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Many applications of synthetic biology require the balanced expression of multiple 

genes, and operons are convenient for coordinating the expression of two or more genes in 

prokaryotes and eukaryotes.  Unfortunately, it is difficult to coordinate the many post-

transcriptional processes that determine the relative levels of gene expression in operons 

through a priori design.  We describe here a novel method for tuning the expression of 5 

multiple genes within operons by generating libraries of Tunable InterGenic Regions 

(TIGRs) by recombining various post-transcriptional control elements and screening for 

the desired relative expression levels.  TIGRs were employed to vary the relative expression 

of two reporter genes over a 100-fold range and to balance expression of three genes in an 

operon encoding a heterologous, mevalonate biosynthetic pathway, resulting in a seven-fold 10 

increase in production.  We anticipate that this technology will be generally useful for 

tuning expression of multiple genes in synthetic operons, both in prokaryotes and 

eukaryotes. 

The synthesis of natural or unnatural products in microorganisms usually involves the 

introduction of several genes encoding the enzymes of a metabolic pathway1, 2.  In order to 15 

produce these molecules at commercially relevant levels, the genes need to be expressed in a 

coordinated fashion at appropriately balanced levels to avoid bottlenecks in the biosynthetic 

pathway that result in suboptimal yields and can lead to the accumulation of potentially toxic 

intermediates.  Similarly, the introduction into a cell or manipulation of multi-subunit proteins 

(e.g., F1F0-ATPase, proteosomes, ion channels, etc.) usually involves coordinated expression of 20 

several genes to produce the subunits at the appropriate stoichiometries3.     

Unfortunately, it is challenging to simultaneously control and balance the expression of 

several genes to achieve optimal function.  Not only is it difficult to predict the specific activities 
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of every enzyme in a pathway, heterologous genes may contain rare codons or RNase sites that 

limit their expression.  As such, it is nearly impossible to predict the necessary strengths of the 

promoters and ribosome binding sites (RBSs) required to balance expression of multiple genes.  

Compounding this prediction problem is the general lack of tools to simultaneously balance and 

coordinate the expression of several genes.  The lack of well-controlled, well-characterized 5 

biological components for pathway construction is one of the key drivers for the new area of 

synthetic biology4. 

Grouping multiple, related genes into operons, as is done naturally in prokaryotes5, is a 

convenient means for regulating several genes simultaneously without the need for multiple 

promoters.  Internal ribosomal entry sequences (IRESs) from eukaryotic viruses and host stress 10 

response pathways perform a similar function and have been harnessed to create operons for 

heterologous expression of genes in eukaryotes6-9.  With a single promoter controlling the 

transcription of several genes, relative expression of each open reading frame in the operon is 

controlled by altering post-transcriptional processes (transcription termination10, 11, mRNA 

stability12, 13, and translation initiation14-16.  Previous work has demonstrated that sequences 15 

inserted into the intergenic region (IGR) of bacterial operons can direct the processing and 

segmental stability of a transcript containing multiple coding regions17, 18.  This type of directed 

mRNA processing resulted in differential production of the proteins encoded in the operon 

depending on the nature of the IGR between the coding regions.   

One of the major obstacles to implementing this type of control is the difficulty in 20 

designing these control elements because of the many interrelated variables involved in 

transcription termination, mRNA stability, and translation initiation19.  While our previous 

work17, 18 demonstrated that it is possible to differentially control the protein levels encoded by 
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two or more genes in an operon using IGR sequences, it is difficult or impossible with the 

current state of knowledge to choose a priori the sequences that will balance expression of the 

genes in an operon.  Here, we demonstrate a method for simultaneously tuning the expression of 

several genes within operons by generating and screening through large libraries of Tunable 

InterGenic Regions (TIGRs) containing various control elements (mRNA secondary structures, 5 

RNase cleavage sites, RBS sequestering sequences, etc.).  An operon reporter system containing 

the genes encoding the red fluorescent protein DsRed (rfpEC)20, 21 and the green fluorescent 

protein GFP (gfpUV) was designed to facilitate high-throughput measurement of relative gene 

expression resulting from the libraries of TIGRs.   

A large library of TIGR sequences (>104) was assembled combinatorially from four sets 10 

of oligonucleotides using polymerase chain reaction (PCR).  Each oligonucleotide contained two 

15-nt sequences that hybridized to a corresponding sequence in the neighboring oligonucleotide, 

such that a series of chimeric DNA molecules containing oligonucleotides from each of the four 

sets was created after several rounds of PCR.  Between the hybridization sequences at either end 

of each oligonucleotide was a variable sequence that provided the diversity of features designed 15 

into the library. PCR amplification of this DNA pool with end-specific oligonucleotides enriched 

the population with full-length TIGRs containing a member from each set of oligonucleotides.  

Specific restriction sites incorporated into the amplification primers were used to clone the TIGR 

library between the two reporter genes.  

The TIGR pool that resulted from the assembly of the oligonucleotides was designed to 20 

contain three regions, two variable hairpin sequences flanking a single-stranded region 

incorporating various RNase E sites22, 23.  When transcribed, those TIGR sequences that 

contained a strong endonuclease site would be cleaved generating two secondary transcripts 
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whose stability could be individually modulated by the secondary structures flanking the RNase 

site17.  The TIGR sequences also incorporated mRNA secondary structures of various lengths, 

GC contents, asymmetries, and mismatched bulges.  Greater than 104 possible TIGRs were 

generated from the nine to eleven oligonucleotides in each of the four sets.  Inclusion of 

degeneracies in some of the oligonucleotides and the use of error-prone PCR conditions 5 

increased the number of possible sequence combinations but the actual size of the library was 

likely determined by the number of clones attained by electroporation. 

The described TIGR method utilized combinatorial assembly of oligonucleotides 

possessing various regulatory sequences to generate libraries of operons whose relative 

expression varied over a 100-fold range.  The sequences used in this study incorporated three 10 

mechanisms to control protein production: differential mRNA processing, premature 

transcription termination, and translation initiation inhibition.  These mechanisms are interrelated, 

and the effects of one can not be easily decoupled from the others19, making it nearly impossible 

to design de novo operons using these and other post-transcriptional regulatory mechanisms to 

coordinately regulate the expression of multiple genes.  The ability to access multiple regulatory 15 

mechanisms simultaneously without specific design is a major strength of the TIGR approach.  

By accessing multiple regulatory mechanisms the TIGR method was able to assemble an 

improved version of pBad33MevT that when expressed generated seven-fold more mevalonate.  

More importantly, the mechanisms behind the improved mevalonate production were 

counterintuitive.  Designed constructs may not have focused on reducing the expression of 20 

HMGS and tHMGR.  Nonetheless, this solution resulted in significant improvements in 

mevalonate production.  Most importantly, incorporation of this optimized operon into the strain 

engineered to produce artemisinin or its precursor (amorphadiene) could ultimately reduce the 



Pfleger et al. 

Page 6 

cost of the anti-malarial drug produced using this pathway.  Similarly, by using the same 

methods described above, it should be possible to control eukaryotic protein synthesis from 

operons by constructing TIGRs containing IRES elements and RNase sites, the combination of 

which will be very useful for the design of operons for pathway engineering, multi-subunit 

protein production, and gene therapy.  5 
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