBOfffoldB LkkkkBkBLkI

dt
Bd

+++−+=   (S.7) 

)]([]][[][
CleDegOffOn kkkBLkLB

dt
BLd

++−=      (S.8) 

The steady-state concentrations of each species can be solved by setting equations 

(S.5)~(S.8) to zero.  Then, to obtain insights into how the concentrations of different 

species behave as a function of ligand concentration we can determine how intact mRNA 

is partitioned amongst the conformations I, A, B and BL.   

First we consider the steady-state ratio of B to BL, which is determined by the 

concentration of free ligand [L].  We assume that the total ligand concentration is much 

greater than the concentration of RNA, and therefore that free ligand concentration [L] 

approximates total ligand concentration [Ltot].  Based on (S.8) at steady-state: 

)]([]][[ CleDegOffOntot kkkBLkLB ++=  

and thus: 

CleDegOff

On

tot ]][[
][

kkk
k

LB
BL

++
= .       (S.9) 

The ratio 
On

CleDegOff

k
kkk ++

 has a form similar to that of the dissociation constant, 

Kd.  Thus we term this ratio as 'dK .  Formally:  
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On

CleDegOff
d '

k
kkk

K
++

=        (S.10) 

We can divide Ltot by 'dK  to obtain a dimensionless measure of ligand 

concentration, *L .  This allows (S.9) to be written as: 
*

][
][ L

B
BL

=           

We next consider the ratio of [A] to [I], and the ratio of [B] to [I] at steady-state.  

By letting 0][
=

dt
Ad  and 0][

=
dt
Bd in (S.6) and (S.7) we find: 

CleUnA

foldA

][
][

kk
k

I
A

+
=  

*
DegCleDegUnB

foldB

][
][

Lkkkk
k

I
B

⋅+++
=  

For simplicity, we define the new parameters: 

DegUnA

foldA

kk
k
+

=α         (S.11) 

*
DegCleDegUnB

foldB

Lkkkk
k

⋅+++
=β       (S.12) 

where α and β have similar meanings and values to the equilibrium constants for the 

reactions I↔A (
UnA

FoldA

k
k ) and I↔B (

UnB

FoldB

k
k ), respectively, but are further affected by the 

degradation rate constant kDeg, the cleavage rate constant kCle, and the dimensionless 

ligand concentration *L .   It should be noted that although β is a function of *L , it can 

be viewed as a constant in most cases since the degradation rate constants for most 

eukaryotic mRNAs are much smaller (by up to 10 orders of magnitude; (Al-Hashimi and 

Walter 2008) than the rate constants for conformational change. 

Therefore, the ratio of species A, B, and BL to I can be written as: 

α=
][
][

I
A , β=

][
][

I
B , β⋅== *

][
][

][
][

][
][ L

I
B

B
BL

I
BL  

If we express the concentration of all intact mRNAs as [R], we then have: 
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Since all intact mRNA species have the same degradation rate, while only B and 

BL decay through aptazyme cleavage, we can further derive:  

TxnCleDeg ])[]([][ vkCBkR =++  
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R
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If we again define the steady-state intact mRNA concentration in the absence of 

aptazyme as 1 (as in (18)), then the relative intact mRNA concentration in the presence of 

aptazyme can be written as: 

D
L

L
k
v
RR

⋅
+++

+
+

==

βα
β

)1(1
)1(1

1][][

*

*

Deg

Txn
Rel  

Ligand-inhibited aptazymes 

The model for a ligand-inhibited, self-cleaving ribozyme is diagramed in Figure 

3-12.  The primary difference between this and the model for a ligand-activated 
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aptazyme (Figure 3-12) is that now only the conformer A, rather than both B and BL, can 

undergo self-cleavage.  At steady state, 

)]([]][[ DegOffOntot kkBLkLB +=   

and, 

DegOff

On

tot ]][[
][

kk
k

LB
BL

+
= . 

Similarly we define the apparent dissociation constant 'dK  for ligand-inhibited 

aptazyme as: 

On

DegOff
d '

k
kk

K
+

=         (S.13) 

We then focus on the ratios of 
][
][

I
A  (α) and 

][
][

I
A  (β): 
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I
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As before, β is a function of *L , but now can be treated as a constant (again 

assuming that the structural transition happens much faster than cleavage and 

degradation).  The fraction of cleavage-competent conformer thereby becomes: 

βα
α

βα
α

)1()1(1][][][][
][

**cc LLBLBAI
Af

++
≈

+++
=

+++
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and therefore: 
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α
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1][

*

Rel

++
+
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SUMMARY OF TERMS 

General terms: 
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Kint: Kint is the equilibrium constant between the two conformers of the 

aptazyme in the absence of ligand. 

ω: Cleavage tendency ω is the fraction of cleavage-competent conformer in 

the absence of ligand. 

Terms in the context of aptazymes as in vitro biosensors: 

kapp: kapp is the apparent cleavage rate constant when a self-cleaving aptazyme 

is tested in vitro under certain concentration of ligand. 
*L : Relative ligand concentration *L  is the ratio of total ligand concentration 

to the Kd of the aptamer domain to its ligand, or in equation, *L  = [Ltot]/Kd. 

50EC : 50EC  is the concentration of total ligand at which the aptazyme is half-

activated or half-inhibited. 
*
50EC : *

50EC  is the relative ligand concentration at which the aptazyme is half-

activated or half-inhibited, or in equation, *
50EC = 50EC /Kd.  The relationships between 

*
50EC  and ω for ligand-activated aptazymes and ligand-inhibited aptazymes are shown in 

equations (8) and (14), respectively. 
*
maxL : *

maxL  is the highest possible relative ligand concentration, or in other 

words, the highest possible ligand concentration divided by Kd of the aptamer domain to 

its ligand. 

lTheoretica R,η : For ligand-activated aptazymes, lTheoretica R,η  is the fold-increase of 

kapp when ligand concentration increases from 0 to infinite.  The relationship between 

lTheoretica R,η  and ω is shown in equation (9).  lTheoretica R,η  is not defined for ligand-inhibited 

aptazymes. 

Realistic R,η : Realistic R,η  is the fold-increase or fold-decrease of kapp when ligand 

concentration increases from 0 to the highest possible ligand concentration for ligand-

activated aptazymes and ligand-inhibited aptazymes, respectively.  The dependences of 
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Realistic R,η   on *
maxL  and ω for ligand-activated aptazymes and ligand-inhibited aptazymes 

are shown in equations (11) and (16), respectively. 

Terms in the context of aptazymes as in vivo riboswitches: 

Rel][R :  Relative mRNA level Rel][R  is the steady-state concentration of 

mRNA that harbors an aptazyme or ribozyme at its 3′ UTR divided by the steady-state 

concentration of the same mRNA without an aptazyme or ribozyme.  Thus when the 

cleavage activity of the aptazyme or ribozyme is zero, Rel][R  = 1;  when the activity of 

the aptazyme or ribozyme is infinitely high, Rel][R  = 0. 

D: D is the ratio of the cleavage rate constant of a constitutively active 

ribozyme to the spontaneous degradation rate constant of the mRNA. 

α: α  is the ratio of the concentration of conformer A to the concentration of 

conformer I (in Figure 3-9 and 3-12) at steady state (see equations S.11 and S.14). 

β: β  is the ratio of the concentration of conformer B to the concentration of 

conformer I (in Figure 3-9 and 3-12) at steady state (see equations S.12 and S.15). 

'dK : 'dK  is the apparent in vivo dissociation rate constant of the aptamer 

domain to its ligand in the presence of mRNA degradation and aptazyme cleavage.  The 

definitions of 'dK  for ligand-activated and ligand-inhibited aptazyme are shown in 

equations (S.10 and S.13).  'dK  usually has similar value to the true Kd of the aptamer 

domain to its ligand. 
*L : Relative ligand concentration *L  is the ratio of total ligand concentration 

to the 'dK  of the aptazyme, or in equation, *L =[Ltot]/ 'dK . 

50EC : 50EC  is the concentration of total ligand at which the relative mRNA 

level Rel][R  is in the middle of the theoretical dynamic range of Rel][R . 
*
50EC : *

50EC  is the relative concentration of total ligand at which the relative 

mRNA level Rel][R  is in the middle of the theoretical dynamic range of Rel][R , or in 
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equation, *
50EC = 50EC / 'dK .  The dependences of *

50EC  on ω and D for ligand-activated 

aptazymes and ligand-inhibited aptazymes are shown in equations (27) and (37), 

respectively. 
*
maxL : *

maxL  is the highest possible relative ligand concentration, or in other 

words, the highest possible ligand concentration divided by 'dK . 

lTheoretica R,η : lTheoretica R,η  is the fold-increase or fold-decrease of Rel][R  when 

ligand concentration increases from 0 to infinite for ligand-inhibited aptazymes and 

ligand-activated aptazymes, respectively.   

Realistic R,η : Realistic R,η  is the fold-increase or fold-decrease of Rel][R  when 

ligand concentration increases from 0 to the highest possible ligand concentration for 

ligand-inhibited aptazymes and ligand-activated aptazymes, respectively.  The 
dependences of Realistic R,η  on *

maxL , ω and D for ligand-activated aptazymes and ligand-

inhibited aptazymes are shown in equations (29) and (39), respectively. 
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Chapter 4:  Catalytic regulation of a deoxyribozyme by an entropy-
driven DNA amplifier 

INTRODUCTION 

In the previous Chapters a variety of aptazyme-based biosensors and 

riboswitches have been introduced.  Most of these elements are based on allosteric 

control, where the binding of ligand changes the conformation and activity of the 

aptazyme.  However, the efficacy of allosteric control is limited by the fact that one 

input molecule generally yields only one output molecule.  Such stoichiometric or sub-

stoichiometric regulation is often insufficient for effective metabolic regulation or 

diagnostic signal transduction, especially when the concentrations of input molecules are 

low.   

In contrast, natural catalytic cascades, such as the phosphorylation of proteins by 

kinases, readily amplify low input signals.  Although in principle ribozymes and 

deoxyribozymes could participate in similar cascades as catalysts (Levy and Ellington 

2003; Lam and Joyce 2009; Teller et al. 2009), no generalizable scheme for 

implementing such cascades has yet been established.  On the other hand, DNA and 

RNA can catalyze chemical reactions not only by forming intricate tertiary structures, but 

also by simply forming Watson-Crick base pairs.  In fact, by serving as a hybridization 

template, DNA can control and catalyze a wide range of chemical reactions (Grossmann 

et al. 2008), some of which can yield products capable of regulating downstream 

reactions.  More recently, Zhang and coworkers have designed a scheme for highly 

efficient, enzyme-free, entropy-driven catalytic reactions that relies only on DNA strand 

displacement (Zhang et al. 2007; Zhang and Winfree 2008; Zhang and Winfree 2009; 

Zhang and Winfree 2010).  Because of its chemical simplicity, this scheme is expected 
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to allow the development of enzyme-free DNA circuits substantially more complex and 

robust (Qian and Winfree 2009) than previous enzyme-dependent examples (Benenson et 

al. 2001; Benenson et al. 2004).  Similar strand displacement-based schemes using DNA 

hairpins as substrates have also been developed (Dirks and Pierce 2004; Yin et al. 2008).  

Moreover, it has been shown that the principles used to construct aptamer beacons and 

allosteric ribozymes (Liu et al. 2009) can also be applied to these schemes in order to 

create DNA circuits that use molecules other than nucleic acids as input signals (Dirks 

and Pierce 2004).   

While DNA circuits may prove useful as parts of biosensing systems, strand-

exchange reactions have so far been monitored by sophisticated analytical devices such 

as fluorometers.  As explore the power of enzyme-free DNA circuits in low-cost, point-

of-care diagnostic system, we aim to build a readout system where the execution of DNA 

circuit can lead to a color change directly observable by eyes.  In this system, one 

molecule of input DNA can lead to the production of multiple molecules of a peroxidase 

deoxyribozyme (Travascio et al. 1998; Teller et al. 2009) that in turn converts the 

colorless substrate 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid) (ABTS) into 

the readily observed green product ABTS●+.  This system also demonstrates that an 

entropy-driven catalytic DNA circuit can function as a generic signal amplification 

module that allows lower concentrations of input molecules to control the production of 

higher concentrations of deoxyribozymes, and thus exceed the limit of stoichiometric 

allosteric control.  The system is qualitatively sensitive to mismatches in the input 

nucleic acid, suggesting that the combined entropy-driven strand exchange and allosteric 

deoxyribozyme circuit might facilitate the future development of enzyme-free, point-of-

care diagnostic assay system (Deng et al. 2008; Kolpashchikov 2008; Darius et al. 2010). 
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RESULTS AND DISCUSSION 

Scheme of catalytic control of a deoxyribozyme 

To build the signal amplifier, we designed a one-step, entropy-driven DNA 

catalytic circuit shown in Figure 4-1a, similar to that developed by David Zhang and 

Erik Winfree (Zhang and Winfree 2009).  The functional segments of each DNA strand 

are called ‘domains’ and are designated by numbers.  Each domain is further divided 

into two sub-domains: a 6-nt-long toehold (Yurke et al. 2000; Seelig et al. 2006) sub-

domain (designated by the letter t), and a 14~15-nt-long branch migration sub-domain 

(designated by the letter b).  The sequences for all sub-domains are summarized in 

Table 4-1.   

In this circuit, the amplification module contains a Gate duplex at 100 to 200 nM, 

and a Fuel strand at a higher concentration (typically 300 nM to 1 µM); this allows the 

entropy-driven execution of the circuit.  The Gate duplex in turn consists of a Dock 

strand and an Invader strand.  Although in principle the Fuel strand can displace the 

Invader strand from the Gate duplex, this reaction is very slow due to the stability of 

DNA duplex.  However, in the presence of even low concentrations of an input (the 

Trigger strand), the sub-domain 1t at the 3’ end of the Trigger can bind the toehold sub-

domain 1t* at the 5’ end of the Dock strand, and initiate a branch migration reaction in 

which the Trigger strand displaces the Invader strand from the Dock.  After the 

Invader strand dissociates, a Fuel strand can interact with the Dock strand via the sub-

domain 2t at its 5’ end, and initiate a similar branch migration to displace, and thus 

recycle, the Trigger strand, with the concomitant formation of the Waste_1 duplex.  

The recycled Trigger strand can then catalyze another cycle of exchange between the 

Invader strand and the Fuel strand on the Dock.  Thus, the net reaction of these two 

processes is the reversible reaction Gate + Fuel = Invader + Waste_1, where the 
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Trigger serves as a catalyst to accelerate this otherwise very slow reaction, and thereby 

to reach an equilibrium where a substantial amount of Invader is released. 

 

 

Figure 4-1: Entropy-driven deoxyribozyme circuit.32 

The product of the amplification circuit, namely the Invader strand, can then 

enter the allosteric deoxyribozyme module (Figure 4-1b) which consists solely of a 

Reporter duplex.  The reporter duplex is formed by the hybridization of the DNAzyme 

strand and the Blocker strand.  The DNAzyme strand has a catalytic domain 3 (colored 

dark purple in Figure 4-1b) that can fold into a G-quadruplex and exhibit peroxidase 

                                                 
32 (a) Scheme for the amplification module, based on an entropy-driven, strand displacement-based 
amplifier.  The functional domains within each DNA strand are color-coded (see Table 4-1 for the 
sequence of each domain).  Complementary domains are represented by light and dark variation of the 
same color (i.e., light green pairs with dark green).  An asterisk in the names of sub-domains indicates 
complementarity (i.e., sub-domain 1t* is complementary to sub-domain 1t).  Gray dashed arrows indicate 
toehold binding.  Arrows and dots on DNA strands represent 3’ termini and 5’ termini, respectively.  (b) 
Scheme for the reporter module based on an allosteric, G-quadruplex peroxidase.  The domain containing 
the G-quadruplex is colored in purple. 
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activity in the presence of hemin.  However, the activity of the deoxyribozyme is 

inhibited by hybridization to the Blocker strand in the Reporter duplex.  The Invader 

strand produced by the amplification module can displace the DNAzyme from the 

Reporter duplex with the concomitant formation of the Waste_2 duplex.  Only upon 

Invader-mediated displacement can the DNAzyme strand undergo a conformational 

change and fold into an active G-quadruplex conformation and (in the presence of hemin 

and H2O2) oxidize the colorless substrate ABTS to produce the readily observed green 

product ABTS●+.  Thus, the overall function of the combined circuit is to amplify one 

molecule of Trigger strand into multiple molecules of G-quadruplex deoxyribozyme, and 

as a result, even more numbers of colored product. 

 
Sub-domain Sequence 

1t TCTCCA 
1b ATTCAATACCCTACG 
2t CGTCTC 
2b CGTAAATATTGGCG 
3t GAGGGA 
3b CTGGGAGGGAGG 

Table 4-1: Sequence of DNA sub-domains used in this work.33 

Functionality of the amplifier circuit 

In order to assay the functionality of the amplification module we monitored the 

formation of Invader in real-time.  The fReporter duplex (Figure 4-2) was synthesized 

with a FAM-labeled fDNAzyme strand and a quencher-labeled qBlocker strand.  Upon 

addition of the Invader strand the fDNAzyme should be displaced from the qBlocker, 

resulting in a stoichiometric increase in fluorescent signal.  Although 100 nM of 

                                                 
33 Note: the domain 3t of fDNAzyme is AGGGA instead of GAGGGA, in order to avoid quenching of the 
FAM by the adjacent 5’ G. 
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fReporter showed some background fluorescent signal (defined as 1 RFU) due to 

incomplete quenching, the addition of Invader increased the fluorescence signal up to 

2.5 RFU at saturating concentrations (100 nM, data not shown).  In contrast, the addition 

of 100 nM Gate (with or without 1 µM Fuel; Figure 4-3a, blue trace and green trace, 

respectively) to the fReporter caused only a small increase in fluorescent signal (a 

process commonly called ‘circuit leakage,’ see below), likely due to the presence of small 

amounts of free Invader, to the displacement of fDNAzyme by the Gate duplex in a 

toehold-independent manner, and / or to the uncatalyzed exchange between the Invader 

and the Fuel.  However, addition of 5 to 20 nM of Trigger in the presence of Fuel 

substantially accelerated the release of Invader in a dose-dependent manner, as shown by 

the much faster increase in fluorescent signal (Figure 4-3a, red traces). 

 

 

Figure 4-2: Scheme for the fluorescence reporter.34 

To confirm that the Trigger was in fact being recycled to achieve amplification, 

we carried out the same reaction in the absence of Fuel (Figure 4-3b).  As expected, 

although there were initial bursts of fluorescence signal due to the stoichiometric or sub-

stoichiometric displacement of Invader by the Trigger, the signal did not increase 

steadily (compare red and magenta traces in Figure 4-3b).   
                                                 
34 F and Q stands for 6-FAM fluorophore and Iowa Black FQ quencher, respectively. Color coding is as in 
Figure 4-1. 
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Figure 4-3: Kinetics of fluorescent signal accumulation.35 

Figure 4-4 directly compares the extent of reaction among different samples after 

1 hour.  Notably, the increase of fluorescent signal by 5 nM Trigger in the presence of 

Fuel was ~0.3 RFU (comparing samples #3 and #4), which corresponds to the production 

of ~20 nM of Invader.  Thus, in the context of the circuit as a whole 5 nM of Trigger 

strand presumably produced 20 nM of Invader strand, and thus the original signal was 

amplified by (20 nM / 5 nM =) 4-fold within an hour.  While this value is relatively 

small compared to other methods, it should be noted that the extent of amplification was 

primarily limited by the high, uncatalyzed background reaction which in 1 hour produced 

a signal equivalent to that produced by ~25 nM Invader. This background can be tuned 

                                                 
35 (a) Effect of Trigger strand.  (b) Effect of Fuel strand.  The results shown in this figure were obtained 
in collaboration with Grace Eckhoff. 
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by increasing the purity of the Gate duplex (see below), and by ‘clamping’ and ‘padding’ 

the duplex to decrease non-specific strand exchange (Yin et al. 2008). 

 

 

Figure 4-4: Fluorescent signals for all samples at the 1 hr time point.36 

Connecting the amplifier to the deoxyribozyme 

More important to the function of this chemical system than amplification alone is 

the ability to modularly generate a visually observable, optical signal, and the ability to 

program mismatch discrimination for the Trigger input.  The allosteric deoxyribozyme 

module was adapted to the whole circuit shown in Figure 4-1 by mixing all of the DNA 

species together in 10 µL volume at 10x final concentration for 30 min, then adding 10 

µL of 2 µM hemin followed by 20 min incubation at room temperature (this mixture is 

called the ‘DNA/hemin mixture’).  These sequential incubations should have allowed the 

formation of deoxyribozyme-hemin complexes from any DNAzyme strands freed due to 

                                                 
36 The results shown in this figure were obtained in collaboration with Grace Eckhoff. 
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the execution of the circuit.  To initiate the detection reaction, 80 µL substrate solution 

containing H2O2 and ABTS was added to the DNA/hemin mixture, making a final 

volume of 100 µL.  The final concentrations of hemin, H2O2, and ABTS were 200 nM, 2 

mM and 2 mM, respectively, and a colorimetric signal could be easily read within 15 

minutes.  To ensure that signal could be easily detected by eye, 200 nM of DNAzyme 

strand was shown to exhibit strong peroxidase activity in the presence of 200 nM hemin 

(Figure 4-5, sample #5), while 200 nM of Reporter duplex was inactive under the same 

conditions (Figure 4-5, sample #1).   

The combined chemical system could thus be assayed for the ability to detect 

input Trigger strands.  Notably, in the presence of Gate and Fuel, as little as 25 nM of 

Trigger was able to produce sufficient peroxidase activity for visual observation of 

ABTS●+ formation after only 15 min of reaction (Figure 4-5, sample #6).  The observed 

peroxidase activity further increased when the Trigger concentration was increased to 50 

nM (Figure 4-5, samples #7-9).  The circuit could be shown to be dependent upon both 

Trigger and Fuel.  In the absence of Fuel, 50 nM of Trigger alone did not yield 

sufficient peroxidase activity for visual observation (Figure 4-5, sample #13).  In the 

absence of Trigger, 200 nM of Gate only restored a small fraction of peroxidase activity 

even with the presence of 500 nM of Fuel (Figure 4-5, sample #2 and #3).  As a positive 

control, the addition of 200 nM of Invader to 200 nM of Gate and 200 nM of Reporter 

almost completely restored peroxidase activity (Figure 4-5, compare sample #4 with 

sample #5).  

Zhang and Winfree have shown that single-nucleotide mutations, insertions, and 

deletions in the catalyst strand can result in 10- to 300-fold reductions in its efficiency in 

catalyzing strand exchange (Zhang and Winfree 2010).  These reductions in signal 

observed with single-nucleotide mismatches are comparable to other well-developed 
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enzyme-free DNA sensors (Deng et al. 2008; Kolpashchikov 2008; Darius et al. 2010).  

Consistent with these findings, we observed that when a single nucleotide was changed in 

the toehold region (Figure 4-5, inset), the mutant Trigger did not yield any peroxidase 

activity above background even at 150 nM concentration (Figure 4-5, sample #10~12). 

 

 

Figure 4-5: Entropy-driven deoxyribozyme circuit.37 

Impacts of purification method on the performance of the circuit 

The preparation methods for DNA strands and complexes have been shown to 

have a significant impact on circuit performance, especially on the speed and extent of 

undesired side reactions (i.e., circuit leakage).  The most rigorous methods involve 

purging faulty gate duplexes by incubating the gate duplexes with input molecules (with 

or without toeholds) and / or fuel strands, followed by native PAGE purification to isolate 

the unreacted gate duplexes.  This method is hereafter referred to as the ‘purge-n-PAGE’ 

method.  However, these more rigorous methods usually require longer and more labor-
                                                 
37 The results shown in this figure were obtained in collaboration with Grace Eckhoff. 
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intensive purification procedures that could increase the complexity or cost of eventual 

assays.   

Therefore, we initially chose not to PAGE purify any strand or duplex, but to 

simply ethanol-precipitate the oligonucleotides (to remove contaminating organic salts 

that interfere with UV absorption-based quantification) and use a 1:1.2 ratio of ‘carrier’ 

to ‘non-carrier’ strands when assembling the duplexes (see Materials and methods).  

This method resulted in greater circuit leakage than in previous reports where the ‘purge-

n-PAGE’ method was applied (Seelig et al. 2006; Zhang et al. 2007), and these more 

rigorous purification methods may be required for sensitive detection or more complex 

circuits. 

A closer inspection of the circuit leakage using the fluorescent assay provided 

insights into the source of leakage.  As shown in Figure 4-3a (blue line) and Figure 4-6 

(blue dots), when 100 nM Gate and 100 nM fReporter were mixed a biphasic increase in 

fluorescent signal was observed.  The presence of early exponential growth with a 

decreasing rate, followed by slow, quasi-linear growth indicated the likely presence of at 

least two major side reactions.  The kinetics of signal increase can best be fitted to the 

equation CtrtkAy LE +⋅+⋅−−= ))exp(1(  (Figure 4-6, blue line), where A and kE are 

amplitude and first-order rate constants for fast exponential growth, respectively, rL is the 

rate of quasi-linear growth, and C is the initial background fluorescent signal.  The 

amplitude of fast exponential growth (A) was fitted to be 0.1 RFU, corresponding to ~7 

nM of released fDNAzyme.  Given that there should have been excess qBlocker, the 

amplitude of ~7 nM suggests that the total concentration of faulty duplexes (including 

unhybridized Invader, mis-hybridized/mis-synthesized Gate, and mis-hybridized 

fReporter) that could undergo fast strand displacement was at least 7 nM.  The rate of 

quasi-linear growth (rL) was fitted to be ~0.002 RFU/min, corresponding to ~2 pM·s-1.  
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Since we do not know the amplitude of this quasi-linear growth, this rate implies either 

that:  (i) the Gate and the fReporter could interact to form unquenched reporter with a 

second-order rate constant of ~ (2 pM·s-1) / (100 nM) / (100 nM) = ~ 200 M-1s-1 

(assuming the amplitude of quasi-linear growth was ~100 nM); or (ii) a fraction of faulty 

Gate and/or fReporter could interact with their partners with a rate constant even higher 

than 200 M-1s-1 (assuming the amplitude of quasi-linear growth was significantly smaller 

than 100 nM).  

 

 

Figure 4-6: The kinetics of circuit leakage.38 

                                                 
38 The data and color coding are the same as in Figure 4-3a, except the y-axis is scaled for better 
visualization.  The original data and fitted data are shown in dots and lines, respectively.  The results 
shown in this figure were obtained in collaboration with Grace Eckhoff. 
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When 300 nM of Fuel was mixed with to 100 nM Gate and 100 nM fReporter, 

even more leakage was observed (Figure 4-3a, green line and Figure 4-6, green dots).  

After subtracting the ~7 nM rapidly produced product (as revealed by the fast phase of 

100 nM Gate + 100 nM fReporter mixing), the remainder of the fluorescent signal 

increase can be fitted to a single exponential equation with the amplitude of ~ 0.2 RFU, 

corresponding to ~13 nM, and a rate constant of ~ 7 × 10-4 s-1 (Figure 4-6, green line).  

These results imply that ~13 nM of the Gate duplex is faulty in such way that it can react 

with Fuel to produce the Invader with a second order rate constant of ~ (7 × 10-4 s-1) / 

(300 nM) = ~ 2300 M-1s-1. 

Overall, the multiphasic kinetics of leakage strongly suggests the presence of 

faulty, fast-reacting complexes, and again suggests both that the current method has 

inherent sensitivity limitations and that ‘purge-n-PAGE’ or other purification methods 

will likely be required for further assay development. 

 

CONCLUSION 

In summary, by coupling an entropy-driven DNA circuit with deoxyribozyme 

catalysis we created a catalytic cascade akin to phosphorylation-based protein regulation 

in biology.  Optimization of circuit design and purification methods coupled with 

cascaded and autocatalytic amplification schemes (Zhang et al. 2007; Yin et al. 2008) 

should greatly improve circuit performance.  New concepts such as catalyzed DNA self-

assembly (as discussed in Chapter 5) might further widen the range of application of 

DNA circuits.  Overall, these results suggest that DNA amplifier circuits coupled with 

colorimetric readouts could lead to new point-of-care nucleic acid detection methods, 
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including field-based qualitative plus/minus discrimination between mutant and wild-type 

alleles. 

 

MATERIALS AND METHODS 

Oligonucleotides 

All oligonucleotides used in this work were ordered from Integrated DNA 

Technologies (IDT, Coralville, IA) as deprotected, lyophilized power and then 

resuspended in double distilled H2O (ddH2O) after arrival.  We have observed that the 

resuspended DNA displays fairly strong light absorbance at 230 to 250 nm wavelength, 

presumably due to contaminating organic salt.  Such abnormal absorption interfered with 

accurate concentration determination.  Therefore, the resuspended DNA 

oligonucleotides were ethanol-precipitated then resuspended again in ddH2O.  The UV 

absorbance spectrum of these ethanol precipitated oligonucleotides appeared to be 

normal.  The concentrations of oligonucleotides were then quantified based on their 

absorbance at 260 nm.  All DNA oligonucleotides were stored in 1x TE (10 mM Tris, 

pH 7.5, 1 mM EDTA) at 10 to 100 µM concentration.  As in earlier studies (Seelig et al. 

2006; Zhang et al. 2007; Zhang and Winfree 2009), we also observed non-specific 

adsorption of DNA onto the surface of plastic tubes, plate wells, and pipette tips.  

Therefore, all DNA samples at concentrations less than 10 µM were stored in 1x TE 

supplemented with 1 µM (dT)20 (to occupy non-specific binding sites, as suggested by 

Zhang et al. (Zhang and Winfree 2009)).  All experiments were performed in the 

presence of 1 µM (dT)20. 

The sequences of the DNA strands used in this work are listed below.  

Modifications are noted according to the sequence code used by IDT: /3IAblkFQ/ 
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represents a 3’ Iowa Black FQ modification; /56-FAM/ represents a 5’ 6-

carboxyfluorescein modification. 

Trigger:  5’ ATTCAATACCCTACGTCTCCA 

Mutant Trigger: 5’ ATTCAATACCCTACGTATCCA 

Dock:   5’ TGGAGACGTAGGGTATTGAATGAGACG 

Invader:  5’GAGGGACGTAAATATTGGCGCGTCTCATTCAATA-

CCCTACG 

Fuel:   5’ CGTCTCATTCAATACCCTACG 

Blocker:  5’ GAGACGCGCCAATATTTACGTCCCTC 

DNAzyme:  5’ CTGGGAGGGAGGGAGGGACGTAAATATTGGCG 

qBlocker:  5’ GAGACGCGCCAATATTTACGTCCCTC/3IAblkFQ/ 

fDNAzyme:  5’ /56-FAM/AGGGACGTAAATATTGGCG 

(dT)20:   5’ TTTTTTTTTTTTTTTTTTTT. 

Preparation of Gate, fReporter, and Reporter duplexes 

Double-stranded constructs (Gate, fReporter and Reporter) were formed by 

mixing the two single stranded oligonucleotides in 1x TE, heating to 90 oC for 1 min, and 

then cooling to 25 oC at 0.1 oC/min.  We reasoned that slight excesses of the ‘non-carrier 

strands’ (Dock, qBlocker and Blocker strands for the Gate, fReporter and Reporter 

duplexes, respectively) should not qualitatively change the performance of the circuits, 

even though, quantitatively, excess qBlocker and Blocker would create a threshold for 

the Invader.   In contrast, we anticipated that an excess of ‘carrier strands’ (Invader, 

fDNAzyme, and DNAzyme, for Gate, fReporter, and Reporter duplexes, respectively) 

might lead to un-triggered signaling.  Therefore, we used a 1.2:1 ratio of ‘non-carrier’ to 

‘carrier’ strands when preparing the duplexes and omitted native PAGE purification. 
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Fluorescence assays 

For fluorescence assays, a ‘master mix’ that contained 200 nM fReporter and 25 

mM MgCl2 in TEdT buffer (1x TE supplemented with 1µM (dT)20) was prepared.  A 

series of 10 µL ‘reaction mixtures’ was then prepared in separate tubes.  Each reaction 

contained 200 nM Gate, 600 nM Fuel, and various concentration of the Trigger strands 

in TEdT buffer.  Either the Gate or the Trigger strand was not added until directly 

before the addition of the master mix.  To synchronize the initiation of the reactions, 10 

µL of master mix was simultaneously added to the tubes containing the reaction mixture 

with a multichannel pipette, resulting in a 20 µL volume where the final concentrations of 

Gate, Fuel, and fReporter were 100 nM, 300 nM, and 100 nM, respectively.  16 µL of 

each 20 µL reaction was then added to a 384-well (NUNC, black polypropylene, shallow 

well) plate and the fluorescence signal of FAM was immediately read at room 

temperature for 1.5 hours using a SAFIRE plate reader (TECAN). 

Colorimetric peroxidase assays 

The amplification reactions in 10 µL volume were set up similar to those 

described above, except that the final concentration of Gate, Fuel, and Reporter were 2 

µM, 5 µM, and 2 µM, respectively.  The amplification reactions were incubated for 30 

min at room temperature followed by addition of 10 µL of 2 µM hemin dissolved in 1x 

GQH buffer (25 mM Tris-HCl, pH 4.5, 150 mM NaCl, 20 mM KCl, 0.03% Triton X-100, 

1% DMSO) and additional incubation for 20 min at room temperature.  Then 80 µL of 

substrate solution containing H2O2 and ABTS dissolved in 1x GQH buffer was added to 

give a final volume of 100 µL.  The final concentrations of Gate, Fuel, and Reporter 

were 200 nM, 500 nM, and 200 nM, respectively, while the final concentrations of 

hemin, H2O2, and ABTS were 200 nM, 2 mM and 2 mM, respectively.  Peroxidase 

activity was measured at room temperature by taking absorbance readings every 30 s at 
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414 nm in a 384-well plate (NUNC, optically clear bottom, white wall, rounded square 

wells) in a SAFIRE plate reader.  In addition, a picture of the plate was taken 15 min 

after the addition of the substrate solution with a digital camera.  

It should be noted that although the circuits (including all DNA species) and small 

molecule reactants (including hemin, H2O2 and ABTS) were added sequentially in our 

experiment, the experiment could also have been carried out by mixing all components 

together at the same time.  However, additional background might be caused by the 

latter method due to uncatalyzed oxidation of ABTS.  Nonetheless, this source of 

leakage should be less prominent than uncatalyzed displacement of Invader by Fuel (see 

discussion below), and thus the circuit is expected to have similar performance regardless 

of the order of mixing. 
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Chapter 5:  Improving enzyme-free biosensors using DNA circuits 
based on catalyzed DNA self-assembly 

INTRODUCTION 

The results described in Chapter 4 proved that entropy-driven DNA amplifiers 

can be connected to a deoxyribozyme-based colorimetric readout and provided a new 

angle for the development of low-cost, point-of-care diagnostic devices.  However, the 

applications of entropy-driven DNA amplifiers in a wider area might be hindered by 

several inherent limitations of the system.  First, since the progression of the reaction is 

driven by entropy growth, the reversion of such process, which requires the creation of 

order, is extremely hard.  Second, although the amplification products can be connected 

to downstream reactions, the amplification process itself merely exchanges hybridization 

states among different strands.  Higher-order DNA structure such as multi-crossover 

structures, multi-branch structures, and dendrimeric assemblies cannot be created in the 

process.  Finally, the entropy-driven DNA amplifiers might be inherently leaky, since 

the ‘breathing’ and dissociation of DNA duplexes are to some extent inevitable. 

Recently, Pierce and coworkers developed another type of DNA circuit, called 

catalyzed DNA self-assembly (Yin et al. 2008), that addresses some of these concerns.  

In these circuits, DNA duplexes used in the entropy-driven circuits are replaced by DNA 

hairpins.  It has been shown that multi-branch structures, DNA dendrimers, and DNA 

walkers can be built in a controlled manner using this scheme.  It is expected that the 

reactions can be easily reversed by simply heating the product up and quickly cooling it 

down, because hairpin folding happens much faster than multi-strand assembly.  It can 

also be argued that the proper folding of hairpins might be easier to ensure than the 

proper hybridization of two strands, simply because folding is a single-molecular process 
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whereas hybridization is a bi-molecular process.  Thus the hairpin-based systems might 

yield less leaky, more robust performance. 

To test whether this type of DNA circuit can be used in molecular detections, we 

designed a DNA amplifier using the scheme of catalyzed DNA self-assembly (Figure 5-

1a) and various modules that can convert the amplified signal to fluorescent, 

electrochemical, and colorimetric readouts (Figure 5-1b to 5-1d).  As a result, the 

amplifier was shown to be capable of amplifying the input signal by 50- to 100-fold 

within a few hours and thus improving the sensitivity of the readout modules by nearly 2 

orders of magnitude (Figure 5-1e). 

 

RESULTS AND DISCUSSION 

Design of the amplifier and its connection to readout modules 

The amplifier used in this work consists of two hairpins called H1 and H2 

(Figure 5-1a).  Although H1 and H2 can potentially self-assemble to form the H1:H2 

duplex, the reaction is kinetically trapped since potential interacting domains are 

sequestered within intramolecular secondary structures. However, domain 1* of the 

analyte DNA C1 can bind to domain 1 of H1 and serve as a toehold to initiate a branch 

migration reaction that opens hairpin H1 and forms a C1:H1 intermediate.  

Consequently, domain 3* of H1 is exposed and can be bound by domain 3 of H2, again 

initiating branch migration to form a H1:H2:C1 complex.  This complex is inherently 

unstable, and C1 quickly dissociates from the H1:H2 duplex and can then act as a 

catalyst to trigger the assembly of additional pairs of H1 and H2 hairpins. Owing to the 

modularity of the amplifier, the sequence of H1 and H2 can be easily designed according 

to the sequence of the analyte DNA (C1), as long as the analyte DNA does not have 
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extensive secondary structure. For proof of principle, here we chose an arbitrary sequence 

for C1 (see Materials and Methods for DNA sequences and design principles). 

 

 

Figure 5-1: Scheme of the amplifier based on catalyzed DNA self-assembly and its 
readout in fluorescent, electrochemical and colorimetric platforms.39 

                                                 
39 (a) The mechanism of signal amplification.  The two DNA hairpins H1 and H2 can form duplex H1:H2 
only in the presence of catalyst strand C1.  “X” represents the modification or elongation of H1 that 
facilitates the readout of the fluorescent signal.  (b) When the hairpin H1 is modified with FAM at its 3’ 
end, the assembled H1:H2 can hybridize to the quencher strand Q which causes a decrease of fluorescent 
signal.  (c) When the 3’ end of H1 is modified with a methylene blue (MB) group, the assembled H1:H2 
can be hybridized the strand S which is immobilized on an electrode.  The presence of MB on the 
electrode can be detected with electrochemical methods.  (d) When the 3’ end of H1 is extended with a 8-
nt long domain (named domain 6), the assembled H1:H2 can activate a peroxidase deoxyribozyme which 
convert colorless ABTS to a green product ABTS●+.  The overview of the effect of signal amplification is 
shown in (e). 
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To connect this amplifier with different readout modules, the 3’ end of H1 was 

modified or extended. The basis for all readout schemes was that the “output segment” 

(red in Figure 5-1) is partially sequestered in H1 but is fully exposed in the H1:H2 

duplex.  In particular: 

(1) For a fluorescent readout (Figure 5-1b), the 3’ end of H1 was labeled with 6-

FAM to form FAM-H1. In addition, a quencher strand Q that was complementary to the 

“output segment” and bore an Iowa Black FQ quencher at its 5’ end was added to the 

reaction. Strand Q tightly binds the FAM-H1:H2 duplex (but not FAM-H1) and 

quenches its fluorescence. Therefore, upon assembly of FAM-H1:H2, a decrease in 

fluorescence signal should be observed. 

(2) For an electrochemical readout (Figure 5-1c), the 3’ end of H1 was labeled 

with methylene blue (MB) (Fan et al. 2003; Lubin and Plaxco 2010) to form MB-H1. 

The assembled MB-H1:H2 (but not MB-H1) can be captured on a gold electrode 

modified with strand S which is complementary to the “output segment”. MB carried by 

the MB-H1:H2 can be detected using square wave voltammetry (SWV). This design is 

expected to represent an efficient ‘signal-on’ system with an extremely low background 

signal (see below). To our best knowledge, this was the first study that couples enzyme-

free DNA circuits with electrochemical techniques.  

 (3) For a colorimetric readout (Figure 5-1d), the output segment of H1 was 

extended with an 8-nt ‘domain 6’ to form E-H1. The assembly reaction was 

supplemented with a reporter duplex that consists of a DNAzyme (Dz) strand and a 

blocker (Blk) strand. The Dz strand consists of a sequence (purple segment in Figure 5-

1) that can fold into a G-quadruplex and in turn catalyze a peroxidase reaction (Travascio 

et al. 1998) that converts a colorless substrate ABTS to a green product ABTS●+ in the 

presence of hemin and H2O2.  However, the DNAzyme domain in the Dz strand is 
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initially blocked by the Blk strand.  The assembled E-H1:H2 (but not E-H1) can 

displace the Blk strand and allow the formation of the active DNAzyme.  

Monitoring the function of the amplifier with fluorescent readout 

We first characterized the kinetics and the level of amplification of the amplifier 

in real-time using the fluorescent readout (Figure 5-1b and 5-2). As expected, 40 nM of 

FAM-H1 and 100 nM of H2 reacted very slowly.  Only ~10% of FAM-H1 was 

assembled with H2 after 20 h of incubation (Figure 5-2, black line).  However, the 

addition of analyte DNA C1 substantially increased the rate of assembly.  For example, 

in the presence of 2.5 nM of C1, the assembly was almost complete within 5 h (Figure 5-

2, red line). 

 

Figure 5-2: Characterization of the amplifier.40 

 From these data, the catalytic efficiency of C1 could be estimated to be greater 

than 7×104 M-1s-1. Additionally, each C1 was able to catalyze 50 to 100 cycles of FAM-

H1:H2 assembly, and thus amplify the signal by 50 to 100 fold, within 10 h.  Faster 

                                                 
40 40 nM FAM-H1 and 100 nM of H2 were mixed with various concentration of C1 (as indicated in the 
figure). 
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amplification can be achieved by using a higher concentration of substrate (see below). 

The interpretation of real-time fluorometry data was confirmed by native PAGE analysis 

of reaction products (Figure 5-3). 

It has been suggested that a single point mismatch in the toehold region of the 

catalyst should greatly decrease its catalytic efficiency (Zhang and Winfree 2010). 

Consistent with this notion, we observed that the catalyst with a single-point mutation in 

the domain 1* (named mutC1) had a ~7-fold lower catalytic efficiency than C1 (Figure 

5-4).   

These characterizations suggest that our amplifier can act as a robust, sequence-

specific amplification module to improve the sensitivity of other readout platforms.  To 

test this prediction, we connected this amplifier to both electrochemical and colorimetric 

readout modules. It should be noted that the absolute limit-of-detection (LOD) is highly 

dependent on assay condition (e.g. buffer composition, pH, temperature, etc.), equipment, 

and experimenter.  Therefore, when the purpose is to evaluate the amplifier, direct 

comparison of LOD with other works can be misleading. Instead, we focused on the level 

of amplification and the resultant improvement of sensitivity in the same assay by 

comparing the final signal with and without amplification. 
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Figure 5-3. Native PAGE analysis of FAM-H1:H2 assembly.41 

To do this, we utilized two oligonucleotides MB-output and E-output to mimic 

the amplification products MB-H1:H2 and E-H1:H2 in the electrochemical and 

colormetric assays, respectively. These product mimics only contain the sequence of the 

“output segment” and either a MB modification (for MB-output), or the 8-nt ‘domain 6’ 

extension (for E-output). To evaluate the level of amplification, the signal elicited by a 

product mimic at a certain concentration was compared with the signal elicited by the 

same concentration of analyte C1, through the amplifier. 

Connecting the amplifier with electrochemical readout 

In the assays with the electrochemical readout module (Figure 5-5), 200 nM MB-

H1 and 300 nM H2 were mixed for 1 h in the presence of different concentration of C1. 

Then the reaction mixture was added to the electrode modified with strand S and 

incubated for another 1.5 h before SWV measurement. 

                                                 
41 For both panels, lane 1: FAM-H1 alone; lane 2, freshly mixed 40 nM FAM-H1 and 100 nM H2; lane 3: 
40 nM FAM-H1 and 100nM H2 mixed for 20 h; lane 4: 40 nM FAM-H1 and 100 nM H2 mixed for 20 h 
in the presence of 1 nM C1. 60 nM Q was present in all 4 samples.  The picture in the left panel 
(unstained) shows signal from unquenched FAM, therefore only FAM-H1 (and FAM-H1:H2:Q with 
much lower efficiency) can be seen.  The picture in the right panel (with SYBR Gold staining) shows all 
DNA species. 
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Figure 5-4: Detection of single-nucleotide mismatch.42 

As shown in Figure 5-5a, 1 nM product mimic MB-output did not elicit an 

observable current peak of MB oxidation, whereas 1 nM C1, through the amplifier, 

elicited an obvious MB oxidation peak at ~ -0.28 V (vs Ag/AgCl, 1 M KCl). This signal 

was nearly half of the signal generated by 200 nM of MB-output (non-saturating, Figure 

5-6a and data now shown), which suggests a ~100-fold amplification by the amplifier in 

2.5 h.  Figure 5-5b shows that the peak height and area were both positively correlated 

with the concentration of C1, and as low as 10 pM C1 can be detected using this method. 

Efficient (~6 fold) discrimination against single-nucleotide mutations was also achieved 

on this platform (Figure 5-6b).  

                                                 
42 In a fluorescent assay similar to that reported in Figure 5-2, mutC1 showed significantly (~ 7-fold) 
decreased catalytic efficiency. 
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Figure 5-5: The performance of the amplifier when connected with the electrochemical 
readout module.43 

 

 

Figure 5-6: Level of amplification and sequence specificity of the amplifier when 
connected with the electrochemical readout module.44 

                                                 
43 (a) The efficacy of the amplifier is shown by the comparison between the MB-derived electrochemical 
(SWV) signal elicited by 1 nM MB-output (blue) and that elicited by 1 nM C1 through the amplifier.  (b) 
The electrochemical (SWV) signal elicited by different concentration of C1, through the amplifier. The 
peak area versus the concentration of C1 is shown in the inset.  The results shown in this figure were 
obtained in collaboration with Dr. Bingling Li. 
44 (a) Electrochemical (MB) signal generated by 1 nM C1 through the amplfier (green) was compared with 
that generated by 1 nM and 200 nM MB-output without amplification (blue and red, respectively).  It 
should be noted that 200 nM MB-output did not saturate the S on the electrode surface.  (b) In an 
experiment similar to (a), mutC1 yields much lower signal than C1.  The results shown in this figure were 
obtained in collaboration with Dr. Bingling Li. 
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Connecting the amplifier with colorimetric readout 

The demand for efficient signal amplification is most urgent in equipment-free, 

colorimetric, visual detection of analyte (Liu and Lu 2003; Liu and Lu 2005), which is 

most relevant to point-of-care diagnostics, but usually suffers from low sensitivity. For 

example, without using spectroscopic equipment or enzyme-based signal amplification 

(Cheglakov et al. 2006; Weizmann et al. 2006; Darius et al. 2010), the well-developed 

peroxidase DNAzyme/ABTS reporter usually requires sub-micromolar concentrations of 

analyte to achieve a visible signal (Kolpashchikov 2008).  To show the efficacy of the 

amplifier in the colorimetric readout platform, we incubated 600 nM of E-H1 and 900 

nM of H2 with various concentrations of C1 for 4 h followed by the addition of reporter 

duplex, hemin, ABTS and H2O2. When the peroxidase activity was tested on a 

spectrophotometer, E-output lower than 50 nM did not elicit detectable peroxidase 

activity (data now shown), whereas 1 nM of C1, through the amplifier, elicited 

discernable signal, indicating a roughly 50-fold amplification of input signal.  Moreover, 

1 to 5 nM C1 was already able to lead to sufficient peroxidase activity to cause a marked 

visible color change (Figure 5-7b). In contrast, even 50 nM E-output did not cause 

visible color change. The final peroxidase activity was positively correlated with the 

concentration of C1 (Figure 5-7a). Again, mutC1 showed significantly (~2 fold) 

reduced activity (Figure 5-8).  Even greater discrimination will likely be possible by 

shortening the toehold length, since in the current design 600 nM of E-H1 may be higher 

than the Km of the catalyst C1 but lower than or comparable to the Km of mutC1.  

Expanding the range of analyte using catalytic molecular beacon 

So far we have used C1 as a model analyte to show the versatility of the amplifier 

with regard to outputs.  However, it should be noted that the amplifier can be made 

versatile with regard to sequence inputs.  Since the activity of C1 heavily relies on its 
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conformation (for example, domain 1* should be single-stranded to function as a 

toehold), any event that alters the conformation of C1 may lead to changes in its catalytic 

efficiency. To convert C1 to a transducer rather than an input signal, we designed a 

molecular beacon-like (Drake and Tan 2004; Santangelo et al. 2006) molecule that can 

convert the concentration of essentially any nucleic acid to the catalytic activity of C1 

(Figure 5-9). 

 

 

Figure 5-7: Performance of the amplifier when connected with the colorimetric readout 
module.45 

The signal transducer (hpC1) was generated by extending the 3’ end of C1 to 

form a hairpin loop where domain 1* of hpC1 is blocked by domain 1.  Therefore hpC1 

should be catalytically inactive.  The loop of hpC1 is complementary to the target 

nucleic acid.  As in a molecular beacon, when the target nucleic acid is present, the loop 

should hybridize with the target, forming a rigid duplex, and thus disrupting the stem 

formed by domain 1 and 1*.  The target-bound hpC1 has an unblocked domain 1* and 

                                                 
45 (a) Peroxidase activity (shown by the kinetics of ABTS●+ formation) yielded by the indicated 
concentration of C1 through the amplifier and the colorimetric readout module.  (b) Pictures of the wells 
containing the colorimetric detection reactions.  The components of each reaction are indicated in the 
figure.  The results shown in this figure were obtained in collaboration with Dr. Bingling Li. 
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should be catalytically active.  Such molecular beacon-like transducers have also been 

used in the design of allosteric ribozymes (Burke et al. 2002; Penchovsky and Breaker 

2005) and deoxyribozymes (Stojanovic and Stefanovic 2003; Chen et al. 2006). 

 

 

Figure 5-8: Ssequence specificity of the amplifier when connected with the colorimetric 
readout module.46 

We chose the antisense strand of a siRNA against enhanced green fluorescent 

protein (EGFP) as the target, and used the amplifier and the fluorescent readout module 

(Figures 1b and 2) to test the design of the transducer.  As shown in Figure 5-9b, while 

hpC1 showed extremely low activity, the presence of target RNA substantially activated 

hpC1 in a dose-dependent manner.  At saturating concentrations of target RNA (i.e., 

greater than the concentration of hpC1), the activity of hpC1 was activated by ~400 fold.  

The LOD of this assay was determined to be 25 pM (see Materials and Methods). 

                                                 
46 In an assay similar to that reported in Figure 5-7a, 10 nM mutC1 showed roughly 2-fold lower catalytic 
efficiency than C1.  The results shown in this figure were obtained in collaboration with Dr. Bingling Li. 



 149

CONCLUSION 

 In summary, we have designed and optimized a robust, efficient, low-

background, and low-cost enzyme-free amplifier based on catalyzed DNA self-assembly, 

and successfully converted the amplified signal to various readouts.  Typically 50- to 

100-fold amplification was achieved within a few hours in a sequence-specific manner, 

and both quantitative detection and single mismatch discrimination could be realized.  

Other nucleic acid analytes could be detected through the simple expedient of adding a 

molecular beacon-like signal transducer.  We expect that the range of nucleic acid 

sequences that can be detected by our circuit will be similar to those achieved with 

traditional molecular beacons.  Furthermore, in principle any biosensor that changes the 

conformation of a ssDNA/RNA (i.e., aptamer beacons (Liu et al. 2009)) can potentially 

be used as an input for the amplifier.  Thus, the amplifier developed here can be used in 

a ‘plug and play’ fashion with any nucleic acid-based biosensors to further enhance their 

performance.  From another perspective, the developments shown in this Chapter also 

provide more tools to monitor and characterize the process of catalyzed DNA self-

assembly. 
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Figure 5-9: Design and performance of a the signal transducer.47 

 

MATERIALS AND METHODS 

Sequence design and naming convention 

Each DNA domain was named by a number or a number followed by an asterisk.  

The asterisk denotes sequence complementarity, e.g., domain 2 is complementary to 

domain 2*.  All domains shown in Figure 5-1 except domain 4 and 4* are 8-nt long. 

Domain 4 and 4* are 11-nt long to ensure the correct folding of H2 (i.e. to prevent the 

formation of 3:3* duplex).  Under the reaction condition used in this work (~150 mM 

monovalent cation, no divalent cation, 37 oC) 8-bp interactions are expected to be 

transient but >16-bp interactions are expected to be stable.  The DNA sequences were 

designed using the NUPACK package (http://www.nupack.org/).  The sequences of 

DNA strands used in this work are listed in Table 5-1. 

                                                 
47 (a) Scheme of the molecular beacon-like signal transducer where the concentration of target nucleic acid 
is converted to the catalytic activity of hpC1.  (b) Performance of the signal transducer working with the 
amplifier and the fluorescent readout module as shown in Figure 5-1b.  The concentration of hpC1 was 5 
nM in all reactions.  The concentrations of target RNA are listed in the figure.  The first-order rate 
constant of the decrease of fluorescent signal versus the concentration of target RNA is shown in the inset.  
The results shown in this figure were obtained in collaboration with Dr. Bingling Li. 
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Chemicals and oligonucleotides 

Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), 6-mercapto-l-hexanol 

(MCH), 2, 2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 

(ABTS) and H2O2 were purchased from Sigma-Aldrich (MO, USA). All the chemicals 

were of analytical grade.  

DNA oligonucleotides listed in Table 5-1 were ordered from Integrated DNA 

Technology (IDT, Coralville, IA) except for MB-H1.b which was ordered from 

Biosearch (Novato, CA). 

FAM-H1 was prepared by ligating 10 nmole of H1.a and 10 nmole of FAM-

H1.b using 16 unit of T4 DNA ligase (Invitrogen) in a 160 µL reaction in 1x T4 ligase 

buffer (Invitrogen) at room temperature overnight.  MB-H1 was similarly produced by 

ligating H1.a and MB-H1.b. 
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Name Sequence 5’ 
modification 

3’ 
modification

H2 AGATGTCG_TCTACACATGG_ 
CGACATCT_AACCTAGC_CCATGTGTAGA   

H1.a GTCAGTGA_GCTAGGTT_AGATGTCG_CCATGTGTAGA_
CGACATCT   

FAM-output AACCTAGC_CCTTGTCA Phosphate FAM 

MB-output AACCTAGC_CCTTGTCA Phosphate Methylene 
Blue 

E-output AACCTAGC_CCTTGTCA_TAGAGCAC   

E-H1 GTCAGTGA_GCTAGGTT_AGATGTCG_CCATGTGTAGA_
CGACATCT_AACCTAGC_CCTTGTCA_TAGAGCAC   

Q TGACAAGG_GCTAGGTT 
IowaBlack 
FQ  

S TGACAAGG GCTAGGTT 5’ Thio C6  

C1 CGACATCT_AACCTAGC_TCACTGAC*   

C1mut CGACATCT_AACCTAGC_TaACTGAC   

Dz CTGGGAGGGAGGGAGGGA_GTGCTCTA_TGACAAGG_ 
GCTAGGTT   

Blk C_CCTTGTCA_TAGAGCAC_TCCCTC   

Anti-EGFP rUrArGrUrUrGrUrArCrUrCrCrArGrCrUrUrGrUrGrCrC   

hpC1 
CGACATCT_AACCTAGC_TCACTGAC_ 
GGCACAAGCTGGAGTACAACTA_ 
GTCAGTGA_GC 

  

Table 5-1: Sequence of oligonucleotides used in this work. 

FAM-H1, MB-H1, E-H1 and H2 were PAGE-purified before use.  Other 

oligonucleotides were simply ethanol-precipitated to remove salt that interferes with 260 

nm absorption reading.  All DNA strands were stored in 1x TE (pH 7.5) as 1 to 100 µM 

storage stock in at -20 oC.  Diluted C1 and mutC1 (1 pM to 100 nM) stocks were stored 



 153

in 1x TE (pH 7.5) supplemented with 1 µM (dT)15 (Promega) to prevent loss due to 

adsorption to the plastic tube and pipette tips. 

Real-time fluorescence measurement 

The catalyzed assembly of FAM-H1:H2 was carried out in 1x TNaK buffer (20 

mM Tris, pH 7.5, 140 mM NaCl, 5 mM KCl).  Before the experiment, an appropriate 

volume of ‘H1+Q mixture’ containing 80 nM of FAM-H1, 120 nM of Q and 1 µM of 

(dT)15 in 1x TNaK was prepared.  In parallel, an appropriate volume of ‘H2 mixture’ 

containing 333 nM of H2 and 1 µM of (dT)15 in 1x TNaK was prepared.  The ‘H1+Q 

mixture’ and the ‘H2 mixture’ were heated to 90 oC for 1 min on a heat block and slowly 

cooled down to room temperature by turning off the heat block.  The whole cooling 

process took ~ 2 hrs, during which a series of 4 µL ‘C1 mixtures’ that contained different 

concentrations of C1 (or mutC1) and 1 µM of (dT)15 in 1x TNaK was prepared in 

separate PCR tubes (Axygen).  Then all three mixtures were incubated at 37 oC for ~ 30 

min before the assembly reaction.  The reactions were started by adding 6 µL of the ‘H2 

mixture’ and 10 µL of the ‘H1+Q mixture’ into the ‘C1 mixtures’, resulting in a total 

volume of 20 µL where the final concentrations of FAM-H1, H2 and Q were 40 nM, 100 

nM and 60 nM, respectively.  16 µL out of each 20 µL reaction was transferred to a well 

in a 384-well plate (NUNC, black polypropylene, shallow well).  The plate was then 

sealed with MicroAmp optical adhesive film (Applied Biosystems) to prevent 

evaporation.  The fluorescence signal was recorded using a SAFIRE plate reader 

(TECAN) that was preset to 37 oC. 

The raw data for the fluorescent signals are shown in Figure 5-10a.  Despite our 

effort to minimize the temperature difference between mixing and reading by carrying 

out the mixing step in a 37 oC warm room, we still observed a fast initial decrease of 
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fluorescent signal, presumably because the mixing temperature was slightly higher than 

37 oC.  Note that the quencher strand Q can still reversibly and loosely bind FAM-H1, 

and this binding is weaker at higher temperature.  For clarity, only the fluorescent signal 

after this initial drop was reported in Figure 5-2.  The fluorescent signal of the no 

catalyst control (black line of Figure 5-9a) at time point 0 was extrapolated using the 

data from t = 1.5 h to t = 20 h, and was defined as 1 RFU. 

 

 

Figure 5-10: Raw fluorescence data.48 

Native PAGE analysis of the assembly reaction 

Two 20 µL assembly reactions that contained 40 nM FAM-H1, 100 nM H2 and 

60 nM Q were set up as described above; one reaction contained 1 nM of C1 and the 

other contained no C1.  After 20 h, 10 µL of the reaction mixture of each sample along 

with two controls (one sample with 40 nM FAM-H1 only and the other sample with 

freshly mixed 40 nM FAM-H1 and 100 nM H2) was loaded onto a native 10% 

polyacrylamide gel.  The gel was run for ~ 3 h at 200 V at room temperature before 

visualizing the unquenched FAM signal using a STORM 840 scanner (GE Healthcare), 

generating the picture in the left panel of Figure 5-3.  Then the gel was stained with 

                                                 
48 (a) Raw data used to produce Figure 5-2.  (b) Raw data used to produce Figure 5-9b.  The results 
shown in this figure were obtained in collaboration with Dr. Bingling Li. 
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SYBR Gold and scanned again for visualizing all DNA species, generating the picture in 

the right panel of Figure 5-3. 

Conjugation of thiol-labeled strand S to the Au electrode 

The Au electrode (1.2 mm in diameter) was polished with 1.0 µm, 0.3 µm and 

0.05 µm α-Al2O3 and then washed ultrasonically with pure water 3 times, and was 

subsequently electrochemically cleaned in 0.1 M H2SO4 by potential scanning between 0 

V to 1.6 V until a reproducible cyclic voltammogram was obtained.  Then the electrode 

was sonicated and rinsed with copious amount of pure water, and finally blown dry with 

nitrogen. 

Before use, 10 µL of 200 µM S in H2O was mixed with 20 µL of 10 mM TCEP 

solution in DP buffer (20 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MgCl2) and 

incubated for 2 h at 28 oC.  Then the mixture was diluted with more DP buffer so that the 

concentration of S was 2 µM.  The Au-S conjugation was performed by placing 20 µL of 

the 2 µM S solution described above on the Au electrode held upside-down.  The 

electrode was capped with a 1.5 mL Eppendorf tube to protect the solution from 

evaporation.  After 16 hrs of conjugation at room temperature, the electrode was rinsed 

with pure water several times.  Then the S-conjugated Au electrode was covered with 5 

µL of 1 mM MCH in DP buffer and kept at room temperature for 1 h, followed by rinsing 

with pure water. 

Detection of MB with S-labeled Au electrode 

1 µM MB-H1 in 1x TNaK and 1 µM H2 in 1x TNaK were prepared and 

separately heated to 90 oC for 1 min followed by slow cooling at the rate of 0.1 oC/s to 37 
oC.  At the same time, a series of 10 µM ‘C1 mixtures’ containing various concentrations 

of C1 and 0.2 µM (dT)15 in 1x TNaK was prepared in separate PCR tubes.  The 
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assembly reaction was started by adding 4 µL of 1 µM H2 and 6 uL of 1 µM MB-H1 to a 

‘C1 mixture’, resulting in a total volume of 20 µL where the final concentration of MB-

H1 and H2 were 200 nM and 300 nM, respectively. 

The assembly reaction was incubated at 37 oC for 1 h.  Then 15 µL of the 

reaction mixture was placed on the S/MCH-modified Au electrode, and incubated at 37 
oC for another 1.5 h.  In the control experiments, different concentrations of MB-output 

were placed on the S/MCH modified Au electrode, and incubated at 37 oC for 1.5 h. 

Then the electrodes were rinsed with DP buffer at 37 oC and square wave 

voltammetry measurement (SWV) was used to detect the MB (carried by MB-H1:H2 or 

MB-output) at the surface of the electrode.  SWV was performed on an DY-2000 Series 

Multichannel Potentiostat (Digi-Ivy, Inc. Austin, TX) using a conventional three 

electrode electrochemical cell with Ag-AgCl (1 M KCl) electrode (CH instrument, 

Austin) as reference electrode, Pt coil as counter electrode and Au disk (1.2 mm in 

diameter) as working electrode.  All the electrochemical measurements were carried out 

at room temperature.  SWV measurements were performed under an oscillatory potential 

of -0.5 V to 0V, with the frequency of 50 Hz in DP buffer.. 

Detection of assembled E-H1:H2 using colorimetric readout 

Appropriate volumes of 3 µM E-H1 and 3 µM H2 in 1x TNaK were prepared 

similar to the procedure described above.  A series of 20 µL ‘C1 mixtures’ containing 

various concentrations of C1 (or mutC1) and 0.2 µM (dT)15 in 1x TNaK were also 

prepared.  The assembly reactions were started by adding 12 µL of 3 µM H2 and 8 µL of 

3 µM E-H1 to each ‘C1 mixture’, resulting in a total volume of 40 µL where the final 

concentration of E-H1 and H2 were 600 nM and 900 nM, respectively. 



 157

The ‘reporter mixture’ was made by first mixing 8 µM Dz and 16 µM Blk (in DP 

buffer + 0.1% triton-100) followed by heating at 90 oC for 1 min and cooling down to 

room temperature at a rate of 0.1 oC/s.  Then an equal volume of 20 µM hemin solution 

(in DP buffer + 0.1% triton-100) was added.  The concentrations of Dz, Blk and hemin 

in the ‘reporter mixture’ were 4 µM, 8 µM and 10 µM, respectively.  The Blk was in 2-

fold excess relative to Dz in order to suppress background originating from free Dz. 

The assembly reaction was incubated at 37 oC for 4 h.  Then 35 µL of the 

assembly reaction mixture was immediately mixed with 5 µL ‘reporter mixture’.  The 

final mixture was incubated at room temperature (or 37 oC, only for the experiment 

shown in Figure 5-8) for 2 h. Then 36 µL out of the 40 µL final mixture was added into 

4 µL substrate solution containing 38 mM ABTS and 20 mM H2O2 in water.  

The colorimetric data was measured using a Synergy-HT plate reader (Bio-TEK), 

with KC4 software. The data were collected at a wavelength of 410 nm from a 384-well 

plate (NUNC, optically clear bottom, white wall, rounded square wells).  After ~15 min 

of reading, the plate was removed from the plate reader and the picture shown in Figure 

5-7b was taken. 

Detection of the antisense strand of anti-EGFR siRNA 

50 nM hpC1 (in 2x TNaK buffer) was mixed with equal volume of different 

concentrations of the antisense strand of anti-EGFP siRNA (named anti-EGFP, stored in 

TE buffer supplemented with 2 µM of (dT)21).  Then the mixtures were heated to 90 oC 

for 1 min and cooled down to 28 oC at a rate of 0.1 oC/s.  The rest of the experiment was 

carried out in a similar way to that described in the section ‘Real-time fluorescence 

measurement’, with minor exceptions described below to reduce the initial fluctuation of 

fluorescent signal due to temperature change. 
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Rather than carrying out all the pre-incubation and mixing in a 37 oC warm room, 

here the reagents were pre-incubated on thermocyclers (set to 37 oC), and the plate was 

pre-incubated in the plate reader (set to 37 oC).  Mixing steps were done on a 

thermocycler (set to 37 oC) placed in a room at ambient temperature.  The final mixtures 

were quickly transferred to the plate pre-incubated in the plate reader, followed by the 

reading of fluorescent signal.  This procedure effectively reduced the initial fluctuation 

of fluorescent signal (raw data shown in Figure 5-9b) and allowed us to normalize the 

data to correct the well-to-well variation caused by the physical difference of the wells or 

the film.  

To obtain the initial fluorescent signal while eliminating the interference caused 

by the initial signal fluctuation, we discarded the fluorescent signals of the first 0.5 h 

(where the signals fluctuated), and extrapolated fluorescent signals at t = 0 using the 

fluorescent signals from t = 0.5 h to t = 3 h with a cubic equation.  For each sample, this 

extrapolated initial fluorescent signal was defined as 1 RFU.  The rates of decrease of 

fluorescent signal (termed k, and shown in the inset of Figure 5-9b) was obtained by 

fitting the normalized data (from t = 0.5 h to t = 8 h) to the equation  

CeCRFU kt +⋅−= −)1(   

where C = 0.069 (fluorescent signal in RFU of FAM-H1:H2 completely quenched by Q, 

obtained from pilot experiments).  The range encompassed by the error bar represents 

the 95% confidence intervals of the fitted k. 

The k-vs.-[target RNA] plot for target RNA concentration of 0 to 0.1 nM was 

fitted to a linear equation, resulting in a slope of 0.099 h-1nM-1.  The negative control 

experiment (with 5 nM of hpC1 but without target RNA) was repeated for 3 times and 

the standard deviation (s.d.) of 0.00086 h-1 was obtained.  The LOD was calculated to be 

(3 × s.d.)/slope = 25 nM. 
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Perspective 

Nucleic acid-based biotechnology has been one of the fastest growing fields in the 

past five years.  Many of recent developments in this field were based on engineering of 

secondary and tertiary structure of nucleic acids.  There were two underlying themes in 

these developments that resulted in two types of engineering approaches.  First, unlike 

proteins, nucleic acids can be directly copied.  Therefore directed evolution (or in vitro 

selection) of functional nucleic acids can be carried out efficiently and straightforwardly.  

Second, since the thermodynamics of nucleic-acid hybridization and secondary-structure 

formation can be predicted with relatively high accuracy, different nucleic acid-based 

functional elements (e.g. aptamers, ribozymes, molecular beacons) can be connected 

rationally to achieve desired functions. 

Logic reasoning and trial-and-error has been the dominant guidelines that direct 

these engineering efforts.  For example, we know that if you can somehow separate 

functional nucleic acids from nonfunctional ones, you can enrich functional nucleic acids 

using directed evolution.  For another example, we know that if ligand-binding to an 

aptamer stabilizes one conformation of the aptamer versus another, the aptamer can be 

engineered to a signal transducer that converts the presence of the ligand to signals that 

human can observe, as long as the two conformations yield different levels of signal.  To 

test these logic-based hypotheses, one typically designs experiments and observes 

whether they ‘work.’  If they do not ‘work,’ one then modifies experiments and designs 

according to previous data and intuition, and then test them again. 

One problem of the process described above is that there is no clear definition of 

the word ‘work.’  If a signaling aptamer yields 0.2-fold higher signal in the presence of 
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500 nM of ligand relative to that in the absence of ligand, do we call it ‘works’ or not?  

There is no obvious answer because we do not know what to expect. 

The first part of my graduate study (described in Chapter 2 and Chapter 3) 

aimed to solve this problem.  In other words, we showed that if we know a few basic 

parameters of the system, we should be able to predict the performance of the system 

quantitatively.  Particularly, in the work described in Chapter 2 we not only established 

a method to directly select physiologically active ribozymes in mammalian cells, but also 

developed a quantitative model that can be used to estimate the stringency of the 

selection.  In the work described in Chapter 3, we developed a model to estimate the 

performance of aptazyme-based genetic regulators and achieved quantitative agreement 

with experimental data.  With these quantitative estimations in hand, we can start 

comparing experimental results with theoretical expectations.  Now we have a definition 

for the word ‘work’: it means ‘meet the expectation.’  I believe such model-driven 

approaches will become a new trend in the engineering of functional nucleic acids. 

The second part of my graduate study focused on the application of a new type of 

nucleic acid catalysts – unstructured nucleic acid catalysts.  The reason why unstructured 

nucleic acid can catalyze chemical reactions is that the substrates, being either DNA 

duplexes (as described in Chapter 4) or DNA hairpins (as described in Chapter 5), are 

delicately designed.  We showed that this type of catalysis is sufficiently fast for signal-

amplification purpose in molecular detection, and is highly modular so that it can be 

adapted to detect different target molecules and be read out in various platforms. 

I believe, however, such applications are just the tip of the iceberg.  Designed 

DNA hybridization networks (or DNA circuits) can be the computing engine for various 

types of molecular devices and systems, from smart drugs capable of processing multiple 

pieces of information, to reaction-diffusion systems that can support bottom-up 
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fabrication of new materials.  The hairpin-based circuits might also be adapted to RNA 

systems in vivo and lead to large scale synthetic gene-regulatory networks.  It is almost 

certain that the programmability of nucleic acids, coupled with model-driven design 

principles, will continue to yield novel molecular devices and will continue to redefine 

the concept of engineering. 
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