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Abstract

Transcriptional repression is a common approach to control gene expression in synthetic biology
applications. Here, an engineered DNA binding protein based upon a transcription activator-like
effector (TALE) scaffold was shown to outperform Lacl in blocking transcription from a promoter
and to repress expression of a downstream gene in an operon.

Synthetic biology is a field that leverages recombinant DNA technologies to build novel
living systems useful for studying chemical production, biosensing, complex genetic circuits
and many other applications.! A typical synthetic biology design combines regulatory and
function-encoding DNA molecules to produce a desired phenotype in a model organism.
Optimal functionality of these synthetic systems often requires significant engineering to
achieve appropriate levels of gene expression for the artificial construct and the native gene
products with which it interacts. Currently, molecular tools are available for altering
prokaryotic gene expression at the transcriptional (e.g. promoter replacement, artificial zinc
fingers), posttranscriptional (e.g. anti-sense RNAs, RNA turnover), and translational (e.g.
initiation signals, codon optimization) levels. However, many of these tools work in ¢isand
are plagued by a limited number of compatible options, ease of implementation, and
unintended effects on native physiology. In order to build increasingly complex genetic
circuits and to optimize expression of native genes, new regulators, particularly those that
function in frans, are needed.

A new option has recently gained significant attention in controlling eukaryotic gene
expression. Virulence-effecting transcription activator-like effectors (TALES) are proteins
made by Xanthomonas bacterial species and injected into plants to increase susceptibility to
infection.2:3 The utility of these virulence effectors lies in the one-to-one binding
relationship between residues within the DNA-binding domain and a targeted DNA base
pair.

TALEs are composed of three sections: (i) a central tandem repeat domain that controls
binding to targeted sites, (ii) an N-terminal translocation signal, and (iii) a C-terminal region
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containing a transcriptional activation domain as well as a nuclear localization signal.*
Polymorphisms at specific locations within each repeat unit, referred to as repeat variable
diresidues (RVDs), are responsible for DNA nucleotide recognition.#> The amino acid
identity of the RVDs alone can be used to predict the corresponding DNA target sequence of
a TALE, and custom TALEs can be programmed to bind a user-defined sequence by simply
rearranging the order of the RVDs.6-8

Researchers are now harnessing the predictable one-to-one relationship between a repeat
unit and its target DNA base pair to design TALEs that reliably bind to user-defined DNA
sequences in yeast and mammalian cells,19 as well as nonnative sequences in plants,1! to
modulate gene expression and introduce mutations. Surprisingly, the utility of TALES as
transcriptional regulators in bacteria has yet to be explored. In this manuscript we compare
the performance of a synthetic TALE in repressing transcriptional initiation (Fig. 1a) and
elongation (Fig. 1b) in E. colirelative to a native regulatory protein that targets the same
DNA sequence. Our results provide evidence that TALES can be used as novel repressors of
gene expression in bacteria.

A common method of repressing gene expression in prokaryotes involves the binding of a
protein to a DNA sequence (a.k.a. operator) near or overlapping its promoter. This
interaction occludes recruitment of RNA polymerase and prevents transcription initiation,
thereby repressing gene expression. The reversible interaction between the Lacl repressor
protein and the /ac operator is the paradigm for transcriptional repression.12:13 We
developed a simple platform to compare the regulation using our designer TALE (referred to
subsequently as TALElacO1) relative to the natural Lacl repressor. The RVD sequence was
changed such that it would bind 18 base pairs of the /ac O operator (repeat position 0 binds
the requisite 5" thymine base pair) (Fig. 1c). Our platform uses two plasmids for studying
TALE-mediated gene repression: an expression vector for production of the TALElacO1 or
Lacl repressor, and a reporter plasmid incorporating the /ac operator to repress transcription
initiation or elongation of a fluorescent reporter protein (Fig. 1a and b).

To test repression of transcription initiation, a reporter plasmid (pCherAlacl) was
constructed with mCherry cloned downstream of the Lacl-regulated frc promoter. Cultures
(6 mL) of E. coliharboring the appropriate combinations of plasmids were grown in culture
tubes at 37 °C and sampled over time to measure optical density and red fluorescence. In the
absence of Lacl (pBT102 or “Empty”), a strong red fluorescent signal was observed (Fig. 2)
consistent with derepression of the #rc promoter and high-level expression of mCherry. As
expected, the presence of Lacl resulted in a significant loss of red fluorescence consistent
with repression of the #rc promoter by Lacl. Similarly, expression of TALE/acO1 nearly
abolished the red fluorescent signal, suggesting that the designer TALE was acting as
intended; presumably binding of the TALE to the /ac operator blocks promoter recognition
and prevents transcription initiation. Similar results were obtained when cultures were
spotted onto solid media containing isopropyl-p-o-1-thiogalactopyranoside (IPTG), a non-
metabolized mimic of allolactose. Consistent with culture tube results, cells expressing /ac/
in the presence of IPTG appeared red, whereas colonies expressing TALE/acO1 did not
show red fluorescence in the presence or absence of IPTG (Fig. S1, ESIF).

Collectively, these data suggest that the designer TALE was able to repress transcription
initiation in a manner analogous to the Lacl protein. By 24 hours, repression of mCherry by
TALEIlacO1 reduced red fluorescence by approximately two orders of magnitude. This
reduction was significantly greater than the corresponding reduction caused by Lacl (24 + 2
vs. 113 + 3 a.u.), suggesting that TALE mediated repression of transcription initiation was
more potent with this experimental setup.
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In E. coli, there are over 600 predicted operons in which multiple genes are co-transcribed
from the same promoter.14 Tools to differentially regulate expression of genes within an
operon can be used to control the ratio of proteins while maintaining on-off regulation from
an inducible promoter.15 It is not known if £. coli regulates gene expression via binding of
proteins to sequences within structural genes or in intergenic spaces of operons. This
strategy is however used by Saccharomyces cerevisiae wherein the DNA-binding protein
Rap1p blocks elongation by causing RNAPII to prematurely terminate transcription.18
Analogously, we hypothesized that artificial transcription factors, such as TALEs, could be
designed to bind within ORFs or intergenic regions to fine tune gene expression in synthetic
biology applications. Previous research suggests that this strategy could work in
prokaryotes, as RNAP is known to stall at roadblocks formed by protein-bound DNA.17

To test our hypothesis, a reporter plasmid, pMP1, was constructed to express a synthetic
operon of genes encoding red (dsRed, 5”) and green (gfp“¥, 3”) fluorescent proteins with an
intergenic /ac operator (Fig. 1b). A plasmid without the intergenic /ac O (p70RG)1° served
as a control. We hypothesized that expression of Lacl or TALElacO1 would reduce the ratio
of GFP to RFP fluorescence relative to the controls (p70RG or de-repression of Lacl by
IPTG).

Plasmid combinations were co-transformed into MG1655 A lac/ AaraBAD and 6 mL
cultures were grown in tubes at 37 °C. The optical density and fluorescence were measured
at 6, 8, and 10 hours after inoculation. The ratio of GFP to RFP fluorescence observed at the
8-hour time point was representative of all measurements (Fig. 3 and Fig. S2, ESIt).
Expression of /ac/ or TALE/acO1 in strains containing the pMP1 reporter plasmid resulted
in a reduction of the GFP to RFP ratio relative to controls (~1.5- to 2-fold). Conversely, the
ratio was unchanged in strains harboring p70RG. The GFP to RFP fluorescence ratio was
restored in the presence of IPTG for strains expressing /ac/ and pMP1. As expected, the
presence of both Lacl and TALEIlacO1 reduced green fluorescence. Unexpectedly, the
presence of Lacl (but not TALElacOL1) also increased the level of red fluorescence by an
unknown mechanism (Fig. S2, ESIt). Together, these data confirm that relative protein
expression can be altered (reversibly with Lacl) by DNA binding proteins.

While the small decrease in relative expression was statistically significant, the data
confirms that repression of transcription elongation by protein roadblocks is not absolute
and that transcriptional read-through does occur (Fig. S2, ESIt). This sharply contrasts with
the repression of initiation strategy, where expression of TALElacO1 strongly reduces red
fluorescence by ~300-fold relative to the de-repressed promoter. This difference in potency
is not surprising as RNA polymerase has been shown to by-pass protein roadblocks /n
vitro” Further exploration of the variables in this system (e.g. # of operator sites, TALE
affinity, inducible binding, RNA turnover) could lead to the development of design rules for
controlling ratios of gene products.

TALEs are likely to become increasingly popular tools for synthetic biologists due to their
specificity, predictable code, and modular design. While this study employed a simplistic
plasmid-based system for examining TALE-mediated gene repression, the true potential of
TALEs lies in their ability to bind any DNA sequence, enabling custom TALEs to target any
chromosomal sequence and evoke changes in gene expression. This proof-of-concept study
sets the stage for a more in depth examination of TALEs as artificial transcription factors in
prokaryotes. Varying degrees of transcription repression could be achieved by altering the
affinity of the TALE for its target sequence by: (1) reducing the number of repeat domains;8
(2) scrambling the RVD sequence to reduce specificity; and (3) introducing multiple TALEs
that bind adjacent DNA sequences. Perhaps the most intriguing and powerful use of TALESs
lies in the opportunity to engineer these proteins to not only repress, but also activate gene
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expression in bacteria. In combination with TALE repressors, a user may be able to turn a
series of genes “on” and “off” in a predictable fashion. In conclusion, the demonstration of
site-specific and modular transcriptional repression by TALEs opens the door to use this
platform to make more complex genetic circuits for the fields of bacterial genetics,
physiology, and synthetic biology.
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Fig. 1.

Cartoons of the systems used to investigate designer TALES as repressors of £. coli
transcription. (a) A model for examining TALE-mediated repression of transcription
initiation. (b) A model for studying TALE-mediated repression of transcription elongation.
Abbreviations: Amp® = ampicillin resistance gene (B-lactamase), Kar® = kanamcyin
resistance gene (neomycin phosphotransferase 1), ori = origin of replication, RBS =
ribosome binding site. (c) An alignment of the 17.5-mer RVD sequence of the TALE
construct (TALEIlacOl) to the 21-bp lac operator. Amino acids for each RVD are in single
letter format.
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Fig. 2.

TALEIlacO1 represses expression of mCherry viainhibition of transcription initiation.
Expression of TALE/acO1 or /aclresults in a reduction of red fluorescence intensity relative
to the empty vector over time.
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Fig. 3.

TALEIacO1 and Lacl inhibit transcription elongation from an operon, reducing expression
of gfp”Y (GFP) relative to dsRed (RFP). Data shown corresponds to 8 hours following
inoculation.
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