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The study of biology has undergone a fundamental change due to advancements 

in genetic engineering, DNA synthesis and DNA sequencing technologies.  As opposed 

to the traditional dissective mentality of discovering genes via genetics, describing 

genetic behaviors through biochemistry, and then drawing diagrams of functional 

networks, researchers now have the potential (albeit limited) to construct novel biological 

molecules, networks, and even whole organisms with user-defined specifications.  We 

have engineered novel catalytic DNAs (deoxyribozymes) with the ability to ‘read’ an 

input DNA sequence and then ‘write’ (by ligation) a separate DNA sequence which can 

in turn be detected sensitively.  In addition, the deoxyribozymes can read unnatural 

(synthetic) nucleotides and write natural sequence information.  Such simple 

nanomachines could find use in a variety of applications, including the detection of single 

nucleotide polymorphisms in genomic DNA or the identification of difficult to detect 

(short) nucleic acids such as microRNAs. 

As an extension of in vitro biological engineering efforts, we aimed to construct 

novel signal transduction systems in vivo.   To this end, we used directed evolution to 
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generate a catalytic RNA (ribozyme) capable of creating genetic memory in E. coli. In 

the end we evolved an RNA which satisfied the conditions of our genetic screen.  Rather 

than maintaining genetic memory, however, the RNA increased relative cellular gene 

expression by minimizing the translational burden it imposed on the host cell.  

Interestingly, detailed mutational analysis of the evolved RNA led us to new studies on 

the relationship between ribosome availability and stochasticity in cellular gene 

expression, an effect that had frequently been alluded to in the literature, yet never 

examined.   

We have also taken a more canonical approach to the forward engineering of 

biological systems with unnatural behaviors.  To this end, we designed a protein-based 

synthetic genetic circuit that allows a community of E. coli to function as biological film, 

capable of capturing and recapitulating a projected light pattern at high resolution 

(theoretically 100 mexapixels).  The ability to control bacterial gene expression at high 

resolution could be used to ‘print’ complex bio-materials or deconvolute signaling 

pathways through precise spatial and temporal control of regulatory states. 
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Chapter 1: Introduction 

 

It has been over three decades since the advent of recombinant DNA technology 

gave rise to the field of genetic engineering (Cohen et al. 1973).  The ability to efficiently 

manipulate the genetic programs of living organisms has changed the study of biology in 

that knowledge is not limited by the information nature provides but is extended by the 

ability to build to biological systems.  Originally, researchers used genetic engineering 

techniques to investigate small numbers of genetic elements as the technology was 

relatively low throughput and often cumbersome.  Recently however, advances in DNA 

synthesis, amplification and sequencing have joined recombinant DNA technology to 

pave the way for a new discipline, termed synthetic biology.  Synthetic biologists aim to 

construct novel biomolecules and take naturally occurring molecules out of their original 

context to use them as ‘parts’ in the assembly of unnatural (synthetic) networks (Benner 

and Sismour 2005).  When the synthetic molecules and networks behave as predicted, 

they can provide confidence in one’s understanding of biological design principles 

(Sprinzak and Elowitz 2005; Guido et al. 2006).  In the more likely scenario that the 

synthetic constructs do not behave as predicted, researchers are often led to ask new 

questions about the principles dictating the behavior of individual parts, networks, and 

even cells.   
 

SYNTHETIC GENE NETWORKS 

Many of the synthetic gene networks constructed thus far have been inspired by 

the logical devices used in electrical engineering (Elowitz and Leibler 2000; Gardner et 
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al. 2000; Guet et al. 2002; Hasty et al. 2002; Yokobayashi et al. 2002; Atkinson et al. 

2003; Stojanovic and Stefanovic 2003; Basu et al. 2004; Benenson et al. 2004; Kramer et 

al. 2004; Basu et al. 2005; Kramer and Fussenegger 2005).  For example, in 2000, Collins 

and coworkers reported the construction of a synthetic genetic toggle switch composed of 

antagonistic transcriptional repressors (A repressed B, B repressed A) in E. coli.  The 

synthetic circuit behaved as designed, was remarkably stable (over many cell divisions), 

and could be described by a mathematical model previously used for electrical networks 

(Gardner et al. 2000). 

Though the behavior of gene networks can often be understood through analogy 

to silicon-based systems, biological versions are comparatively slow, noisy and error 

prone (McAdams and Arkin 1997; McAdams and Arkin 1999).  Shortcomings in the 

robustness of biological signal transduction have therefore limited the extent to which 

synthetic biologists can ‘plug-and-play’ with biological parts.  Oftentimes, multiple parts 

(e.g. transcription factors taken from nature) cannot be reliably interfaced to generate a 

predictable behavior because the behavioral parameters (e.g. operator binding affinity) 

are mismatched (Yokobayashi et al. 2002).  Parameter optimization is therefore an 

indispensable tool for the reliable assembly of more complex synthetic biological 

systems. 

Parameter optimization currently stands as a difficult problem, however, as the 

most complex gene networks have been engineered exclusively with protein parts 

(Elowitz and Leibler 2000; Gardner et al. 2000; Atkinson et al. 2003; Basu et al. 2004; 

Kobayashi et al. 2004; Kramer et al. 2004; Basu et al. 2005; Kramer and Fussenegger 

2005).  The behavioral parameters of protein parts are challenging if not impossible to 

rationally optimize (Dwyer et al. 2003; Looger et al. 2003) because protein structures and 

mechanisms are difficult to predict and interpret.  The inability to fine-tune protein 
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function will therefore impose limits on the complexity of synthetic biological designs in 

the near future. 
 

CONSTRUCTING BETTER SYNTHETIC BIOLOGICAL PARTS 

The current limitations in synthetic biology could be reduced by the introduction 

of functional nucleic acids into the synthetic biological design process (Figure 1-1).  As 

we will discuss in more detail below, natural and synthetic nucleic acids have 

extraordinarily diverse regulatory capacity and often exhibit simple structural features 

that can be rationally manipulated in ‘flatland’, that is, at the two-dimensional level of 

nucleotide base-pairing.  Moreover, nucleic acids are very amenable to directed evolution 

efforts, especially in vivo.  The connectivity (interaction between parts) and behavioral 

parameters of synthetic biological networks could therefore easily be tweaked through 

the rational design and directed evolution of regulatory nucleic acids.  These methods 

would also bolster the synthetic biological toolbox while increasing the potential 

complexity of engineered gene networks. 

 
 
 



  
Figure 1-1.  Functional RNAs in synthetic biological networks.  (A) A synthetic genetic circuit built 
from 3 well characterized eubacterial repressors (lac inhibitor (LacI), lambda repressor (cI), and 
tetracycline repressor (TetR)), and their corresponding promoters and operators (PL, Pλ, and PT, 
respectively).  This circuit acts as a NOTIF logic gate, in which the gate is active in only 1 of 4 logical 
configurations.  In the presence of aTc (anhydrotetracycline) alone GFP is synthesized, while in the 
absence of aTc or in the presence of IPTG (with or without aTc) GFP is not synthesized.  Adapted from 
(Guet et al. 2002).  (B) Proposed incorporation of a nucleic acid enzyme into the genetic circuit.  Here, a 
hammerhead ribozyme targeted to degrade the GFP mRNA might functionally replace the lambda cI 
repressor.  Inhibition would occur posttranscriptionally as opposed to at the level of transcription initiation. 
 

RNAS AS REGULATORY TOOLS 

Recent discoveries highlighting the broad regulatory activities of nucleic acids 

(usually RNAs) in natural biological systems have revolutionized molecular biological 

dogma.  Whereas it was originally accepted that proteins almost exclusively controlled 

gene regulation, the contributions of regulatory RNAs are now known to be ubiquitous.  

Many fundamental biological processes are now known to be controlled by small RNAs 

(sRNAs) in bacteria (Wassarman 2002), microRNAs (miRNAs) in eukaryotes 

(Pasquinelli et al. 2005) and riboswitches across the tree of life (Sudarsan et al. 2003). 

In contrast to their protein counterparts, regulatory RNAs hold immediate 

potential as user-friendly tools for the engineering of synthetic biological networks.  The 
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specificities and behavioral parameters of ribosomal RNAs (rRNAs) (Rackham and Chin 

2005), catalytic RNAs (ribozymes) (Bramlage et al. 1998), riboswitches (Isaacs et al. 

2004; Suess et al. 2004) and synthetic RNAs such as antiswitches (Bayer and Smolke 

2005) are relatively simple to fine-tune or even change completely.  Virtually all nucleic 

acid engineering efforts take advantage of the surprising amount of functional 

information that can be derived from the interpretation of secondary structure (base-

pairing), which can be predicted with minimal computational power (Zuker 2003).  

Manipulation of base-pairing interactions can then be used as a facile strategy for 

changing the specificity (Isaacs et al. 2004), catalytic efficiency (Bramlage et al. 1998) or 

dose-response relationship (Bayer and Smolke 2005) of functional nucleic acids.  For 

example, the hammerhead ribozyme, a naturally occurring nucleic acid enzyme which 

catalyzes the hydrolysis of a specific phosphodiester bond in cis, can be redesigned to 

target virtually any RNA in trans by the specification of approximately 12 base-pairs 

(Birikh et al. 1997) (Figure 1-2).  To the contrary, rational efforts to alter the specificity 

of even the best studied protein ribonuclease have proven unsuccessful despite copious 

structural and functional information (Hubner et al. 1999).  
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Figure 1-2.  Schematic structure of the hammerhead ribozyme.  (A) Natural cis cleaving structure.  The 
ribozyme contains a conserved catalytic core and two specificity domains (noted).  The position of 
catalyzed hydrolysis (red arrow) is dictated by base-pairing between ribozyme and target nucleotides in the 
specificity domains.  (B) Reengineered trans acting hammerhead.  The riboyzme can be engineered to 
catalyze the cleavage of theoretically any RNA sequence (blue) bearing a conserved cleavage site (purple).  
For synthetic biological purposes, it is most interesting that the ribozyme could be used as a tool to 
downregulate levels of full length mRNAs in vivo. 
 

DIRECTED EVOLUTION OF REGULATORY RNAS 

Because nucleic acids are complex 3-dimensional molecules, their functionality 

cannot always be reengineered at the level of base-pairing.  To circumvent the latent 

design challenges imposed by higher order structures, researchers have developed a 

variety of directed evolution strategies (Tabor et al. 2006).  The directed evolution of 

nucleic acids follows the same principles that apply in natural selection.  A pool of 

heritable diversity is generated, typically by partial or complete randomization of a 

nucleic acid strand, rather than by point mutation.  The pool is then sieved by selection 

for some function.  The winning species are recovered and amplified by standard 

molecular biological techniques such as reverse transcription, PCR, and in vitro 

transcription.  Multiple cycles of selection and amplification yield nucleic acids with 

greatly improved (if not optimal) functionalities (Osborne and Ellington 1997).  

Though researchers have been evolving functional RNAs for well over a decade 

in vitro (Ellington and Szostak 1990), the most intriguing application for nucleic acid 

evolution is generation of novel regulatory molecules in vivo.  For example, Liu and 

colleagues recently reported the evolution of an RNA that functions as a transcriptional 

activator in yeast (Buskirk et al. 2003).  To accomplish this, a random pool of RNA was 

expressed and localized (through engineered RNA-protein interactions) upstream of a 

selective marker, the his3 DNA (Figure 1-3).  It was hoped that the physical proximity of 

certain RNA variants to the promoter complex would either directly stimulate 
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transcription or that the RNA structures would serve as docking sites for transcriptional 

activators which would in turn act upon the proximal DNA sequence. 

In the first round of selection, a surprisingly large fraction (0.2%) of the library 

proved to be functional indicating that there may be many new ways in which RNA can 

supplant biology’s choice regulatory macromolecules, proteins.  In additional rounds, 

increased selective pressure (using a competitive inhibitor of His3) and biased 

randomization of the strongest initial clone led to the isolation of RNA variants with 

greatly increased activity.  The most active clones contained several highly conserved 

(and computationally predictable) structural elements that were required to activate 

transcription.  The most functional clone activated transcription 53-fold more than the 

highly active protein transcriptional activator, Gal4, under the same conditions.  

Importantly, the transcriptional activators acquired through this selection were not gene-

specific; they were also capable of activating LacZ expression under the same operator 

and promoter.  Upon removal of the protein-based localization complex, however, the 

selected RNAs were no longer able to activate transcription.  The requirement for spatial 

localization should allow them to be used to program the transcription of individual loci, 

just as specific interactions between transcription factors or repressors and DNA binding 

sites have previously been adapted to regulate heterologous loci. 

 

Evolving more complex riboregulators 

Another advantage to using regulatory RNAs as tools for synthetic biology is that 

the secondary structures can easily be predicted and interpreted, and mutations can be 

rapidly introduced to test the relationship between structure and function. Once a 

functional structure has been mapped, constructs can be rationally re-engineered for more 

complex behavior and control.  For example, Liu and colleagues were able to remove a 



non-critical segment of the original transcription activator and replace it with an anti-

tetramethylrosamine (TMR) aptamer (Buskirk et al. 2004).  They then randomized a 7-

nucleotide segment immediately adjacent to the aptamer domain that spanned a stem 

structure required for activity (Figure 1-4).  Clones were screened for TMR-dependent 

transcriptional activation, and a variant that exhibited ~10-fold activation in the presence 

of TMR was isolated.  As expected, this clone exhibited graded activation dynamics, a 

feature that may be useful for fine-tuning gene expression.   
 

 

Figure 1-3.  Selection strategy for an RNA-based transcription factor.  A region of 40 or 80 random 
nucleotides (dashed line) was flanked on the 5’-end by structure-stabilizing hairpins and on the 3’-end by 
hairpins which bound the MS2 coat protein.  The MS2-binding hairpins allowed for localization of the 
RNA to the his3 gene through association with an MS2 coat protein fused to the DNA-binding protein 
LexA, which binds to its cognate operator upstream of his3.  RNA-dependent expression of His3 in a 
histidine auxotroph strain allows survival of the yeast clone on selective media without histidine.  Adapted 
from Buskirk et al., 2003. 
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Figure 1-4.  Constructing a ligand-dependent RNA transcriptional activator.  An anti-
tetramethylrosamine (TMR) aptamer was rationally appended to a selected transcriptional activator (left) at 
a non-critical region (dashed grey lines).  A 7-nt “communication module” adjacent to the anti-TMR 
aptamer was randomized and variants dependent on TMR (red dot) for activity were identified via 
screening.  Adapted from Buskirk et al., 2004. 
 

Directed evolution of ribozymes 

The directed evolution of catalytic RNAs that regulate gene expression has also 

proven a productive strategy.  In a particularly interesting example, a library of 

randomized hammerhead ribozymes was used to identify genes involved in tumor 

metastasis in mice (Suyama et al. 2004).  In short, the library was transformed into a pre-

metastatic cell line, implanted in mice, and variants capable of causing metastatic 

 9
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transformation were isolated from tumor tissue and sequenced.  The nucleotide sequences 

of the evolved ribozyme specificity domains (as in Figure 1-2) were then compared 

against the genome, and gene targets whose inhibition influenced metastasis were 

identified computationally and then confirmed via alternative gene knockdown methods.  

In all, 8 genes involved in metastasis were found by this method; 5 of which were 

previously unknown.  These results are a cogent demonstration of the unique benefits of 

most functional nucleic acids as synthetic regulatory parts; they can directly modulate 

gene expression in vivo, and their potentially universal target specificities can be readily 

evolved and deciphered.  Moreover, similarly acting nucleic acids could have been 

rationally designed to target the same genes, and their behavioral parameters could be 

optimized through the manipulation of base-pairing.  Such malleability will provide new 

levels of control to those looking to engineer biology in the future. 
 

THE PROMISE OF SYNTHETIC BIOLOGY 

The benefits of constructing synthetic biological systems are two-fold.  First, 

engineered systems that are biological in nature can be used to solve problems that would 

be far more difficult with mechanical or electrical devices.  Most notable is the relative 

ease with which they can be used to interface with and modify living cells (Anderson et 

al. 2006).  Second, when engineered biological systems deviate from their predicted 

behaviors, they can lead researchers to pursue new questions about the nature of the parts 

used to build the system and the design principles driving biological networks.  In other 

words, synthesis complements analysis (Benner and Sismour 2005).  One striking 

example is the synthetic genetic oscillator constructed by Elowitz and Leibler (2002).  

Though a growing population of E. coli expressing the oscillatory network were 

genetically identical, only 40% of them exhibited oscillatory behavior after 
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synchronization.  This unpredictability drove the authors to perform pioneering studies on 

the nature of the stochastic fluctuations in gene expression which were responsible for the 

unpredictability of their design (Elowitz et al. 2002; Swain et al. 2002).  

 The ability to successfully (re)construct complex systems and behaviors 

offers the biologist an unprecedented amount of confidence in his or her understanding of 

the subject at hand (Sprinzak and Elowitz 2005).  Synthetic strategies have previously 

been invoked as complements to analytical methods in other fields as well.  For example, 

synthetic chemical methods have helped to solve elusive features of important natural 

chemical compounds (Woodward 1968).  Though still in its infancy, synthetic biology 

also offers great promise as a tool for the engineering of useful constructs and as a 

complement to the scientific method. 
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Chapter 2: Deoxyribozymes that recode sequence information 

 

INTRODUCTION 

It has been more than two decades since the discovery that RNA can function not 

only as an information carrying molecule but also as an enzyme capable of catalyzing 

chemical reactions (Kruger et al. 1982; Guerrier-Takada et al. 1983).  Not long after the 

discovery of catalytic RNAs (ribozymes), researchers began to engineer and evolve novel 

nucleic acid enzymes (including DNA versions, or deoxyribozymes) to perform many 

unnatural, user-defined reactions (for review see Breaker 2004).  Nucleic acid enzymes 

now stand as useful tools for the engineering of molecular signal transduction in vitro and 

in vivo (Tabor et al. 2006a). 

Nucleic acids are an attractive platform for the generation of novel biochemical 

functions because they are extremely easy to engineer (usually at the level of secondary 

structure) and evolve.  Consequently, the functional repertoire of nucleic acid enzymes 

has been expanded to include many fundamental biochemical reactions previously 

thought to be restricted to protein enzymes (Lorsch and Szostak 1994; Wilson and 

Szostak 1995; Wecker et al. 1996; Huang and Yarus 1997; Tarasow et al. 1997; Wiegand 

et al. 1997; Unrau and Bartel 1998; Seelig and Jaschke 1999; Sengle et al. 2001; Sun et 

al. 2002; Tsukiji et al. 2004) as well as more complex behaviors such as allosteric 

regulation (Tang and Breaker 1997; Robertson and Ellington 1999; Soukup and Breaker 

1999a; Robertson and Ellington 2000; Vaish et al. 2002).  

Allosteric nucleic acid enzymes have been generated by both design and directed 

evolution.  Enzymes whose activities are modulated by small molecules have been 
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generated by fusing ribozyme domains with allosteric domains (aptamers, yielding 

aptazymes) and then evolving efficient responsivity (Battiste et al. 1996; Tang and Breaker 

1997; Legault et al. 1998; Tang and Breaker 1998; Koizumi et al. 1999; Soukup and Breaker 

1999b; Soukup et al. 2000; Jose et al. 2001; Levy and Ellington 2002a; Najafi-Shoushtari and 

Famulok 2005), while enzymes whose activities are modulated by oligonucleotides have 

been generated by the strategic insertion of hybridization sites (Komatsu et al. 2000; Burke 

et al. 2002; Stojanovic et al. 2002; Stojanovic and Stefanovic 2003a; Stojanovic and Stefanovic 

2003b; Hartig et al. 2004; Najafi-Shoushtari et al. 2004; Penchovsky and Breaker 2005; 

Stojanovic et al. 2005).  In most instances, the modulation of catalytic function has relied 

on the analyte-dependent re-organization of secondary or tertiary structure.  In contrast, a 

‘maxizyme’ has been developed in which the modulation of catalytic function relied on 

the analyte-dependent formation of a specific quarternary structure (Kuwabara et al. 

1998).  In this design, two half-ribozymes were brought together by a bridging 

oligonucleotide in order to form an active hammerhead ribozyme capable of catalyzing 

the cleavage (hydrolysis) of a substrate RNA. 

Another interesting application for nucleic acid enzymes is the transformation of 

obscure molecular information into more readily detectable forms (Hartig et al. 2004; 

Najafi-Shoushtari et al. 2004; Najafi-Shoushtari and Famulok 2005).  Here, we have 

engineered binary deoxyribozyme ligases, inspired by the maxizyme, whose two 

components are brought together by bridging oligonucleotide effectors (Tabor et al. 

2006b).  The engineered ligases can ‘read’ one DNA sequence and then ‘write’ (by 

ligation) a separate, distinct DNA sequence, which can in turn be uniquely amplified.  

The binary deoxyribozymes show great specificity, can discriminate against a small 

number of mutations in the effector, and can read and recode DNA information with high 

fidelity even in the presence of excess obscuring genomic DNA.  In addition, the binary 



deoxyribozymes can recode synthetic genetic molecules (unnatural nucleotides) into 

natural versions.  These binary deoxyribozyme ligases could potentially be used in a 

variety of applications, including the detection of single nucleotide polymorphisms in 

genomic DNA, the identification of short natural nucleic acids such as microRNAs, or 

short unnatural nucleic acids such as nucleic acid therapeutics.    
 

RESULTS AND DISCUSSION 

Design of a binary deoxyribozyme ligase 

Our laboratory previously used in vitro selection to evolve a deoxyribozyme 

ligase that can catalyze the formation of internucleotide linkages (Figure 2-1a) (Levy and 

Ellington 2001; Levy and Ellington 2002b).  This enzyme relies upon chemistry 

pioneered by Eric Kool and co-workers (Xu and Kool 1999), in which a 3’ 

phosphorothioate displaces a 5’ iodide group, resulting in a phosphorothioester (Figure 

2-1b).  The deoxyribozyme contains a small hairpin stem that functions as a catalytic 

domain, and two single-stranded arms that can base-pair with DNA substrates.   
 

 

 

Figure 2-1.  An evolved deoxyribozyme ligase enzyme.  (A) Secondary structure of a previously selected 
deoxyribozyme ligase.  The ligase (black) base-pairs with two substrates, one bearing a 3’-
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phosphorothioate (green) and one bearing a 5’-iodide (purple).  The two substrates bind to the single-
stranded arms of the ligase which catalyzes their ligation (green+purple).  (B) Mechanism of DNA ligation.  
The 3’-phosphorothioate attacks a 5’-iodide resulting in a phosphorothioester bond. 

 

At around the same time, the monovalent hammerhead ribozyme was re-

engineered to act as a bivalent allosteric ribozyme or ‘maxizyme’ that could be activated 

by hybridization to a nucleic acid effector (Kuwabara et al. 1998).  We noted that since 

the structure of the deoxyribozyme ligase was superficially similar to that of the 

hammerhead ribozyme; they both form compact catalytic cores with two specificity 

domains (substrate binding arms); it should be possible to engineer a nucleic acid 

sequence-dependent ligase. 

The ligase maxizyme was generated by fusing two deoxyribozyme catalytic 

domains via a common stem structure and then rationally breaking the enzyme apart into 

two half-molecules (Figure 2-2a).  The catalytic ability of either ligase domain should 

depend upon the association of the half-molecules and the formation of the requisite 

catalytic structure.  DNAs that bridge the substrate-binding arms should also template the 

association and folding of the half-molecules, and thus should act as sequence-specific 

effectors of catalysis.  Since there are two catalytic domains, either end of the ligase 

should bind either substrate or effector DNAs.  This duality in turn should allow one 

piece of sequence information to act indirectly upon another, via the intervening enzyme 

(Figure 2-2b). 

 

Effector-dependent catalysis 

A number of different deoxyribozyme constructs were designed in which the 

substrate binding arms accompanying each catalytic unit were different in order to create 

distinct reactions on each side the enzyme.  For convenience, we will discuss reactions in 



the ‘bottom’ direction (ligation on the ‘bottom’ of the construct) and in the ‘top’ direction 

(ligation on the ‘top’) (Figure 2-2b).  The sequence and stability of the stem structure 

connecting the top and bottom catalytic domains was then systematically varied (Figure 

2-3). 

   
 

 

Figure 2-2. Design of the bidirectional ligase maxizyme.  (A) The DNA ligase was designed to be a 
binary enzyme with two catalytic domains fused by a common stem structure.  When the binary strands 
(black) associate to form the correct structure, the catalytic domains are formed and are capable of ligating 
two DNA substrates (green and purple).  (B) A full length effector DNA (red) can specifically base-pair 
with the binary enzyme, stimulating the correct folded structure and catalyzing the ligation of two 
substrates on the opposite end.  In this way the effector oligonucleotide is recoded into a new 
oligonucleotide ligation product.  For convention, we refer to ligation of substrates on the “bottom” and on 
the “top” of the enzyme. 
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Initially, the deoxyribozymes were assayed for dependence on an effector 

oligonucleotide that spanned the specificity domains on the top side and activated ligation 

of substrates that bound the bottom side.  Of the designs that were assayed, several 

proved to be constitutively ‘on’ (required no effector); while others were constitutively 

‘off’ (could not be activated by effector).  For the remainder, activation varied 

significantly (Figure 2-3).  In general, the lower the stability of the internal stem, the 

greater the effector-dependent activation.  For example, construct dR8 was predicted to 

form 3 stem base-pairs and was activated approximately 400-fold greater than construct 

dR1 which was predicted to form 10 stem base-pairs.  The difference in activation was 

likely due to the diminished probability of the two halves of dR8 assuming an active 

conformation (in the absence of the effector) relative to dR1, thereby lowering 

background (effector-independent) activity.  Interestingly, the construct with the greatest 

stem stability (dR4) showed no ligation activity in the presence or absence of effector.  

This may be due to the individual strands of dR4 assuming stable self structure (each 

component strand is predicted to form a more stable self structure than the component 

strands of the comparable enzymes dR2 or dR6). 

While it should be possible for the ligase maxizymes to be activated in either the 

bottom or top direction (that is, with a full-length effector oligonucleotide at either end), 

activation was found to occur predominantly in one direction, the bottom direction.  

Activation required a full-length effector oligonucleotide; the two oligonucleotide 

substrates which compose the effector did not stabilize the maxizyme structures (data not 

shown).  

 



Figure 2-3.  Survey of deoxyribozyme structures and phenotypes.  (Left) Deoxyribozymes are classified 
according to behavior: effector activation (top left); effector-independent activation (bottom left); and no 
activity (bottom middle) are shown.  (Right) Percent product formation in the absence of effector (white 
bars) and in the presence of effector (black bars) is shown for each construct.  Ligation reactions were 
carried out for 17.5h as described in Experimental Protocols. 

 

Two constructs (dR8 and dR3) showed strong effector-dependence (Figure 2-4).  

The construct dR8 had a relatively fast rate of bottom ligation (0.13 hr-1) and showed the 

largest effector-dependence (1,300-fold).  This construct, however, showed no detectable 

ligase activity in the top direction.  Construct dR3 showed approximately the same rate of 

ligation as dR8 in the bottom direction, but also had a higher rate of effector-independent 

ligation.  This resulted in an overall lower effector-dependence (71-fold).  Construct dR3 

also displayed modest effector-dependent ligation in the top direction (0.0017 hr-1; 17-

fold activation).  

 22



We hypothesized that the differences between ligation rates in the bottom and top 

directions might be due to the inherent asymmetry of the maxizymes, and that a more 

symmetrical construct might be activated in both directions.  Therefore, all bulge 

sequences in the internal stem structure of dR3 were mutated to T-T mispairs, creating 

dR3.1.5 (Figure 2-4).  This modification had no significant effect on top ligation, but did 

increase activation in the bottom direction from 71- to 740-fold.  The background activity 

of dR3.1.5 was also significantly lower than dR3, presumably because T-T base-pairing 

is inherently less favorable than A-A or A-G base-pairing. 
 

 
 
Figure 2-4.  Secondary structures of deoxyribozymes dR8, dR3, and dR3.1.5.  The two 
oligonucleotides composing the enzymes (black), fold into the active structure (shown) in the presence of 
the effector (18N, red) in order to bind two substrates (green and purple, as in Figure 2-2).  This orientation 
is designated as the bottom orientation, and is the standardized presentation of the ligase maxizyme. 
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We then attempted to measure substrate turnover by dR3 and dR8.  When 

monitoring ligation as a function of time, no accumulation of ligation products was 

observed in the absence of effector, consistent with previous results.  In the presence of 

the effector, some accumulation of ligation products was observed, but it was extremely 

slow, yielding a maximum turnover number of approximately 4 at greater than 100 hours 

(data not shown).  The lack of turnover in our system can most likely be attributed to the 

increased stability of base-pairing between the ligated bottom product and the 

deoxyribozyme (19 base-pairs with the ligation product, as opposed to 8 and 11 base 

pairs with the corresponding substrates).  In an attempt to optimize product turnover, we 

shortened the lengths of the hybridizing arms of dR3 and dR8.  However, even the 

deletion of one base-pair completely abolished effector-dependent ligation.  Conversely, 

increasing the number of base-pairs between the hybridizing arms and substrates resulted 

in higher overall rates of catalysis but also less effector-dependent activation (data not 

shown), due to the greater stability of the effector-independent enzyme-substrate complex 

at room temperature.  These results confirm the sensitivity of the ligase maxizyme to 

even small changes in binding energies. 
 
 

Recognition of non-natural nucleotides 

In order to expand the range of information that could be recoded by the ligase 

maxizyme we incorporated two non-natural nucleotides, 5-methyl-isocytidine (isoMeC) 

and isoguanosine (isoG) (Switzer et al. 1993) into the effector oligonucleotide and the 

substrate-binding arms of the maxizyme.   A variant of construct dR8 was first 

synthesized that included isoMeC residues at two positions in its substrate-binding arms.  

The resultant construct, dR8b, was assayed for its ability to specifically recognize an 

effector oligonucleotide that contained two complementary isoG substitutions (18Nb).  



While construct dR8b was highly activated by the non-natural effector 18Nb, it was much 

less active with effectors bearing residues that were predicted to form mismatches, such 

as A- isoMeC, C- isoMeC, G- isoMeC, and T- isoMeC (Figure 2-5).  The extent of activation 

correlated well with the previously observed stabilities of the mispairs (Geyer et al. 

2003), except for a greater than expected activation by the T- isoMeC mispairs.    
 

 

    

Figure 2-5.  Expanded base-pairing in an allosteric deoxyribozyme.  Construct dR8 was re-engineered 
to carry a non-natural nucleotide, 5-methyl isocytidine (isoMeC), at two positions (blue), generating dR8b.  
The effector was then synthesized with compensatory isoguanosine (isoG) substitutions, generating 18Nb.  
The adjacent gel shows the ligation activity of dR8b with different substrates.  The lower band on the gel is 
a radiolabeled, unligated substrate, while the higher band is the ligated product.  The lane labeled “t0” is 
time 0 of the reaction and all subsequent lanes are 3.5h reactions with effector variants engineered to make 
the indicated base-pairings.  The extent of ligation is normalized to the most active pairing, iG-iC.   

 

To increase the fidelity of recognition against the T- isoMeC mispair, we increased 

the temperature of the reaction.  At 25° C, dR8b showed 5-fold discrimination for its 

cognate effector versus the effector bearing the T- isoMeC mispair, while at 32.5° C the 
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discrimination increased to 21-fold (Figure 2-6).  The increase in discrimination was 

accompanied by an expected decline in the rate of ligation, since the originally selected 

ligase was most active near room temperature (Levy and Ellington 2001).  The decrease 

in activity at higher temperatures was also consistent with the previous finding that the 

deoxyribozyme was so finely poised that the deletion of even a single base-pair led to 

loss of activation. 
 

 
Figure 2-6.  Temperature optimization of base-pair discrimination.  Temperature was increased to aid 
discrimination by dR8b for the correct effector, 18Nb versus the most active competitor, 18N.  Fold 
discrimination (bars) indicates the ratio of ligated product in the presence of 18Nb to 18N.  Circles indicate 
percent ligation of substrates in the presence of 18Nb.  Ligation reactions were allowed to proceed for 
approximately 16h. 
 

Detection of recoded sequence information 

While we have demonstrated that a deoxyribozyme can be used to recode 

sequence information, the utility of this method will rely on being able to detect the 

transformed product.  To this end, we attempted to recode short oligonucleotide 

sequences that could not be readily amplified by PCR into different, longer amplicons.  
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Moreover, we wished to recode and detect an input sequence against a background of 

non-specific sequence information.  As a proof-of-principle, we used the ligase 

maxizyme dR8b to detect a non-natural oligonucleotide obscured within vast amounts of 

genomic DNA. 

The oligonucleotide substrates for dR8b were re-engineered such that, upon 

ligation, their product would become an amplicon that could be readily detected by real-

time PCR.  This was implemented by extending the 5’ and 3’ substrates so that they 

contained primer and TaqMan probe binding sites (Figure 2-7a).  Ligation reactions 

were carried out with the oligonucleotide effector, 18Nb, in the presence of a 1,000-fold 

mass excess of genomic DNA.  When dR8b-mediated ligation was allowed to proceed for 

only 5 minutes, the presence of 18Nb within the genomic DNA resulted in a 12 cycle 

threshold (C(T)) real-time PCR advantage for the ligated product relative to amplification 

in the absence of the effector (Figure 2-7b).  This is a large C(T) value relative to typical, 

diagnostically relevant real-time PCR signals (Pai et al. 2005), and corresponds to a 

nearly 4100-fold activation of the non-natural enzyme by its cognate effector.  

Importantly, the presence of 1000-fold excess genomic DNA also decreased the extent of 

background ligation (5 cycles, or 32-fold).  This effect is likely due to the sequestering of 

substrate or half-enzyme molecules (by non-specific hybridization) or magnesium (by 

chelation) by the genomic DNA.  Either mechanism would decrease effective reactant 

concentrations, increase the overall stringency of the reaction, and thereby increase 

reaction specificity. 



 

 
Figure 2-7.  Real-time PCR detection of the ligation product formed by dR8b.  (A) Each of the 
substrates for dR8b was extended to carry one primer binding site.  When ligated, the product becomes a 
template for PCR.  The complementary DNA strand (cDNA, grey) formed by the first primer extension 
bears a site complementary to a Taqman probe.  When the cDNA strand is replicated the Taqman probe is 
digested, liberating the fluorescent molecule from the quencher.  The fluorescent readout is quantified by 
real-time PCR.  (B) Quantitation of the ligation product of dR8b by real-time PCR.  DR8b was allowed to 
react with the modified substrates for 5 minutes and the product was detected as in panel “A”.  (-) and (+) 
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indicate the absence and presence of the effector molecule, 18Nb in the reaction.  C(T) shift indicates the 
decrease in number of cycles required to reach exponential amplification relative to the effector-
independent background reaction plus 1000x excess DNA (left-most bar), which had an absolute C(T) 
value of 37 ± 0.15.  Error bars represent 2 standard deviations. 
 

CONCLUSIONS 

The ligase maxizyme is a synthetic enzyme that recodes nucleic acid sequence 

information:  it ‘reads’ one sequence and ‘writes’ another.  There are a variety of 

potential applications for such a simple reagent.  For example, in many instances the 

detection of specific alleles by PCR suffers from background problems due to primer 

binding to closely related alleles or to other related sequences in genomic DNA (Mir and 

Southern 2000).  The ligase maxizyme could transform individual alleles into amplicons 

that were unrelated to most sequences in a genome, and thereby reduce problems 

associated with background amplification. 

Nucleic acid enzymes have also been engineered to detect biologically relevant 

nucleic acids such as microRNAs and regulatory UTRs (Hartig et al. 2004; Najafi-

Shoushtari et al. 2004; Najafi-Shoushtari and Famulok 2005).  As the ligase maxizyme 

converts short oligonucleotide sequences into longer amplicons, it could also prove useful 

as a tool for detecting therapeutic nucleic acids such as antisense, aptamers, or siRNA 

molecules by real-time PCR.  Such a technique might be especially useful if the 

therapeutic contained modified or non-standard nucleotides that were difficult to detect or 

amplify by normal methods.  In addition, short, natural sequences, such as microRNA 

molecules that are usually difficult to detect, could be transformed into longer amplicons 

and then read by PCR. 

The ligase maxizyme can also be viewed as a simple machine or ‘part’ that would 

have a unique function in the nascent fields of DNA computation and synthetic biology.  

To date most of the various implementations of nucleic acid computation have involved 
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what can be described as ‘hybridization logic,’ assembling and analyzing answers based 

upon pre-encoded patterns of hybridization (Adleman 1994; Lipton 1995; Lee et al. 1999; 

Faulhammer et al. 2000; Braich et al. 2002; Stojanovic et al. 2002; Stojanovic and 

Stefanovic 2003a; Stojanovic and Stefanovic 2003b; Stojanovic et al. 2005).  As might be 

expected from the error-prone nature of DNA hybridization and polymerization, large-

scale nucleic acid computation based on hybridization logic is inherently infeasible (Li et 

al. 2003).  For example, the best nucleic acid computer built to date demonstrated an 

error rate of approximately 1 in 2500 (Braich et al. 2002), far greater than even a poor 

silicon device.  However, the use of nucleic acid enzymes as ‘silicomimetic’ devices that 

can interface with biological substrates and make decisions has been brilliantly 

demonstrated by Stojanovic and Stefanovic, who encoded an algorithm for playing Tic-

Tac-Toe into a series of deoxyribozymes (Stojanovic and Stefanovic 2003a).  More 

recently, Shapiro and co-workers have extended these ideas to the creation of self-

diagnosing and self-actuating nucleic acid therapeutics (Benenson et al. 2004).  A 

deoxyribozyme that can transform information might be extremely useful in the design 

and implementation of such therapeutic nanomachines, especially since the unidirectional 

activation observed with most of the constructs examined would allow ‘reading’ and 

‘writing’ to be uniquely specified.  For example, the deoxyribozymes could detect the 

presence of a specific pathogenic allele within a cell and respond with the ligation of a 

therapeutic nucleic acid. 

Irrespective of the application, this is an example of how robust allosteric nucleic 

acid enzymes can be generated by simple engineering at the level of secondary structure, 

and stands as one of the first demonstrations that DNA can act not only as a molecule to 

carry information but as a machine that can recode information.   
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EXPERIMENTAL PROTOCOLS 

Sequences of deoxyribozymes, effectors and substrates 

All of the ligase maxizymes were composed of two oligonucleotides, which we 

designate as the left (L) and right (R) subunits.  The sequences of the oligonucleotides are 

as follows:  dR8(L) 5’-CGAAGACAGGTTGTGGCCGCATTAAAA-3’, dR8(R) 5’-

AAAAAAACGTTGACCTCTGCTTAGTC-3’, dR3(L) 5’-

CGAAGACAGGTTGTGGAGGTTGCCGCATTAAAA-3’, dR3(R) 5’-

AAAAAAACGTTGGCTTCCAACACTGCTTAGTC-3’, dR3.1.5(L) 5’- 

CGAAGACAGGTTGTGTTGGTTGCCGCATTAAAA-3’, dR3.1.5(R) 5’- 

AAAAAAACGTTGGCTTCCTTCACTGCTTAGTC-3’.  The sequence of the forward 

effector oligonucleotide, 18N, is 5’- TTTTAATGCCGTTTTTTT-3’.  The sequence of 

the reverse effector oligonucleotide, 19N, is 5’- GACTAAGCACCTGTCTTCG-3’.  

There are two substrate oligonucleotides for the ligation reactions.  The 5’ substrates are 

terminated with a 3’-phosphorothioate (PS) group while the 3’ substrates carried a 5’-

iodine (I) group.  The sequences of the substrates for the ‘forward’ reaction are: KSS2 5’- 

TACATGTCTATCGATCTGACTAAGCACC-PS-3’, and 5I.8.c14.m1 5’- I-

TGTCTTCG-3’.  The sequences of the substrates for the ‘reverse’ reaction are: 

3PS.18N.ol1 5’- TTTTAATGCCG-PS -3’ and 5I.18N.ol2 5’- I-

TTTTTTTACACTTACGAACGT-3’. 

The non-natural ligase maxizyme is composed of the oligonucleotides: dR8b(L) 

5’- CGAAGACAGGTTGTGGCCGCATTiCAAA-3’ and dR8b(R) 5’- 

AAAiCAAACGTTGACCTCTGCTTAGTC-3’ where iC indicates 5-methyl isocytosine.  

The sequence of the forward effector for dR8B, 18Nb, is 5’- 

TTTiGAATGCCGTTTiGTTT-3’, where iG indicates isoguanosine.  
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All natural and non-natural oligonucleotides were synthesized by Integrated DNA 

Technologies (Coralville, IA).  All phosphorothioate- and iodine-bearing oligonucleotide 

substrates were synthesized in our laboratory as described in (Levy and Ellington 2002a).  

All oligonucleotides were purified by denaturing PAGE prior to use. 
 

Ligation Assays  

All ligation reactions were conducted in a volume of 10µL at 25°C unless 

otherwise noted.  Reactions were assembled by the addition of 10pmol of each 

deoxyribozyme subunit, and 20pmol of dithiothreitol (DTT) treated phosphorothioate-

bearing substrate to 1x reaction buffer (500mM NaCl, 50mM Tris-HCl (pH 7.4), 10mM 

MgCl2, and 500µM DTT).  The reactions were denatured for 3 minutes at 70°C and then 

cooled to 25°C at 0.2°C/second.  An aliquot of 10pmol effector oligonucleotide or H2O 

(in the effector-independent reactions) was then added, and the reaction was finally 

initiated by the addition of 20pmol of the iodine-bearing substrate.  Reactions were 

terminated by the addition of 4 volumes of 95% formamide containing bromophenol 

blue. 

Prior to the ligation reaction, the 3’ substrate was radiolabeled using 3’-terminal 

deoxynucleotidyl transferase (Invitrogen, Carlsbad, CA) and dideoxyadenosine 5’-[α-
32P]-triphosphate (Amersham Pharmacia Biotech, Piscataway, NJ).  After the ligation 

reaction, the ligated and unligated species were separated on a denaturing 8% 

polyacrylamide gel containing 7M urea.  Ligation was quantitated using a 

Phosphorimager (Molecular Dynamics, Sunnyvale, CA) and ImageQuant software.    

Reactions were initially linear as a function of time, and pseudo-first order rates 

were calculated from a best fit line passing through at least three data points taken at less 

than 10% total ligation. 
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Real Time PCR detection 

To accommodate real time PCR-based detection, the forward substrates were 

modified.  KSS2 was modified to contain a primer binding site at its 5’ end, followed by 

a region whose reverse complement could bind to a TaqMan probe (described below), 

while oligonucleotide 5I.8.c14.m1 was modified to contain a primer binding site at the 3’ 

end.  The sequence of the resulting 5’ substrate 3PS.RTs1 was 5’- 

GTGACTTCGTGGAACTATCTAGCGGTGTACGTGAGTGGGCATGTAGCAAGAG

GGACTAAGCACC-PS-3’, and the 3’ substrate 5I.RTs2 was 5’- I-

TGTCTTCGGTCATCATTCGAATCGTACTGCAATCGGGTATT-3’.  The substrate 

dR8b(R) was also modified to carry a 3’-amine modification in order to stop nucleotide 

extension on 5I.RTs2 during PCR.  The sequence of the TaqMan probe PLA.TqMnPb 

was 5’-6FAM-TGTACGTGAGTGGGCATGTAGCAAGAGG-BHQ1-3’ where BHQ1 

indicates Black Hole QuencherTM1 (IDT, Coralville, IA).  The sequences for real-time 

PCR were adapted from (Pai et al. 2005).   

For real-time PCR detection, ligation reactions were conducted for 5 minutes as 

described above and then directly diluted 1:50 into a real-time PCR mix.  Real-time PCR 

was performed on an MJ DNA Engine Opticon (BioRad, Hercules, CA).  The reaction 

conditions were 20mM Tris-HCl (pH 8.3), 50mM KCl, 0.2mM dNTPs, 500nM 5’ and 3’ 

primers, 75nM PLA.TqMnPb, 0.5x SmartCycler additive (0.1mg/mL non-acetylated 

BSA, 75mM trehalose and 0.1% Tween-20 in 8.5mM Tris-HCl (pH 8.0)), and 1.5 units 

of Platinum Taq DNA polymerase (Invitrogen, Carlsbad, CA).  All real-time PCR 

detection reactions were carried out in a volume of 50uL.  The samples were heated at 

92°C for 5 minutes then cycled 50 times at 92°C for 1 minute, 50°C for 1 minute and 
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72°C for 1 minute.  The fluorescence intensity was measured at the end of each 72°C 

extension step.  Amplification was controlled for using 1pM full-length template bearing 

both primer binding sites and a TaqMan probe binding region as in (Pai et al. 2005). 
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Chapter 3: Directed evolution of a RNA-mediated biological memory 
system 

 

INTRODUCTION 

We have demonstrated that functional nucleic acids can be easily engineered for 

in vitro purposes, but their greatest utility will perhaps arise from their ability to rewire 

gene regulation in living cells (Good et al. 1997; Werstuck and Green 1998; Buskirk et 

al. 2003; Cassiday and Maher 2003; Hanson et al. 2003; Suess et al. 2003; Buskirk et al. 

2004; Isaacs et al. 2004; Yen et al. 2004; Bayer and Smolke 2005).  Though gene 

regulation was traditionally thought to be dominated by proteins, a wealth of natural 

regulatory RNAs have recently been described and many have been shown to regulate 

fundamental processes from cell membrane biosynthesis in bacteria (Winkler et al. 2004) 

to development in mammals (Wienholds and Plasterk 2005).   

Despite the broad potential of nucleic acids for genetic regulation, synthetic 

biologists have exclusively used proteins components for the engineering of complex 

cellular behavior (Elowitz and Leibler 2000; Gardner et al. 2000; Atkinson et al. 2003; 

Basu et al. 2004; Kobayashi et al. 2004; Kramer et al. 2004; Basu et al. 2005; Kramer and 

Fussenegger 2005; Levskaya et al. 2005).  The design process has therefore been limited 

by a small toolbox of bio-operators (most are taken from nature).  Engineered behaviors 

have therefore proven arduous to fine-tune, as the activities of protein regulators are 

difficult to change or optimize (Dwyer et al. 2003; Looger et al. 2003).  To the contrary, 

functional RNAs are highly modular and can easily be fine-tuned through simple changes 

to base-pairing.  Moreover, unlike their protein counterparts, functional RNAs can be 

designed to act on almost any gene and can easily transcend organismal boundaries (Yen 
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et al. 2004).  We therefore aimed to construct a synthetic genetic circuit using functional 

RNA. 
 

RESULTS AND DISCUSSION 

Design of an RNA circuit 

To demonstrate the ease with which a synthetic genetic circuit could be 

constructed using functional RNA, we developed a directed evolution strategy to generate 

an RNA-mediated genetic memory system in E. coli.  The system was designed to exhibit 

memory to a temporary exposure to the chemical isopropyl thio-beta-galactoside (IPTG) 

using a ribozyme-based positive feedback circuit.  In the designed circuit, a constitutively 

expressed lactose repressor protein (LacI) inhibited the transcription of a partially 

randomized library of hammerhead ribozymes.  The addition of IPTG (an inhibitor of 

LacI) resulted in maximal expression of the ribozyme library from a strong promoter 

(Figure 3-1).  If a ribozyme variant were capable of cleaving of the lacI mRNA and 

reducing LacI protein levels below the threshold for complete repression, the circuit 

would exhibit memory, with continued ribozyme expression after the removal of IPTG 

from the environment.  Depending on the efficiency of ribozyme-mediated lacI cleavage, 

the duration of IPTG memory could vary significantly.  If a ribozyme were to cleave the 

lacI mRNA with very high efficiency and maximal ribozyme expression resulted in a 

LacI protein concentration insufficient to repress transcription, one would expect a 

“permanent” memory of IPTG induction.  If a ribozyme variant were less efficient and 

full expression only decreased LacI levels to 50 percent activity, the circuit would display 

weaker positive feedback and a shorter memory period.  The actual duration of memory 

in this system will be dictated by many circuit parameters including intracellular 



ribozyme stability, catalytic efficiency and the stability of the LacI protein.  Our directed 

evolution strategy was designed to recover a ribozyme capable of maintaining memory, 

defined as reduced LacI activity as compared to a no ribozyme control, over 

approximately 5 cell divisions after removal from IPTG. 
   

 

 

Figure 3-1.  Design of an RNA-mediated positive feedback circuit.  (Left) LacI represses the 
transcription of a partially randomized library of hammerhead ribozymes.  The presence of IPTG inhibits 
the activity of LacI, allowing strong transcription of the ribozyme library from a T7 RNA polymerase 
promoter.  If a ribozyme variant is capable of catalytically cleaving the lacI mRNA and inhibiting 
translation of functional LacI protein efficiently (dashed red line), then the circuit may demonstrate positive 
feedback.  (Right) The levels of cellular LacI are reported by a LacI-repressed gfp gene expressed from a 
constitutive E. coli promoter.   
 

Design of the hammerhead library 

We began by designing a library of hammerhead ribozymes whose specificity 

domains were randomized.  The specificity domains form base-pairing interactions with 

target RNAs, and the core of the ribozyme catalyzes the hydrolysis of a phosphodiester 

bond in the target RNA, resulting in the cleavage of the substrate RNA into two 

fragments (Birikh et al. 1997) (Figure 3-2).  The hammerhead can theoretically catalyze 
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the cleavage of any RNA which bears a trinucleotide NUH sequence where N is any 

nucleotide and H is any nucleotide but G (Shimayama et al. 1995).  If the target were a 

messenger RNA and cleavage occurred within the open reading frame (ORF), a truncated 

protein product with a possibly inactive phenotype would result.  We aimed to generate 

IPTG memory by evolving a hammerhead which cleaved the lacI mRNA in such a 

manner. 
 

 

Figure 3-2.  Partially randomized hammerhead ribozyme library.  The library (black) carries a 
conserved hammerhead catalytic and 2 randomized specificity domains (N, indicating any RNA residue) 
which interact with the target mRNA (blue) via base-pairing.  The requisite NUH target sequence (purple) 
is shown as well as the position of hydrolysis of the phosphodiester bond in the target RNA (red triangle).  
‘N’ indicates any nucleotide residue while ‘H’ indicates any residue but G.    

 

Screening the library 

To screen for a circuit capable of IPTG memory, a population of E. coli carrying 

the library were inoculated into media at low density, induced with IPTG to early log 

phase, then washed of IPTG and grown for 5 hours in fresh media without IPTG.  

Individual cells displaying a reduction in LacI activity (as reported by GFP fluorescence) 

were then isolated by flow cytometry.  Cells harboring the recovered ribozymes were 

amplified by overnight growth in a selective antibiotic, and the ribozyme-bearing 
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plasmids were then isolated.  The recovered ribozyme bearing plasmids were then 

retransformed into naive E. coli and sorted again.   

The round 0 library was pre-sorted for variants which were capable of expressing 

GFP when fully induced with IPTG.  The resulting round 1 library was then pulsed with 

IPTG and grown for approximately 5 cell divisions without.  The E. coli population 

showed a very diverse set of memory phenotypes (Figure 3-3).  Those variants which 

showed equivalent GFP fluorescence to a fully induced control were then collected.  At 

round 2, there was an obvious enrichment in the median fluorescence level after an IPTG 

pulse (Figure 3-3), and those members corresponding to a fully induced phenotype were 

again collected. The sequence of the resulting round 3 library was then analyzed, and a 

single variant which we term ‘3.1c1’ dominated the population.  A clone of 3.1c1 was 

then isolated, the ribozyme was amplified by PCR, recloned into a naive plasmid and 

transformed into naive E. coli.  These steps ensured that the observed memory phenotype 

was generated by the ribozyme as opposed to other mutations in the host plasmid or E. 

coli chromosome.  After an IPTG pulse, cells harboring 3.1c1 demonstrated a strong 

memory phenotype (Figure 3-4).  Two other variants were also isolated from the round 3 

library, but did not confer the same phenotype and they were not examined further.   
 

Characterization of 3.1c1 

We then compared the sequence of 3.1c1 to the lacI mRNA to reveal a potential 

cleavage site.  The evolved specificity domains of 3.1c1 showed complete 

complementarity (13 base pairs) to a 17 nucleotide region within the ORF of the lacI 

mRNA (Figure 3-5).  This complementarity, however, did not occur at a potential 

cleavage site.  We therefore hypothesized that 3.1c1 generated IPTG memory by 



reducing LacI levels through antisense inhibition (Scherer and Rossi 2003) of LacI 

translation. 

 

 

 

Figure 3-3.  Sort progression.  Histograms of IPTG-pulsed E. coli carrying the hammerhead library at 
round 1 (black) and round 2 (grey) compared to a fully induced round 2 library (white).  Those variants 
showing a fluorescence level equivalent to the induced control were collected at each round. 
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Figure 3-4.  Histograms of E. coli carrying the dominant round 3 clone, 3.1c1.  Cultures were grown 
overnight, diluted 1:100 in fresh media without (black) or with (grey) 100uM IPTG to mid-log phase.  
Pulsed cells (white) were grown to early log phase induced, then washed of IPTG and grown for 
approximately 5 cells divisions in fresh media without IPTG. 
 
 

 

 

Figure 3-5.  Putative lacI mRNA binding structure of 3.1c1.  

 

 45



 46

Analysis of LacI levels 

To examine the effect of 3.1c1 on the level of LacI protein, we performed 

Western Blots of E. coli populations carrying the 3.1c1 plasmid (pACYC3.1c1) 

compared to those carrying the parental vector, pACYCDuet-1.  To our surprise, there 

was no reduction in LacI protein upon induction of 3.1c1 with IPTG (Figure 3-6).  This 

data indicated that the apparent memory phenotype caused by 3.1c1 was independent of 

the level of LacI in the cell. 
 

LacI specificity 

To determine whether the increased GFP levels seen after 3.1c1 expression were 

due to a LacI specific effect, we expressed GFP from a Tetracycline repressor (TetR) 

regulated promoter alongside 3.1c1 and an ‘empty’ plasmid control.  Expression of 3.1c1 

made no difference in the level of anhydrotetracycline- (aTc) induced GFP fluorescence.  

IPTG induction of the empty plasmid, pACYCDuet-1, however, resulted in an 

approximately 5-fold reduction in aTc-induced GFP fluorescence (Figure 3-7).  It 

therefore appeared that cells harboring 3.1c1 were refractory to an IPTG-dependent 

reduction in reporter gene expression brought on by the parental vector used in our 

directed evolution experiment. 
 

Growth effects 

During the characterization experiments, we also observed that E. coli populations 

expressing the empty parental plasmid grew significantly slower than populations 

expressing 3.1c1.  To examine this phenomenon further, we conducted growth curves of 

E. coli populations carrying pACYCDuet-1 and pACYC3.1 without the GFP reporter 



plasmid.  Upon IPTG induction, cells expressing pACYCDuet-1 were growth 

compromised while cells expressing 3.1c1 showed complete robustness to IPTG 

induction (Figure 3-8).  Taken together, our results indicated that 3.1c1 conferred a 

general robustness to the burden of IPTG induction. 

 
 

 

Figure 3-6.  Effect on LacI levels.  Western blot of LacI protein in E. coli populations uninduced (-) and 
induced (+) with 100uM IPTG.  Negative control cells carrying the “empty” parental plasmid, 
pACYCDuet-1 and those carrying the 3.1c1-bearing plasmid are indicated.   
 

Structural analysis of 3.1c1 

To determine how 3.1c1 relieved the burden of IPTG induction, we examined the 

structure of the 3.1c1 RNA transcript.  A ribosome binding site (RBS) and start codon 

remained upstream of the restriction site used to clone the original hammerhead library 

into pACYCDuet-1 and allowed for translation of the hammerhead library (Figure 3-9).  

It therefore appeared that IPTG-induced transcription from the pACYCDuet-1 plasmid 

was toxic to E. coli, as it likely resulted in a competition for cellular ribosomes.  

Interestingly, one of the evolved specificity domains of 3.1c1 was predicted to form a 

stable helix with the RBS (Figure 3-10).  This led us to hypothesize that the observed 
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increase in GFP expression and growth capacity was due to RBS occlusion and 

inefficient translation; that is, 3.1c1 relieved the burden of its own expression by 

translational autoinhibition.  Such a strategy would not be unprecedented, as similar 

structures have previously been shown efficiently inhibit translation (Masse and 

Gottesman 2002; Moller et al. 2002; Winkler et al. 2002; Isaacs et al. 2004).  
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Figure 3-7.  Effect of parental vector and 3.1c1 expression.  (A) 3.1c1 was expressed from the standard 
plasmid (pACYC3.1c1) under regulation of LacI while GFP was expressed from a Tetracycline repressor 
(TetR) regulated E. coli promoter (Pc) on a separate plasmid, pASKIBA3.GFPm2.  IPTG was used to 
induce expression of empty parental vector, pACYCDuet-1, and 3.1c1 while anhydrotetracycline (aTc) was 



used to induce GFP expression.  (B) Fluorescence histograms of aTc induced E. coli populations induced 
(black) or uninduced (dark grey) for pACYCDuet-1 expression compared to populations induced (light 
grey) or uninduced (white) for 3.1c1 expression.   

 

 

Figure 3-8.  Effect on growth.  Growth curves of E. coli populations carrying pACYC3.1c1 (red) and the 
parental plasmid pACYCDuet-1 (black) without the GFP reporter plasmid.  Cultures were grown at 37ºC 
with (crosses) or without (circles) 100µM IPTG.  These are representative data sets recapitulated by 
cultures grown in parallel. 
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Figure 3-9.  Hammerhead library expression plasmid.  The library was cloned into the multiple cloning 
site (MCS) of pACYCDuet-1.  The library was expressed from a T7 RNAP promoter (PT7) and repressed 
by LacI via the lac operator (Olac).  The RBS from pACYCDuet-1 was still in tact, as well as the start codon 
(ATG) 23 nucleotides upstream of the library.  The library contains an in frame stop codon (UGA) 20 
nucleotides in and is followed by a T7 transcription terminator (T7 term). 
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Figure 3-10.  Predicted structure of 3.1c1.  The RBS (green) is predicted to be stably base-paired in a 
helix with the second evolved specificity domain of 3.1c1 (turquoise). 
 

To examine the hypothesis that 3.1c1 generated IPTG robustness as a result of an 

RBS occlusion mechanism, we performed a deletion analysis on the evolved RNA.  We 

found that deletion of the 5’ specificity domain (Domain 1) and hammerhead catalytic 

core did not compromise the function of 3.1c1.  We then deleted Domain 2 to generate a 
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variant termed 3.1c1∆D2.  This variant showed sensitivity to the IPTG burden as reported 

by growth and GFP expression levels (Figure 3-11a,b).  We then serially deleted each 

residue of Domain 2 predicted to be involved in base-pairing with the RBS.  As predicted 

by our hypothesis, this resulted in a graded depression of growth capacity and GFP 

expression (Figure 3-11c,d).  Interestingly, we also noticed that as the anti-RBS residues 

were serially deleted, the population-level variance, or noise, in GFP expression 

broadened (Figure 3-12).  This indicated that as competition for translation increased, 

uncontrollable fluctuations, or stochasticity, in the expression of global genes increased.  

This compelling phenomenon led us to conduct a more thorough investigation on 

stochastic effects in gene expression, as detailed in the following chapter.  These results 

strongly indicated that Domain 2 was involved in base-pairing with and RBS, and that 

this evolved structure ameliorated the burden of translation.  This deletion analysis led us 

to a minimized variant of 3.1c1, termed 3.1m, which lacked the 5’-specificity domain, the 

catalytic core and the first nucleotide of the 3’-specificity domain but retained the critical 

anti-RBS nucleotide residues (Figure 3-13).   

RBS deletion 

Finally, to confirm that the observed reductions in growth and gene expression 

capacity were due to the translation of the transcribed RNAs, we scrambled the RBS 

sequence of the non-functional variant, 3.1c1∆D2 to create 3.1c1∆D2.rbs- (Figure 3-

14a).  We then compared the growth and GFP expression profiles of this variant to 

3.1c1∆D2 and the positive control 3.1m.  For this assay we used the IPTG-inducible GFP 

plasmid, pGFPm2b.  In the absence of IPTG, all variants showed robust growth.  As 

before, upon IPTG induction, 3.1c1∆D2 showed severely compromised growth and GFP 

expression.  3.1c1∆D2.rbs-, however, showed restored GFP and growth profiles (Figure 

3-14b,c) equivalent to the positive control 3.1m.  We therefore concluded that the 



structure of 3.1c1 evolved to increase total cellular gene expression and growth capacity 

by translational autoinhibition through an RBS occlusion structure. 
 

 

Figure 3-11.  Deletion analysis of Domain 2.  (A) Growth curves of E. coli populations expressing 3.1c1 
(black) or 3.1c1∆D2, a variant with Domain 2 deleted (red) as well as GFP.  (B) Relative GFP fluorescence 
of the populations in panel A normalized to OD600.  (C) Growth curves of variants expressing serial 
deletions of the 4 residues of Domain 2 predicted to base-pair with the ribosome binding site.  3.1c1 is 
shown in black, ∆1 in red, ∆2 in lavender, ∆3 in maroon and ∆4 in blue.  To generate these variants, the 
base-paired residues 5’-CUCC-3’ of Domain 2 (as shown in Figure 3-11) were deleted in the 5’ to 3’ 
direction. (D) Relative GFP fluorescence of the deletion series.  Growth curves and fluorescence data 
represent averages of 3 replicates grown in parallel.  Error bars represent 95% confidence intervals. 
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Figure 3-12.  Histograms of Domain 2 deletion variants.  Fluorescence histograms of E. coli populations 
expressing 3.1c1 Domain 2 deletion variants and GFP from the aTc-inducible plasmid 
pASKIBA3.GFPm2b.  ∆1 is shown in blue, ∆2 in green, ∆3 in red and ∆4 in black. 
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Figure 3-13.  Minimization of 3.1c1.  The 5’ evolved domain (domain 1), hammerhead core region, and 5’ 
nucleotide of the 3’ domain (domain 2) were removed, generating 3.1m.   
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Figure 3-14.  Elimination of the RBS from 3.1c1.  (A) The wild-type RBS was scrambled to an inactive 
sequence in 3.1c1∆D2. (B) Growth curves of E. coli populations induced with 100µM IPTG for expression 
of GFP and 3.1m (black), 3.1c1∆D2 (blue) and 3.1c1∆D2.rbs- (red).  (C) Relative GFP fluorescence from 
end-point populations in panel B.  Growth curves and fluorescence data represent averages of 3 replicates 
grown in parallel.  Error bars represent 95% confidence intervals. 
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CONCLUSIONS 

The construction of synthetic biological systems with user-defined behaviors is 

becoming more facile.  When these systems function properly, they can provide valuable 

tools for therapeutic or industrial applications and can provide us confidence in our 

understanding of biological design principles.  In the more likely scenario that the designs 

fail, they can inspire new questions about the behavior of the biological parts from which 

they are composed.  

Here, we set out to construct a synthetic biological memory device using directed 

evolution.  In the end we evolved a circuit which satisfied the conditions of our screen, 

though the mechanism of action was very different from what we intended.  We did not 

evolve a circuit capable of maintaining memory long after exposure to an inducer, but 

rather a circuit which increased gene expression in the host cell by minimizing the 

unnatural translational burden imposed on the host cell.  This result was not particularly 

novel, however, as host cells frequently evolve away burdensome artificial gene 

expression systems (Miroux and Walker 1996; Dumon-Seignovert et al. 2004).  A more 

thorough investigation of the properties of the evolved circuit, however, led us to 

discover an interesting new phenomenon in gene expression.  Mutational analysis of the 

synthetic RNA “part” lent insight into the relationship between ribosome availability and 

stochasticity in gene expression, an effect that had been frequently alluded to within the 

literature, yet never examined (Elowitz et al. 2002; Swain et al. 2002; Blake et al. 2003; 

Raser and O'Shea 2004; Kaern et al. 2005; Raser and O'Shea 2005).  These results are a 

testament to a seminal benefit of the synthetic biological process.  When synthetic 

systems fail to operate as predicted, they can lead researchers to novel studies of the 

nature of the biological tools which they use, the results of which can bolster the 

understanding of the biological systems and the ability to redesign them. 
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EXPERIMENTAL PROTOCOLS 

Hammerhead library design 

The oligonucleotide encoding the partially randomized library, HHN12.bp1: 5’-

AACGTCGCCGCCGGAATTCNNNNNNNCTGATGAGTCCGTGAGGACGAAANN

NNNTTAATAAGCTTGACCTGTGAA-3’ (N = equimolar A,T,C,G) was synthesized as 

described in (Robertson and Ellington 2000).  All other oligonucleotides were 

synthesized and desalted by Integrated DNA Technologies (Coralville, IA).  HHN12.bp1 

was annealed and extended onto the oligonucleotide HHN12.bp2: 5’-

GAGCGACTAGTACGGCAGACAAAAAAAATGTCGCACAATGTGCGCCATTTTT

CACTTCACAGGTCAAGCTTATTAA-3’ and the double stranded product was 

amplified by PCR using the forward primer 75.NcoI.HHN12.F: 5’-

GGTCATGCCTTGACGTACCAGCGTTGCCACAGGATTCGAGCTTACAGATGCC

ATGGAACGTCGCCGCCGGAATTC-3’ which added a NcoI restriction site and the 

reverse primer 75.BlpI.HHN12.R: 5’-

ATATGCTTGCGACGAATCGATCAGGCTAGCTAGCGCATTAGCCTAGCGGCTC

AGCGAGCGACTAGTACGGCAGAC-3’ which added a BlpI restriction site.   

The PCR protocol used to extend and amplify is as follows.  10ng HHN12.bp1 

and HHN12.bp2 were added to a PCR reaction containing 200µM dNTPs, 500nM each 

primer, and 1unit of Taq DNA polymerase, denatured at 94°C for 30”; annealed at 45°C 

for 30” and extended at 72°C for 30”.  75.NcoI.HHN12.F and 75.BlpI.HHN12.R were 

then added to 1µM and the reaction was cycled 15 times at 94°C for 30”; 45°C for 30” 

and 72°C for 30”.  The resulting dsDNA was prepared for cloning as below. 

All oligonucleotides were gel purified on 6% polyacrylamide gels containing 7M 

urea, eluted overnight at room temperature in 0.3M NaCl, ethanol precipated (as below), 

and resuspended in H2O prior to use. 
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Reporter plasmid construction 

pGFPm2b was constructed and used as the LacI reporter plasmid for the library 

screen.  pGFPm2b was constructed by amplifying the GFPm2 gene from pGFPm2 

(Cormack et al. 1996) with the primers HindIII.GFP.F: 5’- 

GACCGTATCAAGCTTTATGAGTAAAGGAGAAGAAC-3’ and GFP.SacI.R: 5’- 

CGCGTTGAGCTCCTATTTGTATAGTTCATCCATG-3’ which added a 5’ HindIII site 

and a 3’-SacI site.  For PCR, 10ng of pGFPm2 plasmid was added to a reaction with 

200µM dNTPs, 500nM each primer, and 1unit of Taq DNA polymerase.  The cycling 

parameters used were 94º-2’, followed by 25 cycles of 94º-30”, 45º-30”, 72 º-1’.  The 

resulting PCR product was cleaned up on a Qiagen PCR purification column (Qiagen, 

Valencia CA), digested, gel purified on a 2% Nusieve GTG (Cambrex, East Rutherford 

NJ) agarose gel and ligated into the host plasmid, pGFPuv (Clonetech, Mountain View 

CA) using the enzymes HindIII and SacI which remove the GFPuv gene.  The resulting 

plasmid, pGFPm2b contained a pUC origin which allowed for high-level replication 

(~100 copies/cell), the beta-lactamase gene for ampicillin resistance, and a LacI regulated 

E. coli promoter for expression of GFPm2. 

pASKIBA3.GFPm2b was used as the TetR-regulated GFPm2 expression plasmid.  

pASKIBA3.GFPm2b has a pBR322 (~40 copies/cell) origin of replication and the beta-

lactamase gene for ampicillin resistance.  Construction is detailed in Chapter 4.   
 

Library construction 

pACYCHHN12 was the hammerhead library expression plasmid.  The plasmid 

pACYCDuet-1 (Novagen, Madison WI) was used as the host plasmid for the construction 



 60

of pACYCHHN12.  The hammerhead ribozyme library was built as above, amplified in a 

PCR reaction of 400µL total volume, added to a solution of 0.3M Sodium Acetate, 2.5 

volumes of Ethanol and 1ug of glycogen, chilled for 15 minutes at -80°C and centrifuged 

at greater than 10,000g at 4°C for 30 minutes.  The supernatant was removed from the 

resulting pelleted DNA, the pellet was desalted in 70% Ethanol, dried and resuspended in 

20µL H2O.  The library was resolved on a 4% low melt agarose gel and 3.6µg DNA was 

recovered.  The library was then digested and cloned into pACYCDuet-1 using the 

enzymes NcoI and BlpI which remove the second T7 expression cassette and allow for 

library expression from the first. For ligation, 600 femtomoles of gel purified, digested 

library DNA was added to 200 femtomoles of gel purified, digested and 

dephosphorylated plasmid in 10 10µL ligation reactions at 16°C overnight.  A 10µL 

plasmid only ligation was also conducted to estimate the frequency of effector-

independent ligation.  The library ligation was precipitated in a 50-fold excess of butanol 

to remove most salts, and resuspended in 25µL H2O. 
 

Preparation of competent cells 

Electrocompetent E. coli BL21DE3 were transformed with the library ligation and 

pGFPm2b.  The electrocompetent cells were prepared as follows.  A -80°C frozen stock 

was streaked onto an LB plate, an isolated colony was picked, inoculated into 3mL LB, 

and grown for approximately 8 hours.  The resulting culture was subcultured 1:3,000 into 

300mL fresh LB and grown at 19°C, shaking at 250 rpm overnight.  When the culture 

reached an O.D.600 of 0.4-0.8, it harvested on ice for 5 minutes and centrifuged at 3,250g 

at 4°C for 10 minutes.  The LB supernatant was then decanted, and the cell pellet was 

resuspended in 1 volume of ice cold water.  The cells were spun again as before, the 

supernatant decanted, and they were resuspend in 0.5 volumes of ice cold water.  The 
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cells were spun a final time, the supernatant was decanted and they were resuspended in 

3mL ice cold H2O then used directly for electroporation.  The cells were kept on ice at all 

times. 
 

Library electroporation 

265ng of the precipitated library and 250ng of pGFPm2b were added to 900µL of 

competent cells in 3 ice cold 2mm gap electroporation cuvettes (VWR, Westchester PA), 

which were placed into a field of 2.5kV for 2 seconds, then recovered in 30mL SOC 

media without antibiotics shaking at 250 rpm and 37°C for one hour.  20uL of the 

transformed culture were then plated on ampicillin and chloramphenicol to estimate 

library size, resulting in 9.5x104 variants.  The SOC library was then brought to 1L in LB 

and grown overnight in the appropriate antibiotics.  Plasmids were then miniprepped 

from 3mL of the overnight culture and 205.6ng/µL plasmid DNA was recovered.  Based 

on estimated copy number and plasmid mass, the library was calculated to compose 3.3% 

of the mixed plasmid solution.  This resulted in 2.83fmol/µL of plasmid library which is 

equivalent to 1.8x104 libraries/µL.  The integrity of the library was then verified by 

sequencing. 

 

All cloning methods are detailed in Chapter 4.  50µg/mL ampicillin was used to 

maintain all ampicillin resistant plasmids.  34µg/mL chloramphenicol was used to 

maintain all chloramphenicol resistant plasmids. 
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Library screening 

All flow cytometric expression data were collected on a Becton Dickinson 

FACSCalibur flow cytometer with a 488nm argon excitation laser and a 515-545 

emission filter.  Overnight culture of freshly transformed libraries were 1:1000 into 3mL 

of fresh LB with appropriate antibiotics, with 100µM IPTG, grown to early phase (O.D. 

= 0.1), centrifuged at greater than 10,000g for 1 minute, the supernatant was removed, the 

pellet was washed in 3mL fresh LB without IPTG, spun again, and the pellet was 

resuspended in 6mL media (a 1:2 dilution) without IPTG.  The cells were then grown to 

O.D.600 approximately 2.5 resulting in ~5 cell divisions.  1-10µL of culture was then 

added to 3mL phosphate buffered saline (PBS) and sorted by flow cytometry.  6-10 

25mL sorted population samples were directly added to 25mL 2xLB in 50mL conical 

tubes.  10µL from a conical tube were then plated on antibiotics to estimate population 

recovery size, the conicals were combined, anitibiotics were added, and the sorted 

population was grown overnight.  The next day, 3mL of the recovered population were 

miniprepped, the plasmids were retransformed into fresh E. coli and the procedure 

reiterated. 
 

Western Blotting 

Cultures were grown overnight from -80°C freezer stocks in 3mL LB with the 

appropriate antibiotics shaking 250 rpm at 37ºC, diluted 1:250, grown to mid-log phase 

with or without 100uM IPTG.  4x107 E. coli were then added to stop dye containing 

50mM Tris-HCl, 10% SDS, 10% glycerol and bromophenol blue, heated at 95°C for 5 

minutes and run down a 4-20% gradient polyacrylamide SDS-PAGE gel in 100mM Tris, 

100mM HEPES 3mM SDS, pH 8 (Pierce, Rockford, IL) at 80V for 15 minutes followed 

by 120V for 30minutes.  The protein was then blotted onto a nitrocellulose membrane at 
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120V for 2 hours in ice cold 25mM Tris-HCl pH 8.3, 50mM glycerine, 20% methanol 

buffer.  The membrane was then blocked with 0.5% milk in TBST (100mM Tris-HCl, 

0.1% Tween 20, 0.9% NaCl) at room temperature for 30 minutes, then again with fresh 

TBST + milk for another 5 minutes.  The membrane was then washed 3 times in TBST, 

soaked in 0.9µg mouse monoclonal IgG1 anti-LacI antibody clone 9A5 (Upstate, Lake 

Placid, NY) for 1 hour at room temperature, washed 3 times in TBST, soaked in an 

excess of alkaline phosphatase conjugated anti-mouse antibody for 1 hour and washed 3 

times with H20.  10mL of stabilized alkaline phosphatase substrate (Promega, Madison 

WI) was then added to the membrane until bands appeared.  The substrate was decanted 

and the membrane was washed 3 times in H20 and then dried. 
 

Tetracycline-dependent GFP expression assays 

E. coli populations were grown to saturation overnight in 3mL LB plus the 

appropriate antibiotics, shaking 250 rpm at 37ºC.  The next day they were subcultured 

1:100 in fresh LB plus antibiotics with or without 100µM IPTG, grown to early log phase 

(O.D.600 0.1-0.3) and then induced with 200ng/mL aTc when appropriate.  3-4 hours 

later, 1-10µL of cells were diluted into 0.5-1mL phosphate buffered saline (PBS) and 

scanned for GFP fluorescence.  BL21DE3 (Novagen, Madison WI) were used for all 

experiments.  Each data set consisted of 10,000-30,000 events.  Data were analyzed using 

WinMDI version 2.8 (Joseph Trotter, The Scripps Research Institute). 
 

Growth Curves 

Cultures were grown overnight from -80°C freezer stocks as above, diluted 1:100 

in fresh media and grown to mid log phase (O.D. ~0.5).  Approximately 2µL of growing 
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culture was then added to 200µL fresh media plus 100µM IPTG when appropriate in a 

well of a sterile 96-well flat bottomed clear plate (Costar/Corning).  The plate was then 

grown overnight shaking at a 37°C in a Synergy HT multi-detection microplate reader 

(BioTek Instruments Inc., Winooski VT).  Absorbance (600nm) and GFP fluorescence 

(485nm excitation/516nm emission) readings were taken every 30 minutes.  LB only 

wells were subtracted as background from all data points.  Triplicate samples were grown 

in parallel, and the growth data were averaged at each data point.  Error bars are not 

plotted on growth curves for clarity, and error was typically less than 5%.  The resulting 

data were exported into Microsoft Excel for analysis and then plotted in DeltaGraph4 

(SPSS, Inc, Chicago IL). 
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Chapter 4: Sources of and Buffers Against Noise in Gene Expression 

The stochastic simulations  presented here were performed by T. Bayer. 
 

INTRODUCTION 

Stochastic fluctuations, or noise, in gene expression can cause members of 

genetically identical populations to display significant phenotypic heterogeneity (Spudich 

and Koshland 1976).  Critical phenotypes such as lysis/lysogeny decisions in viruses 

(Arkin et al. 1998; Weinberger et al. 2005), carbon metabolism in yeast (Acar et al. 2005) 

and cellular differentiation from bacteria to mammals (Mayani et al. 1993; Grossman 

1995; Simpson 1997; Sternberg and Felix 1997; Msadek 1999; Maughan and Nicholson; 

Wardle and Smith 2004; Kussell et al. 2005) are regulated by stochastic events.  

Stochasticity arises primarily from the small numbers of molecules involved in gene 

expression (Guptasarma 1995; McAdams and Arkin 1997; McAdams and Arkin 1999) 

and has been experimentally demonstrated to be the sum of two independent factors, 

termed intrinsic and extrinsic noise (Elowitz et al. 2002).  Intrinsic noise arises from the 

stochastic molecular events of gene expression.  Extrinsic noise arises from fluctuations 

in cellular factors that affect gene expression, and has been shown to be the predominant 

source of genetic noise (Elowitz et al. 2002; Swain et al. 2002; Blake et al. 2003; Raser 

and O'Shea 2004; Pedraza and van Oudenaarden 2005; Rosenfeld et al. 2005).  Global 

factors such as RNA polymerases and ribosomes have been predicted to be one of the 

most significant contributors to extrinsic noise, as temporal changes in availability can be 

further amplified by bursts of mRNA and protein production (Thattai and van 

Oudenaarden 2001; Golding et al. 2005; Cai et al. 2006; Yu et al. 2006).   
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Fluctuations in messenger RNA levels are known thought to heavily influence 

fluctuations in protein levels (Singh 1969; Paulsson 2004; Swain 2004), though the 

factors affecting mRNA fluctuations are thought to differ between prokaryotes and 

eukaryotes.  In prokaryotes, transcription initiation and mRNA decay are relatively rapid 

and random translational events are thought to dictate noise levels (Ozbudak et al. 2002; 

Raser and O'Shea 2004).  In eukaryotes, the promoter rearrangements governing 

transcription are relatively slow, mRNAs undergo many processing events and the mature 

molecules are highly stable, implicating transcription and mRNA processing as the major 

stochastic steps in gene expression (Blake et al. 2003; Raser and O'Shea 2004).  

Clearly, noise can distort regulatory and signaling pathways and compromise the 

ability of cells to function as faithful propagators of genetic information.  Not 

surprisingly, biology has evolved mechanisms to dampen or buffer against noise.  For 

example, feedback loops (Becskei and Serrano 2000; Paulsson and Ehrenberg 2001; 

Paulsson 2004; Austin et al. 2006), and the tuning of transcription and translation 

efficiency (Ozbudak et al. 2002; Blake et al. 2003; Fraser et al. 2004; Raser and O'Shea 

2004; Kaern et al. 2005) are ubiquitous strategies which function to dampen noise.  

Recently, polycistronic gene encoding has been mathematically modeled to decrease 

noise in the expression of multiple genes as relative mRNA fluctuations between 

concatenated genes is abolished (Swain 2004).  We aim to examine in closer detail, the 

molecular effectors of noise in gene expression as well as the efficiency of noise 

insulation mechanisms such as operon formation. 
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RESULTS AND DISCUSSION 

Relationship between ribosome availability and noise 

We hypothesized that increased competition for prokaryotic ribosomes by one 

mRNA should decrease the probability of another mRNA being translated, and should 

thereby increase the noise in gene expression, as manifested in observed protein levels 

(Figure 4-1).  This should occur as mRNA:ribosome interactions become less frequent 

and random interactions become more significant.  To experimentally validate this 

hypothesis, we engineered a series of small mRNAs based on our previously evolved 

autoregulatory mRNA (3.1c1), whose function was merely to compete for ribosomes in 

E. coli (Tabor et al. 2006).  These mRNAs, which we term “stochastimers,” contained 

hairpin stems of varying stabilities which were designed to occlude their own ribosome 

binding site (RBS) to different degrees (Figure 4-2).  Stochastimers should thereby 

compete for cellular ribosome pools to different extents.  Natural and synthetic strategies 

for RBS occlusion have previously been shown to be efficient methods for blocking 

ribosome association and subsequent translation (Masse and Gottesman 2002; Moller et 

al. 2002; Winkler et al. 2002; Isaacs et al. 2004). 

Quantifying translational noise 

In order to measure the effects of ribosome competition on global gene 

expression, we followed the expression of an independent GFP gene in individual cells 

using flow cytometry.  Noise was quantified as the standard deviation in GFP 

fluorescence in individual cells divided by the mean, or the coefficient of variation, over 

the population of genetically identical cells grown under the same conditions in batch 

culture.  Following high-level stochastimer expression in E. coli we found that the 

predicted availability of the RBS showed a strong positive correlation with noise, and a 



strong negative correlation with the absolute level of GFP expression (Figure 4-3, Table 

4-1).  The noise phenotypes generated by stochastimers are therefore intuitive; when 

ribosome competition increases, the probability of other mRNAs interacting with a 

ribosome decreases, and random bursts of protein production result in increased 

heterogeneity in the levels of gene expression. 
 

 

Figure 4-1.  Ribosome competition and noise in protein expression.  A representative cellular mRNA 
(blue) associates with ribosomes probabilistically at a frequency dependent upon the concentration of the 
mRNA and ribosomes in that cell.   (Top) “Wild-type” gene expression scenario.  The distribution of 
protein expression over a population of cells is relatively “quiet”, or tending toward Poisson (blue 
histogram, right).  (Bottom) A competitor mRNA competes with bulk cellular mRNAs for translational 
machinery.  A reduction in the number of available ribosomes results in a decreased probability of a given 
cellular mRNA associating with a ribosome, thereby increasing the cell-to-cell variability in the translation 
of that mRNA. 
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Figure 4-2.  Stochastimer anatomy.  A series of stochastimers (Table 1) based on st1 (shown) were 
engineered to contain ribosome binding sites (green) of increasingly single-stranded nature.  Mutations of 
2, 3, 4 or 6 mismatches were made in the antisense stem (bracketed) in order to destabilize the region in 
and around the RBS. 
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Construct          Designed bulges          Relative GFP           Noise 

Wild-type                                                  5.8±0.1                  2.7±0.1 

st1                                  0                          10±0.1                   5.3±0.04 

st2                                  2                          7.6±0.9                  4.1±0.7 

st3                                  4                          9.1±0.1                  4.9±0.1 

st4                                  4                          0.4±0.1                  55±3.5 

st5                                  6                          0.8+0.1                   28±4.2 

st6                                  6                        1.2±0.007                 28±0.2 

(x10-1) (x10-1)

 
TABLE 4-1.  STOCHASTIMER DESIGN AND FUNCTION.  Name of stochastimer variant, number of bulges 
rationally designed into the anti-RBS stem, GFP fluorescence and noise in the expression of GFP in from 
pASKIBA3.GFPm2 in E. coli strain BL21DE3 expressing each stochastimer variant are noted.  Wild-type 
refers to an uninduced strain carrying the plasmid for st1.  Noise is quantified here as the standard deviation 
divided by the mean.  95% confidence intervals are shown for GFP fluorescence and noise. 
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Figure 4-3.  The effect of stochastimers on noise.  Flow cytometric histograms of E. coli populations 
expressing a single stochastimer variant as well as an independent global reporter gene (GFP).  
Stochastimer variants expressed (near to far): st1, st3, st2, wild-type (uninduced cells carrying the plasmid 
for st1), st6, st5, st4.   
 

Interestingly, noise varied as the inverse square root of mean GFP expression 

(Figure 4-4), a trend described by the phenomenon known as the finite number effect.  

The finite number effect states that the stochasticity in chemical reactions involving 

multiple substrate molecules varies as the inverse square root of the number of molecules 

in the reaction (Kaern et al. 2005).  We assume the total level of GFP expression in E. 

coli to be an approximation of the number of available ribosomes in the cell.  Under this 

approximation, we conclude that noise in gene expression scales as the inverse square 
 75
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root of the number of available ribosomes in the cell.  This relationship between number 

of molecules and noise is likely universal, and should describe stochasticity as a function 

of any molecule involved in gene expression.  Indeed, gene copy number has previously 

been predicted to affect stochasticity in the same way (Raser and O'Shea 2004).  These 

effects may therefore be invoked and experimentally examined as potential explanations 

for the retention of identical copies of duplicated genes within organismal genomes 

(Kellis et al. 2004).  
 

Stochastic model of ribosome compromised gene expression 

A mathematical model describing how stochastimers influence gene expression 

was then generated by performing Monte Carlo simulations of stochastic gene expression 

using Gillespie’s algorithm for coupled chemical reactions (Gillespie 1977).  The model 

was executed as previously described (Thattai and van Oudenaarden 2001) with 

stochastimer-induced noise introduced as a variable term for competitive ribosome 

binding (Figure 4-5A).  Each simulation was the result of over 10,000 independent trials.  

The model and experimental population distributions proved to be in good agreement 

(Figure 4-5b).  In addition, simulation noise obeyed the finite number effect as seen in 

the experimental samples (Figure 4-4).     

 

Validation of ribosome competition 

In an earlier study in which an efficient ribosomal competitor was overexpressed, 

a strong variation in bacterial fitness (colony size) was observed (Xia et al. 2001).  

Expression of a ‘noisy’ stochastimer (st6) also generated significant variability in colony 

size while expression of a ‘quiet’ stochastimer (st1) did not (data not shown).  The 



observed variance in colony size may very well also be a direct consequence of 

stochastimer-induced noise in global gene expression.   

 
 

 

Figure 4-4.  Gene expression level versus noise. (Black circles) GFP expression (and presumed 
free ribosome level) versus noise (standard deviation divided by mean) from the flow cytometry data in 
panel B.  Three cultures of each sample were grown in parallel under the conditions described in the 
Experimental Procedures.  Simulations were performed for a series of varying stochastimer strengths and 
the data were fit to an equation of the form y = axb where the value of b was -0.45.  Error bars represent 
95% confidence intervals. 
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Figure 4-5.  Modeling the effect of stochastimers on gene expression.  (A) mRNA is transcribed with 
rate kR from the DNA template.  Protein is made with rate kP.  Protein and mRNA are degraded with rates 
δP and δR, respectively.  Stochastimers are assumed to competitively bind ribosomes, which decreases kP 
and allows RNaseE to more effectively compete for transcripts, increasing δR.  Effects of stochastimer 
action (through decreased protein production) in determination of kR and δP are neglected.  (B) Simulation 
(inset) and in vivo expression data for representative quiet (st1, white) and noisy (st4, black) stochastimers.  
Simulations were performed as discussed in the Experimental Procedures.  

   

To verify that stochastimers generate translational noise through ribosome 

competition we performed two in vitro assays.  First, the predicted secondary structures 
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of stochastimers were verified by limited hydrolysis of single-stranded regions (in-line 

probing).  In-line probing is a method for determining the tendency of a nucleotide 

residue within an RNA polymer to be single or double-stranded (Soukup and Breaker 

1999).  We used in-line probing to analyze the double stranded nature of the RBS and 

engineered anti-RBS regions of stochastimers.    St1, the variant engineered to have a 

perfectly base-paired RBS/anti-RBS pair, is highly double stranded in those regions 

(Figure 4-6).  This data corroborates in vivo data as st1 does not reduce protein levels 

and is the least noisy variant.  In-line probing also verified the increasingly single-

stranded nature of stochastimer constructs with engineered bulges in the RBS/anti-RBS 

stem.  Interestingly, the stochastimer variant st4 was engineered to have 4 bulges in the 

anti-RBS stem, yet shows a more single-stranded RBS region than two variants which 

were engineered to have 6 bulges.  This data corroborates in vivo translational capacity 

and noise data (Table 4-1) as st4 resulted in the lowest cellular translational capacity and 

the greatest noise profile.   

To verify that stochastimers directly compete for ribosomes, translation 

competition assays were then performed in a reconstituted E. coli lysate.  GFP DNA was 

added to a coupled in vitro transcription/translation reaction, and increasing molar ratios 

of competitor (stochastimer) DNA were titrated in.  A noisy stochastimer (st6) was a 

strong competitor for expression of GFP while a quiet stochastimer (st1) had little effect 

(Figure 4-7a).  To ensure that the observed effect was occurred at the level of translation 

we then decoupled the transcription and translation steps in the competition assay.  First, 

we transcribed and purified stochastimer and GFP mRNAs in vitro.  We then added a 

fixed amount of purified GFP mRNA to an in vitro translation reaction and titrated in 

increasing molar ratios of stochastimer mRNAs.  The noisy stochastimer mRNA st6 

again competed with GFP for ribosomes but the quiet stochastimer st1 did not (Figure 4-



7b).  These data recapitulate in vivo data for stochastimer-mediated inhibition of 

translation, and demonstrate that the mechanism of translation inhibition is dependent on 

the availability of the RBS and is independent of cell growth or metabolism.  These 

results also support the conclusion that stochastimers generate translational noise in a 

manner inversely proportional to the number of free ribosomes. 
 

 

Figure 4-6.  Mapping the structure of the stochastimer series.  The 5’-most nucleotide of in vitro 
transcribed stochastimer RNAs was radioactively labeled and the RNAs were allowed to spontaneously 
degrade.  Single-stranded nucleotides hydrolyze significantly faster than double stranded regions.  When 
separated on a polyacrylamide gel matrix, nucleotide residues which are more single stranded show up as 
radioactive bands with a size determined by their distance from the 5’-end of the molecule, while residues 
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which are more double stranded show less intense bands.  Equivalent counts of 32P containing RNA were 
added to each lane of a 10% denaturing polyacrylamide gel. 
 

 

 

Figure 4-7.  In vitro translation competition assays.  (A) A fixed amount of GFP DNA template was 
added to a coupled in vitro transcription/translation reaction along with increasing molar ratios of 
stochastimer DNA templates.  St6 is represented as grey bars while st1 is represented as white bars.  Error 
bars represent 95% confidence intervals.  (B) Decoupling transcription and translation.  A fixed amount of 
GFP mRNA was added to the in vitro translation reaction and increasing molar ratios of st6 and st1 mRNA 
were titrated in.  All data are normalized to a GFP only control. 
 

Stochastimer effect on messenger RNA levels 

The stability of messenger RNAs in E. coli is thought to be governed by a 

competition between ribosome binding and RNaseE-induced degradation (McAdams and 

Arkin 1997).  We therefore expect that with greater competition for ribosomes, mRNA 

number should decline, increasing the significance of mRNA fluctuations and 

subsequently translational noise.  Consistent with this prediction, the level of induction of 

a global reporter mRNA (GFP) was approximately 12-fold lower in E. coli expressing a 

noisy as compared to a quiet stochastimer (Figure 4-8).  Decreased mRNA levels likely 

combine with decreased free ribosome levels to increase noise in global gene expression. 
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Figure 4-8.  Stochastimer effect on mRNA levels.  Fold induction of GFP mRNA from the plasmid 
pASKIBA3.GFPm2 by the addition of 200ng/mL anhydrotetracycline (aTc) in the presence of a noisy (st6) 
and quiet (st1) stochastimer.  RNA was prepared and quantitated from three cultures grown in parallel 
under the conditions described in the Experimental Protocols.  Error bars represent 95% confidence 
intervals. 

Operons buffer against translational noise 

We then sought to examine the hypothesis that operon structure decreases noise 

(increases correlation) in the expression of multiple genes.  Stochastimers provide a 

unique tool to examine this effect, as operons should also buffer genes from artificially 

elevated translational noise.  To experimentally examine this hypothesis, an artificial 

bicistronic mRNA based on the dual fluorescent protein reporter assay (Elowitz et al. 

2002) was constructed and E. coli populations expressing the two genes were analyzed 

using fluorescence microscopy and multi-channel flow cytometry (Tabor et al. 2006).  As 

a control, the two mRNAs bearing identical ribosome binding sites were transcribed 

independently from identical promoters.  The expression levels of the two genes showed 

significantly greater correlation in cells expressing the bicistronic mRNA relative to the 

independent, monocistronic mRNAs (Figure 4-9).   
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We then paired stochastimers with the engineered operon in order to assay the 

tolerance of operons to translational noise.  The noisy stochastimer sharply decreased 



total expression, self-correlation and co-expression correlation of both genes when 

expressed monocistronically but had little effect when the genes were expressed 

bicistronically (Figure 4-10).  Unexpectedly, the expression distribution and absolute 

expression level of each individual gene also increased when expressed bicistronically.  

This may be due to the increased affinity of the bicistronic mRNA for ribosome (2 RBSs) 

as compared to a monocistronic mRNA (1 RBS) resulting in increased absolute 

translation levels and a higher probability of mRNA:ribosome interactions resulting in 

decreased expression variation.  These results are consistent with the hypothesis that 

translation (rather than transcription) is the primary determinant of stochasticity in 

prokaryotes, verify the prediction that operons buffer gene expression against 

translational noise and implicate increased total protein expression as a novel 

consequence of operon formation. 
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Figure 4-9.  Mono- and bicistronic gene expression system.  A constitutive promoter (black) 
and a strong ribosome binding site (green) were used to drive the expression of CFP and YFP either 
independently (top) or from a single mRNA (bottom).  (Right) Fluorescence micrographs of E. coli 
populations expressing different versions of the two gene reporter system.  CFP is false colored to be green, 
YFP is false colored to be red and yellow is the merge of both colors. 

 

 

Figure 4-10.  Effects of stochastimers on mono and bicistronic gene expression.  (A) Density plots of E. 
coli expressing monocistronic or bicistronic CFP and YFP alongside no stochastimer (left), st1 (center) or 
st6 (right).  (B)  Quantified noise (Experimental Procedures) in cells expressing monocistronic (white bars) 
or bicistronic (grey bars) CFP/YFP as well as different stochastimer variants.  Wild-type indicates 
uninduced cells carrying the plasmid for st1.  Error bars represent 95% confidence intervals. 
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CONCLUSIONS 

Stochasticity in gene expression 

It has long been hypothesized that unstable mRNAs and limiting numbers of 

ribosomes within the cell lead to uncontrollable fluctuations or stochasticity in gene 

expression (Singh 1969).  Recently, it has been demonstrated that most stochasticity 

arises from “gene-extrinsic” factors in the cell which transmit their fluctuations to genes 

(Elowitz et al. 2002; Swain et al. 2002; Blake et al. 2003; Raser and O'Shea 2004).  Here, 

we demonstrate that noise is strongly dependent on a discreet molecular factor, 

ribosomes, and demonstrate a predictable, quantitative relationship between free 

ribosome number and noise.  Most interestingly, this relationship is likely universal and 

can now be applied to other gene expression factors.  

Not surprisingly, biological systems have evolved to take advantage of the 

stochastic nature of gene expression.  Important phenotypes such as lysis/lysogeny 

decisions in viruses (Arkin et al. 1998; Weinberger et al. 2005) and cellular 

differentiation from bacteria to mammals (Mayani et al. 1993; Grossman 1995; Simpson 

1997; Sternberg and Felix 1997; Msadek 1999; Kussell et al. 2005) have been shown to 

be regulated by stochastic mechanisms.  These random decision making processes 

usually have predictable outcomes (e.g. ~5-10% of B. subtilis become competent for 

DNA uptake during starvation (Hadden and Nester 1968)) which are likely fine-tuned to 

increase population fitness.   

Noise is not always a desirable consequence of gene expression, however.  In 

order to regulate complex behaviors, survive unpredictable environments and faithfully 

propagate genetic information, cells must exhibit a significant amount of behavioral 



 86

determinism in spite of noise.  Indeed, failure to limit noise has recently been implicated 

in the onset of a diseased state (Cook et al. 1998; Kemkemer et al. 2002).  It is not 

surprising then that cells have evolved noise reduction mechanisms to govern critical 

processes (Becskei and Serrano 2000; Fraser et al. 2004).  Here, we experimentally 

demonstrate that polycistronic gene encoding, or operon formation is a novel noise 

reduction mechanism. 
 

Implications for the evolution of genomes 

The robustness of operons to noise is quite remarkable and likely has fundamental 

evolutionary implications.  When stoichiometric amounts of multiple proteins are 

required for efficient biochemical flux (e.g., amino acid biosynthetic pathways, sugar 

metabolism) the over- or underproduction of those proteins will waste energy and 

material and have deleterious fitness effects.  Indeed, it has been shown that though 

operons tend to be evolutionarily unstable, those operons that are most stringently 

conserved encode proteins which physically interact (Dandekar et al. 1998).  Our results 

may offer the most parsimonious explanation for the selective pressure driving most 

operon structure; noise dampening is advantageous when proteins physically interact.  

Interestingly, decreased variance in the co-expression of such genes would seemingly be 

as advantageous to eukaryotes as prokaryotes, yet there are few examples of eukaryotic 

operons.  It has however, recently been shown that genes encoding proteins which 

physically interact in S. cerevisiae have significantly decreased noise profiles (Fraser et 

al. 2004).  Noise reduction in yeast is achieved by other means such as tuning of 

transcription and translation efficiencies. 
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Why do eukaryotes lack operons? 

The large-scale differences in gene organization between prokaryotes and 

eukaryotes can potentially be explained in a variety of ways (Lawrence 2003), but any 

explanation must ultimately take into account how gene organization affects fitness in 

these different domains of life.  Fundamentally, the presence of a nucleus, slow promoter 

transitions and concomitant multiple RNA processing and transport steps in eukaryotes 

means that there are more possibilities for generating noise during transcription than 

translation;  the ‘noise burden’ appears to be shifted between the domains of life.  Rapid 

transcriptional activation and unstable mRNAs should combine to generate increased 

translational noise in prokaryotes.  In consequence operons significantly reduce 

translational noise in prokaryotes, but may have much less effect when transcriptional 

noise is the primary source as in eukaryotes.  Indeed, in C.elegans, ‘operon’ mRNAs are 

postranscriptionally trans-spliced and each component gene is then independently 

translated (Blumenthal et al. 2002).  Nonetheless, C.elegans operons usually encode 

physically interacting proteins or functional RNAs as well (Lawrence 2002).  This gene 

organization strategy is consistent with the hypothesis that transcriptional noise reduction 

is a more significant selective pressure in eukaryotes.  Moreover, noise dampening of 

proteins involved in multi-protein complexes appears to be adaptively advantageous 

throughout all domains of life.  Overall, these conclusions starkly underline the 

increasing recognition of the importance of noise in understanding genetic regulation; the 

mechanisms for gene expression may have organized themselves to be as responsive to 

noise abatement as to regulatory phenomena.  
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EXPERIMENTAL PROTOCOLS 

Stochastimer plasmid construction 

Stochastimers were amplified by PCR, embedding the appropriate stochastimer 

sequence (Table 4-2) between the NcoI and BlpI sites (underlined) in the following 100 

nucleotide DNA: 5’-GATGGCAGCTACTAATGCTAGCTAAGATACCATG-31nt-

GCTGAGCAACGAGCTATAGCTACTACTGATAGTCC-3’.  1pmol of the 

oligonucleotide was amplified by PCR using the flanking primers 44.31F: 5’-

ACGAGATCTCAGATCAGACCAGGATGGCAGCTACTAATGCTAGC-3’ and 

44.31R: 5’-CGGTGAACTCGTCTATGGATCTGGACTATCAGTAGTAGCTATAG-3’, 

the final 20nt of which were complimentary to 100nt oligo.  The resulting double 

stranded DNA was purified using the Qiaquick PCR purification kit (Qiagen, Valencia 

CA) and digested with NcoI and BlpI (New England Biolabs, Ipswich MA) according to 

manufacturer instructions.  Appropriate sized DNA fragments were isolated by gel 

purification using 4% NuSieve GTG agarose (Cambrex, Baltimore MD) in TBE, and 

recovered using a Wizard SV gel purification column (Promega, Madison WI).  1µg of 

the stochastimer host vector, pACYCDuet-1 (Novagen, Madison WI) was digested with 

NcoI and BlpI as above, and gel purified using 2% Seaplaque agarose (Cambrex) in TAE.  

60fmol of digested stochastimer DNA was ligated into 20fmol digested pACYCDuet-1 

with T4 DNA ligase (Invitrogen, Carlsbad CA) and transformed into Top10 cells 

(Invitrogen) according to manufacturer instructions.  The insert regions were sequence 

verified and the plasmids were transformed into BL21DE3 (Novagen) along with the 

appropriate reporter plasmid for all assays.  All DNA oligonucleotides and primers were 

purchased from Integrated DNA Technologies (Coralville, IA), resuspended in H2O and 

used directly.  The pACYCDuet-1 host plasmid carries a p15A (~10-12 copy) origin of 

replication, and a chloramphenicol resistance marker.  Stochastimers were expressed by 



the IPTG inducible T7 RNA polymerase (carried in the genome of BL21DE3) through 

the IPTG inducible T7 promoter upstream of the first MCS of pACYCDuet-1 (Figure 

11).  All pACYC-hosted stochastimer plasmids were maintained in BL21DE3 using 

34ug/mL chloramphenicol. 
 

Stochastimer Sequence (5'-3')
st1 aacgtcgccgccggaatatctccttaataag
st2 aacgtcgccgccggaattcctccttaataag
st3 aacgtcgccgccggaattcgaccttaataag
st4 aacgtcgccgccggaattcctcgataataag
st5 aacgtcgccgccggaattcgacgataataag
st6 aacgtcgccgccggaattccgggataataag  

 

TABLE 4-2.  STOCHASTIMER NAME AND SEQUENCE.  Sequence shown is the engineered stochastimer 
DNA sequence which was cloned between the NcoI and BlpI sites on pACYCDuet-1.  These sequences are 
transcribed from a T7 promoter, contain an upstream RBS and downstream T7 RNA polymerase 
transcription terminator. 
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Figure 4-11.  Stochastimer expression plasmid.  Stochastimer sequences from Table 1 were cloned 
between the NcoI and BlpI restriction sites of the host plasmid, pACYCDuet-1.  Stochastimers were 
expressed from a T7 RNA polymerase promoter, under the control of a the lactose repressor (LacI gene) 
and were immediately followed by a T7 transcription terminator. 
 

Reporter plasmid construction 

The expression plasmid pASKIBA3.GFPm2 was used for all GFP flow cytometry 

assays.  The gene GFPm2 was expressed from the multiple cloning site of the host 

plasmid pASKIBA3 (IBA, Göttingen Germany) under the control of a Tetracycline 

repressor (TetR) controlled promoter.  pASKIBA3 carries a marker for ampicillin 

resistance, a pBR322 (~40 copy number) based origin of replication, and the TetR gene.  

pASKIBA3.GFPm2 was maintained in BL21DE3 using 50ug/mL ampicillin. 

The CFP/YFP expression plasmids were created using MIT’s registry of standard 

biological parts (http://parts.mit.edu) and DNA isolation, purification and ligation 

methods as described above.  The host plasmid pSB4A3 (MIT’s registry of standard 

biological parts) was used for the monocistronic plasmid (pCYm) and the bicistronic 

plasmid (J13004).  pSB4A3 bears a pSC101 origin of replication (~ 5 copy) and an 

ampicillin resistance marker.  25ug/mL ampicillin was used to maintain all pSB4A3-

based plasmids.   

To build the monocistronic plasmid, BBa_I13600, a DNA sequence bearing a 

constitutive promoter, strong RBS, ECFP coding sequence and strong transcriptional 

terminator was cloned into pSB4A3 using the restriction enzymes EcoRI and PstI.  

I13600 carried an XbaI site between the EcoRI site and the promoter which was used to 

clone in the EYFP expression cassette.  BBa_I6032, the EYFP expression cassette was 

then amplified with the following primers: 100.I6032.F 

5’TACAAACCCTCAATGAATCTGACTCTAGAGGTTCTGTTAAGTAACTGAACCCA



ATGTCGTTAGTGACGCTTACCTCTTTCCCTATCAGTGATAGAGATTG-3’ and 

78.I6032.R 5’GCTGTATTGTACGATTGCCTTCTAGTCTAGCTAGCCTAGATCTAT 

TGCGGAATTCTATAAACGCAGAAAGGCCCACCC-3’ using KOD HiFi 

DNA polymerase (Novagen) according to manufacturer’s instructions.  100.I6032.F adds 

49nt of stuffer sequence (italicized) to sit between the CFP and YFP promoters and an 

XbaI site (underlined) 5’ of the stuffer sequence for cloning.  78.I6032.R adds an EcoRI 

site (underlined) to the 3’-end of I6032.  The amplified DNA was digested and cloned 

into pSB4A3_I13600 using the XbaI and EcoRI sites using methods as described above.  

The resulting plasmid carried identical expression cassettes for ECFP and EYFP in 

opposite directions and on opposite strands of the plasmid (Figure 4-12).     

The bicistronic CFP/YFP expression plasmid, pSB4A3.J13004 carries the same 

promoter, RBS, coding sequences and transcriptional terminator as pCYm (Figure 4-12).  

Each coding sequence carries a double stop codon for efficient translational termination.  

pSB4A3.J13004 was created from biobrick parts BBa_R0040, BBa_B0034, BBa_E0020 

and BBa_E0430 using standard assembly methods as detailed at http://parts.mit.edu.   
 

 

Figure 4-12.  Schematic of mono- and bicistronic cassette.  All constitutive promoters (BBa_R0040, 
black), RBS sequences (BBa_B0034, green), coding regions (BBa_E0020, cyan; BBa_E0030, yellow) and 
transcription terminators (BBa_B0015, red) are identical.  Plasmid pSB4A3 was used to host both 
expression cassettes. 
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GFP flow cytometry  

All GFP expression data were collected on a Becton Dickinson FACSCalibur 

flow cytometer with a 488nm argon excitation laser and a 515-545 emission filter.  Each 

data set consisted of 30,000 events.  Data were analyzed using WinMDI version 2.8 

(Joseph Trotter, The Scripps Research Institute).  E. coli cultures were grown overnight at 

37ºC with shaking at 250 rpm from frozen stocks in LB plus appropriate antibiotics.  

Three parallel cultures were diluted 1:100 in fresh media with 100uM IPTG as 

appropriate, grown to early log phase (OD ~0.1) and treated with 200ng/mL 

anhydrotetracycline (aTc) to induce GFP expression.  4 hours later, 1-10µL of cells were 

diluted into 0.5-1mL phosphate buffered saline (PBS) and scanned for GFP fluorescence.  

BL21DE3 carrying no plasmid were measured for autofluorescence and subtracted from 

all data sets.   

 

CFP/YFP flow cytometry 

All CFP/YFP expression data were collected on a Cytomation MoFlo (Dako, Fort 

Collins, CO) cell sorter with a 100mW 458nm laser on path 1 and 50mW 514.5nm laser 

on path 2.  Events were triggered on side scatter (SSC) through a 95/5 beam splitter and a 

450/65nm bandpass filter on path 1.  ECFP expression was measured through a 95/5 

beam splitter and 485/25nm bandpass filter on path 1.  EYFP expression was measured 

through a 570/40 bandpass filter on path 2.  BL21DE3 cells carrying no expression 

plasmid were used measured for autofluorescence and subtracted from all data sets.  Cells 

expressing CFP or YFP alone were used to calculate filter bleedthrough, which was used 

to correct all data sets.  Data were extracted to ASCII format using FCS Express 3.0 (De 
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Novo Software, Ontario, Canada) for further analysis.  Relative noise in the expression of 

CFP and YFP two genes was calculated as below and 95% confidence intervals were 

calculated by bootstrap analysis.  E. coli cultures were grown overnight from frozen 

stocks as above.  Cultures were diluted 1:100 in fresh media with 100uM IPTG when 

appropriate and grown to mid-log phase.  10uL of each culture was then diluted into 1mL 

of PBS and analyzed on the flow cytometer.  30,000 events were collected for each data 

set. 
 

Fluorescence microscopy 

E. coli cultures were grown as in the two-channel flow cytometry assays above.  

0.5mL cells were pelleted and resuspended in 50-100µL PBS, 4µL of which was spotted 

on a poly-L-lysine coated microscope slide.  A cover slip was fixed on the droplet and 

images were acquired using a Nikon Eclipse E800 fluorescence microscope and a 

CoolSnap HQ cooled CCD camera (Photometrics, Tuscon AZ) at 100x magnification.  

CFP fluorescence images were acquired using Chroma filter set #31044v2 and YFP 

images with Chroma #41028.  Images were analyzed using Metamorph v6.2. 
 

mRNA quantitation 

Cells were grown overnight as above, subcultured 1:100 into fresh media with 

100uM IPTG to induce stochastimer expression when appropriate.  The cultures were 

grown to early-log phase (OD ~0.1) at which point GFP expression was induced by the 

addition of 200ng/mL anhydrotetracycline (aTc) when appropriate.  Cells were grown for 

4 hours, at which point total RNA was recovered and DNase-treated using an RNeasy kit 

(Qiagen) according to manufacturer’s instructions.  cDNA was created for the GFPm2 
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mRNA, and 16s ribosomal RNA using MMLV reverse transcriptase (Ambion, Austin 

TX) according to manufacturer instructions.  GFPm2 mRNA was specifically reverse 

transcribed using the primer GFPm2.rt.R: 5’- TTTTCGTTGGGATCTTTCGAA-3’ and 

16s rRNA using 16s.rt.R:5’-ACCGCTGGCAACAAAAGATAA-3’.  GFPm2 cDNA was 

quantitated on an Applied Biosystems 7900HT real-time PCR machine using the forward 

primer GFPm2.rt.F: 5’- GATGGCCCTGTCCTTTTACCA-3’, GFPm2.rt.R, and the 

Taqman probe GFPm2.rt.p: 5’- 

6FAM/ACAACCATTACCTGTCCACACAATCTGCC/BHQ1 where BHQ1 indicates 

Black Hole Quencher 1 (Integrated DNA technologies).  Cycle threshold (C(T)) values 

were compared to 16s ribosomal RNA C(T) values.  16s cDNA was amplified using the 

forward primer 16s.rt.F: 5’- CGTGTTGTGAAATGTTGGGTTAA-3’, the reverse primer 

16s.rt.R, and the Taqman probe 16s.rt.p: 5’- TCCCGCAACGAGCGCAACC-3’.  ROX 

(Invitrogen) was used as a passive reference dye for all samples.  Average ∆C(T) values 

for each sample were calculated from 3 independent cultures grown in parallel. 
 

In vitro translation competition  

Coupled transcription/translation reactions were performed with the Rapid 

Translation System RTS 100 E. coli HY Kit (Roche, Indianapolis IN) according to 

manufacturer instructions.  75fmol GFPm2 double stranded DNA template bearing the 

T7 promoter and ribosome binding site sequence from pACYCDuet-1 was added with 

increasing molar ratios of stochastimer DNA sequence bearing the same promoter and 

RBS elements.  GFPm2 fluorescence was read on a Tecan SAFIRE fluorescence 

microplate reader using a clear flat bottomed 96-well plate and an excitation wavelength 

of 488nm and an emission wavelength of 509nm.  The autofluorescence of a reaction 



without GFPm2 DNA template was measured and subtracted from all samples.  All 

reactions were performed and measured in triplicate. 
 

In-line probing 

In-line RNA structure assays were performed on stochastimer transcripts as 

described in reference 22 unless otherwise noted.  Stochastimers were amplified using 

primers flanking the T7 promoter and terminator from pACYCDuet-1, transcribed in 

vitro by a T7 RNA polymerase transcription kit (Epicentre, Madison WI), purified on a 

12% denaturing polyacrylamide gel, phosphatased with Antarctic Phosphatase (NEB), 

radiolabeled on the 5’-most nucleotide, and gel purified as before.  In-line degradation 

was performed at 25°C for 41 hours, and equivalent counts of 32P containing RNA were 

added to each lane of a 10% denaturing polyacrylamide gel.  The gel was dried under 

vacuum at 75ºC for 1hour and imaged using a Phosphorimager (Amersham, Piscataway 

NJ).   
 

CFP/YFP noise calculations 
Normalized dissimilarity in the levels of CFP and YFP was quantified using the 

intrinsic noise equation from (Elowitz et al. 2002) 

YFPCFP
YFPCFP

2
)( −
2

η 2 =
 

Where η is noise between CFP and YFP and  indicates a population averaged 
measurement. 
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Chapter 5: Bacterial Photography 

The protein engineering work described here was conducted by A. Levskaya and 
C. Voigt at the University of California-San Francisco.  A. Chevalier built the image 
projector and took the bacterial photographs.  

 

INTRODUCTION 

There is a major effort in synthetic biology to take biomolecules out of their 

natural context and rewire or reassemble them in new configurations to construct novel 

behaviors (Benner and Sismour 2005; Endy 2005).  Though we have demonstrated that 

the failure of synthetic biological designs can lead researchers to ask interesting new 

questions about biology, the field has reached a point in which surprisingly complex 

behaviors can be envisioned de novo, specified using a toolbox of well-characterized 

biological parts and successfully implemented.  To this point, most of the successfully 

engineered systems have been inspired by traditional electrical circuits and exhibit 

transistor-like or ‘silicomimetic’ behaviors (Elowitz and Leibler 2000; Gardner et al. 

2000; Guet et al. 2002; Yokobayashi et al. 2002; Basu et al. 2004; Kobayashi et al. 2004; 

Kramer et al. 2004; Basu et al. 2005; Kramer and Fussenegger 2005).  Though circuits 

made of biological parts can indeed carry out transistor-like functions, they are slow, 

noisy and error prone compared to their silicon counterparts (Elowitz and Leibler 2000; 

Braich et al. 2002; Stojanovic and Stefanovic 2003; Tabor and Ellington 2003). 

There are, however, computational niches for which systems of biological 

molecules are uniquely qualified.  Biological systems are perhaps best suited to process 

information via massively parallel strategies, due to their ability to inexpensively produce 

astronomical numbers of replicate devices.  For example, if one were to encode a simple 

logical computation into a bacterial cell, billions of bacterial computers could be grown 
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in parallel in a Petri dish overnight; and given a judiciously chosen computational 

problem, may be able to outperform a serial computer.  
 

RESULTS AND DISCUSSION  

As an instantiation of the massively parallel capabilities unique to biological 

systems, we engineered a community of bacteria to act as a piece of film, capable of 

capturing and recapitulating a projected light image (Levskaya et al. 2005).  In our 

design, a confluent lawn of bacteria growing in an agarose surface were exposed to a 

defined pattern of light and each cell acted as a decision making pixel, interpreting and 

reacting to its environment.   
 

Engineering a chimeric light-responsive protein 

To implement this behavior, light responsivity had to be engineered into our 

system of choice and wired to control the expression of a visible reporter.  There are 

many examples of genes that encode light responsive elements in nature, and most occur 

in photosynthetic organisms.  We however, chose to use E. coli to engineer the biological 

film as its molecular genetics are extremely well known, allowing for simple 

manipulations as well as facile advancement in downstream applications.  Unfortunately, 

there are no known photoreceptors in the genome of E. coli.  Therefore, light sensitivity 

had to be engineered de novo.     

Certain bacteria use a class of protein photoreceptors, known as phytochromes, to 

control phototaxis, photosynthesis, and the production of protective pigments (Yeh et al. 

1997; Davis et al. 1999; Schmitz et al. 2000).  To create a light sensor capable of 

regulating gene expression in E. coli, a cyanobacterial phytochrome, Cph1, was fused to 
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an E. coli histidine kinase, EnvZ.  Cph1 and EnvZ are both members of the ubiquitous 

family of bacterial two-component systems (Utsumi et al. 1989; Yeh et al. 1997). Two-

component systems are composed of a membrane-bound sensor protein that responds to 

an environmental stimulus and an intracellular response regulator. When stimulated, the 

sensor autophosphorylates an intracellular histidine kinase domain and the phosphate is 

transferred to the response regulator, which then binds DNA to affect gene expression.  

Most phytochrome response regulators, however, do not have DNA binding domains and 

do not directly modulate transcription (Yeh et al. 1997).   

The sensor domain of Cph1-EnvZ fusion protein was designed to allow 

modulation of E. coli gene expression through the activity of the well studied E. coli 

EnvZ-OmpR two-component system (Figure 5-1).  When phosphorylated by EnvZ, the 

response regulator OmpR activates transcription from the OmpC promoter (pOmpC) and 

reduces transcription from the OmpF promoter (pOmpF) (Forst et al. 1989). Cph1 also 

requires the chromophore phycocyanobilin (PCB) for light-responsivity (Yeh et al. 1997).  

Since PCB is not naturally produced in E. coli, we also introduced a plasmid that 

contained two phycocyanobilin biosynthetic genes (ho1 and pcyA) from Synechocystis 

that convert heme into PCB (Gambetta and Lagarias 2001).  The Cph1-EnvZ fusion 

protein, termed Cph8, reduced expression of the lacZ gene from pOmpC ~10-fold in 

response to red light (Figure 5-2). 
 

 



 

Figure 5-1.  Engineered light-dependent system in E. coli.  (A) The chimeric light-receptor Cph8 
contains the periplasmic photoreceptor domain from Cph1 (red) and the histidine kinase domain from EnvZ 
(blue).  The EnvZ domain is phosphorylated in the absence of 660nm light, and transfers the phosphate 
group (green) to the diffusible response regulator, OmpR (orange).  When phosphorylated, OmpR activates 
transcription from the OmpC promoter (pOmpC), expressing the lacZ gene  
 
 
 
 
 

 
 
Figure 5-2. Cph8 regulation of LacZ expression from pOmpC.  Cph8 is active in the dark (black) in the 
presence of the required chromophore PCB and inactive in the light (white). There is no light dependent 
activity in the absence of Cph8 (-) and there is constitutive activity when only the histidine kinase domain 
of EnvZ is expressed (+) or when the PCB metabolic pathway is not included (-PCB) 
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Differential regulation of two promoters 

 To validate that we could achieve simultaneous differential regulation of both 

pOmpC and pOmpF we transformed the engineered light responsive system into E. coli 

strain MDG135 which contains a chromosomal copy of pOmpC driving expression of 

cyan fluorescent protein (CFP) and pOmpF driving yellow fluorescent protein (YFP) 

(Batchelor and Goulian 2003).    Upon exposure to a broad wavelength light source, we 

saw ~10-fold repression of CFP and concomitant ~1.5-fold activation of YFP (Figure 5-

3).  These results were expected as pOmpF is known to have a smaller dynamic range 

than pOmpC in response to the phosphorylation state of OmpR (Batchelor and Goulian 

2003). The simultaneous differential regulation of multiple promoters from a single input 

through a single engineered system may facilitate the engineering of more complex 

synthetic behaviors in the future. 

 

Latency 

Latency, or response time, is a critical behavioral parameter of engineered 

biological systems.  To determine the latency of our system we characterized the 

temporal responsivity to a change in the light/dark state.  We grew a population of 

MDG135 E. coli to early log phase with pOmpC inactivated in the light.  We then de-

repressed pOmpC in the darkness and monitored the time required for high-level CFP 

induction.  Approximately 5 hours were required for significant de-repression of CFP 

(Figure 5-4).  It is not clear why this system exhibits such latency as the response of the 

PCB containing phytochromes to light is predicted to occur on the order of seconds 

(Shimizu-Sato et al. 2002) and the EnvZ-OmpR system has been shown to reach full 



induction in 2 hours (Baumgartner et al. 1994).  Directed evolution of Cph8 is an 

attractive strategy for optimizing this behavioral parameter.   
 

 

Figure 5-3.  Differential regulation of two promoters by light.  (A) The Cph8 system was transformed 
into E. coli strain MDG135 which contains a chromosomally integrated copy of pOmpC driving CFP 
expression and pOmpF driving YFP expression.  pOmpC is activated by the phosphorylated form of the 
protein OmpR, while pOmpF is inactivated. (B)  Fluorescence data of MDG135 expressing the Cph8 
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system in the light and in the dark.  CFP (cyan) and YFP (yellow) are each normalized to their own 
maximal expression levels.   
 

 

 

 

 

Figure 5-4.  Dark de-repression time course of Cph8.  E. coli MDG135 cells transformed with pCph8 
and pPL-PCB were grown to early log phase repressed by a broad spectrum light.  The culture was then 
split into light and dark fractions, growth was continued, and aliquots were removed and measured for CFP 
fluorescence at the time interval noted. 
  

 

Bacterial Photography  

To demonstrate the fine spatial control that could be accomplished with light-

regulated gene expression, we used our engineered E. coli as a film to develop a light-

patterned image on a two-dimensional surface.  A simple projection system was 

constructed using a broad wavelength light source, a 632 nm (red) bandpass filter, an 

image on a 35 mm slide, and a lens.  The image was projected inside a 37°C incubator, 

wherein a lawn of the engineered cells were grown in an agarose plate (Figure 5-5).  
 107



Dark-dependent expression of Beta-galactosidase (β-gal) was visualized by the addition 

of S-gal, a heat and light stable substrate that forms an insoluble black precipitate when 

processed by β-gal.  After approximately 12 hours of growth, a high contrast positive 

readout of the applied image developed in which light regions appear light and dark 

regions appear dark (Figure 5-6).  To ensure that the recorded images were a result of the 

engineered system, an identical image was projected onto cells expressing wild-type 

EnvZ.  No light response was observed (Figure 5-6). 
 

 
Figure 5-5.  ‘Light-cannon’ used for bacterial photography.  A 100W Mercury lamp was used as the 
light source for the image projector.  The image projector consisted of a 25mm MVO Focusing Double 
Gauss macro imaging lens (Edmunds Optics, Barrington, NJ) with the Mercury lamp mounted 75mm 
above a 632nm Narrow Bandpass interference filter (Edmunds Optics, Barrington, NJ). Below the filter is a 
35mm slide which has the image photo recorded on to it mounted on an electric actuator used for adjusting 
focus.  The image is projected 38cm below the lens into an incubator and onto a large plate containing a 
lawn of bacteria.   
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Figure 5-6.  Bacterial photographs using different image masks.  The mask used to dictate the light 
pattern is shown on the left and the resulting bacterial photograph is shown on the right.  The top two rows 
show images recorded using inverse masks. The bottom row shows a negative control, where pCph8 was 
replaced with a plasmid expressing wild type EnvZ, and the cells were grown on S-gal agar and exposed to 
the ‘Hello World’ mask. 

Bacterial portraiture 

We then aimed to examine the level of detail achievable by our bacterial 

photography system.  We therefore increased the complexity of the projected images to 

include portraits.  The system proved capable of remarkably high resolution image 

production (Figure 5-7).  It also proved possible to use a red laser (630-680 nm emission) 

 109



to develop 2-dimensional patterns (Figure 5-8).  The use of a laser offers the advantage 

of functionality without the use of any focusing equipment.  In addition, lasers have 

potential for future applications that require the projection of extremely small-scale 

patterns on light responsive cells.  
 

 

 

Figure 5-7.  Bacterial portraits.  (Top) Escherichia Ellington.  (Bottom) Endyrichia coli. The left panel 
shows the projected image and the right panel shows the resulting LacZ image recorded on the lawn of 
bacteria.   
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Figure 5-8.  Laser image.  Lawn of photoresponsive E. coli grown in a circular agar mold with a red laser 
applied across the diameter.  Circles on lower left quadrant are air bubbles. 
 

Characterization of the input-output relationship  

High resolution spatial control of gene expression will likely become a useful tool 

for the engineering of more complex synthetic biological behaviors.  Advancement of the 

current system in downstream applications would be facilitated by fine quantitative 

(continuous) control of the expression parameters as opposed to a discontinuous ON/OFF 

response.  To determine the nature of light responsivity, we characterized the input-

output relationship by projecting a linear gradient of red light of increasing intensity onto 

the bacterial film.  We observed a linear repression of β-gal activity over a large range of 

input, with maximal expression in total darkness and full repression at approximately 

0.075 W/cm2 (Figure 5-9).  Linearity in the input-output relationship should allow 

patterns which are more information rich to be successfully interpreted.  To demonstrate 

this, we used the bacterial film to recreate a more complex, greyscale image (Figure 5-

10). 
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The continuous response to light intensity is likely a function of graded 

transcriptional regulation at the single cell level.  That is, we expect that we are not 

witnessing a population averaged output of individual cells with binary (ON/OFF) 

expression from pOmpC but rather a continuous increase in expression of the lacZ gene 

in each cell of the population.  This is based on a previous report that the EnvZ-OmpR 

two-component system demonstrates a continuous induction phenotype at the single cell 

level (Batchelor et al. 2004).  Our method therefore represents a strategy for studying the 

behavior of the EnvZ-OmpR two-component system with high-resolution control of 

spatial, temporal and quantitative induction parameters. 
 



 

Figure 5-9.  Graded light repression.  A linear greyscale mask (top) was used to project a continuous 
light image onto a lawn of photoresponsive E. coli (center).  (Bottom) Gene expression intensity versus 
light intensity. 
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Figure 5-10. Escherichia tether, a greyscale portrait.   

CONCLUSIONS 

Implications for synthetic biology 

The goal of synthetic biology is to enable the forward engineering of biological 

devices with novel functionalities and direct application.  The concept of bacterial 

photography was conceived of de novo and implemented over a period of months, by a 

group composed mostly of students.  These results stand as an early testament to the 

promise of the synthetic biological philosophy.  Rather than just rewiring genes and 

manipulating cellular behavior, synthetic biologists aim to utilize the bounty of molecular 

parts provided by nature as tools to aid in the engineering of useful constructs.  The 

bacterial photography system may find use in applications such as bacterial 

microlithography, the manufacture of biological material composites, the study of cell to 
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cell communication systems, and high resolution control of gene expression in 

mammalian cells (Zhao et al. 2005; Anderson et al. 2006). 
 

Challenges of synthetic biology 

Clearly, however, there remain numerous challenges to those attempting to use 

biological parts to build reliable devices.  These primarily stem from the unreliable 

behavior of biological parts as compared to other information processing devices.  For 

instance, biological parts are subject to stochasticity in gene expression, the growth state 

(or physiology) of the cell, and are expected to behave differently in different genetic 

backgrounds.  This makes ‘plugging-and-playing’ with genes a significantly more 

challenging prospect than with transistors or other non-biological devices (Yokobayashi 

et al. 2002).  As an example of such challenges, we have connected the light-responsive 

system to a device which will calculate the light/dark boundary of a projected image (i.e. 

an edge detector).  Incomplete inactivation of pOmpC, however, has thwarted our initial 

design.  Problems such as these have been recognized, however, and significant steps 

have been made in quantifying the behavior, standardizing the operating conditions, and 

increasing the composability of biological parts (Endy 2005).  In the meantime, however, 

directed evolution stands as an effective method for optimizing or troubleshooting 

synthetic biological designs (Hasty 2002; Yokobayashi et al. 2002; Anderson et al. 2006). 
 

EXPERIMENTAL PROTOCOLS 

Strains and Plasmids  

E. coli CP919 [MC4100 ara+ Φ(OmpC-lacZ) 10-25 ∆envZ::KanR ∆rbsB ∆rbsK] 

(Baumgartner et al. 1994) was used for bacterial photography. This strain contains a 
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chromosomally-encoded ompC reporter fused to a lacZ reporter. The chromophore 

phycocyanobilin (PCB) biosynthetic pathway was introduced into CP919 via the pPL-

PCB plasmid (obtained from J.C. Lagarias) (Gambetta and Lagarias, 2001), which was 

modified to replace the Kanamycin resistance with Ampicillin resistance. This plasmid 

contains a p15a origin of replication (ori). This plasmid contains the two-gene metabolic 

pathway pcyA and ho1 to convert heme to PCB under the control of a Para/lac promoter. 

The chimeric phytochrome was expressed from pPROTet (Clontech). This plasmid 

contains a Chloramphenicol resistance gene and a ColE1 ori, which is compatible with 

the p15a ori pPL-PCB plasmid. This plasmid also contains the tet promoter, which was 

used to constitutively drive the expression of the chimeric phytochromes (CP919 lacks 

the tetR gene).  All E. coli strains were grown in LB at 37°C. When used, antibiotics were 

at the following concentrations: Ampicillin (50 µg/mL), Chloramphenicol (34 µg/mL), 

Kanamycin (50 µg/mL).  

 

Bacterial Photography  

50 µl of a 5 ml overnight culture grown to saturation was used to inoculate 50 ml 

of LB plus 4% Seaplaque Agarose (Cambrex, Pittsburg, PA) with appropriate antibiotics 

at 40°C.  The LB agarose contained 15 mg of the LacZ substrate 3,4-

cyclohexenoesculetin-β-D-galactopyranoside (S-Gal) and 25 mg of ferric ammonium 

citrate (Sigma Aldrich, St. Louis MO).  The molten cells/media were poured into a flat-

surfaced mold, solidified, and grown at 37°C for 12 hours with the image projected onto 

the slab surface using a 100W mercury vapor lamp, and filtered through a red (632nm) 

band pass filter (NT43-185, Edmunds Optics, Barrington NJ).  The image was created 

using a 35mm slide as a stencil, and the image was focused using an adjustable lens.  The 

focused image was projected into the incubator and onto the agar slab surface.  The 
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projected image had power characteristics of 0.08-0.35 watts/cm2 from 640-680 nm 

(phytochrome activating range) as determined by an EPP2000C Concave Grating 

spectrometer (Stellarnet, Oldsmar, FL).  For laser repression, a 5 mW red laser diode with 

an output of 0.45 watts/cm2 from 640-680 nm and .0018 watts/cm2 from 715-755 nm was 

projected across the slab surface. 
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Appendix.  Selection of a Positive Feedback Circuit 

 

With the experience of 3.1c1 in hand, we modified our efforts to directly evolve 

an RNA-mediated positive feedback circuit in E. coli.  We did so by using kanamycin 

resistance to directly select for amplification of an IPTG input signal.  To optimize the 

likelihood of a successful selection we made two major changes.  First, we scrambled the 

RBS of our host vector pACYCDuet-1 so that there is no added translational burden to 

the host cells, and therefore stopping translation in cis does not bestow a selective 

advantage.  Second, we flanked our original hammerhead ribozyme library with cis-

cleaving hammerhead ribozymes, which will free the ribozyme library from its flanking 

RNA sequence.  This will aid in the selection of an RNA which functions in trans. 

 

We designed a selection plasmid using pACYCDuet-1 as the parental vector.  We 

cloned a library of 1.3x106 hammerhead variants into the pACYCDuet-1 vector under the 

T7 promoter and Lac operator.  In the second MCS of pACYCDuet-1 we cloned the 

kanamycin resistance gene (KanR) also under the control of T7 RNAP and LacI.  Our 

selection protocol is to plate the library alongside a negative control (a cis cleaving 

hammerhead ribozyme sequence on the same KanR-bearing plasmid) and to titrate in 

increasing amounts of IPTG.  We looked for a (presumably low) concentration of IPTG 

which supports little growth of a negative control ribozyme, but significant growth of the 

library.  Basal expression of any ribozyme variant which could feedback and cleave LacI 

mRNA would result in greater expression of KanR, and therefore greater growth than the 

negative control strain.   

 



Our LacI system provided enough “leaky” expression, i.e. expression in the 

absence of IPTG, that we were able to select variants in the absence of IPTG altogether.  

In the first round of selection, we plated 105 cells per kanamycin plate.  On the negative 

control plates an average of 12 colonies grew (n=4).  On the library plates approximately 

600 colonies grew (n=4).  This corresponds to a 50-fold selective advantage due to 

expression of the ribozyme library.  We are continuing the selection by increasing 

stringency (increasing kanamycin concentration), and screening with a secondary 

reporter, GFP, which is also controlled by LacI.  The round 1 selected library already 

displays significant positive feedback, as both growth and GFP levels are greater at the 

same IPTG concentration in the round1 cells as opposed to the negative control (Figure 

A-1).   

 

We have also begun to observe motifs have also begun to appear in the random 

regions.  We anticipate that this selection will yield a handful of active variants with one 

or two more rounds of selection and screening.  
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Figure A-1.  Positive feedback in a LacI regulated system.  Transcription of the ribozyme library and 
GFP are repressed by LacI.  Upon limited induction at 100uM IPTG, the round 1 selected library generates 
positive feedback, amplifying the IPTG input signal nearly 10-fold.   
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