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Abstract: Chemotactic bacteria navigate their chemical environment by coupling sophisticated information
processing capabilities to molecular motors that propel the cells forward. The ability to reprogram bacteria
to follow entirely new chemical signals would create powerful new opportunities in bioremediation,
bionanotechnology, and synthetic biology. However, the complexities of bacterial signaling and limitations
of current protein engineering methods combine to make reprogramming bacteria to follow novel molecules
a difficult task. Here we show that by using a synthetic riboswitch rather than an engineered protein to
recognize a ligand, E. coli can be guided toward and precisely localized to a completely new chemical
signal.

Introduction motor312|n the absence of a chemical gradient, individgal
coli execute a random walk characterized by smooth runs
punctuated by tumbles that often result in a change of
direction!=3 When a cell moves up a chemoattractant gradient,
the flagellar motor preferentially rotates counterclockwise,
resulting in less frequent tumbling and longer runs toward the
attractant; when the chemoattractant concentration becomes
gonstant the cell resumes a random wafimilarly, when a

cell moves down a chemoattractant gradient, the tumbling
frequency increases. A defining featuretf coli chemotaxis
is that individual cells do not simply respond to the absolute
concentration of a stimulus at a given time. Rather, individual
E. coli cells integrate the concentration of a chemical stimulus
over a -3 s period and migrate up attractant gradients by
adjusting the frequency of tumbling based on the concentration
differences between these time points.

In principle, bacteria can be programmed to respond to a new
chemical signal by engineering an existing chemoreceptor
protein to recognize a new ligand. Although coli have only
5 chemoreceptor proteins, they perform chemotaxis toward
greater than 30 compound#dicating that some chemorecep-
tors recognize multiple compounds. A recent effort to engineer
the Tar (aspartate) receptbproduced relatively modest changes
in ligand specificity, consistent with the tendency of engineered

Chemotactic bacteria navigate complex chemical environ-
ments by coupling sophisticated information processing capa-
bilities to powerful molecular motors that propel the cells
forward1—3 A general method to reprogram the ligand sensitivity
of the bacterial chemo-navigation system would enable the
production of cells that autonomously follow arbitrary chemical
signals, such as pollutants or disease markers. Equipping bacteri
that can degrade pollutarftsynthesize and release therapetftics,
or transport loadswith the additional ability to localize to a
specific chemical signal would open new frontiers in bioreme-
diation, drug delivery, and synthetic biology. For example, such
cells could be engineered to follow specific pollutants in soil
and to degrade them. Alternatively, such cells could be
engineered to selectively target small-molecule signals of
disease, thus providing a powerful drug-delivery system.
However, the complexity of the bacterial chemosensory system
makes reprogramming a cell to follow a completely new
chemical signal a formidable challenge.

Escherichia colrecognize chemoattractants using five trans-
membrane receptor proteins, which cluster with one anbtHer
and interact with a set of well-characterized cytosolic proteins
to effect changes in the directional rotation of the flagellar
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Figure 1. (Top) Proteins involved in wild-typ&. coli chemotaxis. The direction of rotation of the flagellar motor is controlled by the protein CheY. When
CheY is not phosphorylated, the flagellar motor rotates counterclockwise (CCW). When CheY is phosphorylated (CheY-P), it can bind to thedtagellar m
protein FliM, causing the cell to tumble. Wild-tyf& coli can migrate on semisolid agar (top right; cells grown for 10 h at@)7 (Bottom) Cells lacking
the protein CheZ (strain RP1616) cannot dephosphorylate CheY-P and these cells tumble incessantly (bottom right; cells grown for’ Q). Catr®6n

adapted from ref 34.
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Figure 2. Model for how the theophylline-sensitive synthetic riboswitch controls the translation of the CheZ protein. In the absence of theophylline (left),
the mRNA adopts a conformation in which the ribosome binding site is paired and translation of CheZ is inhibited. In the absence of CheZ, the protein
CheY-P remains phosphorylated and the cells tumble in place. In the presence of theophylline (shown in red), the mRNA can adopt a conformation in which

the ribosome binding site is exposed and CheZ is expressed, thus allowing the cells to run and tumble. Model adapted from ref 28.

signaling network’ Thus, engineering cells to follow a new
stimulus presents a difficult molecular recognition problem.

anisms ofE. coli chemotaxis. The signal transduction pathway
that converts ligand binding by the chemoreceptors into a change

Faced with these challenges, we sought to bypass thein the rotational direction of the flagellar motor is comprised
chemoreceptors entirely by developing an effective, generic of 6 chemotaxis proteins (Che A, B, R, W, Y, and%)The

approach to reprograis. colito detect, follow, and localize to

chemoreceptors interact with CheB, R, and W, which col-

a new chemical signal. Over 40 years of genetics and biochem-lectively control the autophosphorylation rate of CheA, which
istry research has provided remarkable insight into the mech-in turn phosphorylates the protein CheY. CheY controls the
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rotational direction of the flagellar motor. When CheY is
phosphorylated (CheY-P), it binds to the flagellar switch protein
FliM and induces the flagellum to rotate clockwise (CW), which
causes the cell to tumble. Smooth swimming is restored by the
phosphatase CheZ, which dephosphorylates CheY-P and causes
the flagellum to rotate CCW (Figure 1, tof. colilacking the
cheZ gene QAcheZ, strain RP1616) cannot dephosphorylate
CheY-P, tumble incessantly, and are thus nonmotile (Figure 1,
bottom). Previous studies have shown that inducing the expres-
sion of CheZ can restore motility in a CheZ knockout strain by
reactivating wild-type chemotaxig§.20

We anticipated that using a ligand-inducible expression
system to control the production of CheZ would enable us to
guide cells toward higher concentrations of a new ligand in a

(34) Bren, A.; Eisenbach, Ml. Bacteriol.200Q 182 6865-6873.
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< o0 . o 0B fashion. Here we show that a synthetic riboswitch can ghide
0.01 0.1 1 10 coli toward a new, nonmetabolized ligand without protein
Concentration (mM)

engineering. These reprogrammed cells migrate preferentially
Figure 3. (a) Migration of reprogrammed cells on semisolid mediainthe up a ligand gradient and have the unique ability to localize to

absence or presence of theophyliine (2 mM). (b) Migration radius of 5 gpecific chemical signal, which enables precise spatial
reprogrammed cells as a function of ligand concentration. All cells were

grown on semisolid media for 10 h at 3C; uncertainties in measurement patterning. We ajmiCiPate that_ the aPi“ty to engineer _C_e”S_ to
are smaller than the symbols. follow new chemical signals will provide new opportunities in
bioremediation and synthetic biology.

Results and Discussion

10 mm

Becausék. colilacking a single gene in the signaling pathway
(strain RP1616AcheZ tumble incessantly and are essentially
nonmotile (Figure 1,botton),?® we first asked whether a
synthetic riboswitch could restore ligand-dependent motility to
E. coliRP1616 by activating the translation of CheZ in response
to the alkaloid theophylline (Figure 2). Reprogramming a cell
to follow theophylline is a challenging test: Theophylline is
neither chemoattractive, nor extensively metabolized, and
because it is structurally dissimilar to natural chemoreceptor
Figure 4. Migration of reprogrammed cells plated at three locations on ligands, which are predominantly amino acids, dipeptides, and

semisolid media containing a theophylline gradient. The layering scheme sugars, it would be difficult to reengineer a chemoreceptor to
used to prepare the gradient and the theophylline concentrations are Sho""”'selectively bind it
cells were grown for 10 h at 37C. '

0 mM

process known as pseudota%ighis system would differ from Q @y
classicaE. colichemotaxis in that cell motility toward the new \N)ﬁ:N> \N)i’\g
ligand would be dictated by the absolute ligand concentration oél\N N o)\N N
at a specific time, rather than the concentration differences | |
between two points in time.

Key to these efforts is the development of a tunable ligand-
inducible expression system that can precisely control the To investigate ligand-inducible motility, we introduced the
production of the CheZ protein. Although a variety of bacterial cheZgene under the control of a theophylline-sensitive synthetic
expression systems are ligand-inducible, many of these, suchriboswitch intoE. coli RP1616 cells (hereafter referred to as
as thelac repressor and the araC transcriptional regulator, use “reprogrammed cells”), plated the reprogrammed cells onto
proteins to recognize ligands. Consequently, engineering thesesemisolid media containing various ligand concentrations, and
protein-based expression systems to respond to new ligandsmeasured their migration radius after 10 h (Figure 3a). The
presents many of the same challenges that make engineeringlistance that the cells migrated increased as a function of ligand
the chemoreceptor proteins difficult. In contrast to inducible concentration until reaching a maximum at 2 mM theophylline,
expression systems that use proteins to recognize ligandsafter which further concentration increases led to cell death
riboswitched?23control gene expression in a ligand-dependent (Figure 3b). When theophylline was replaced with caffeine,
fashion by using RNA aptamers to recognize ligands. Using which is structurally similar but does not bind to the ri-
powerful in vitro selection techniqué$;?® it is possible to boswitch?”-28the reprogrammed cells were nonmotile (Figure
generate aptamers that tightly and specifically recognize new 3b), demonstrating that motility changes are riboswitch-depend-
ligands without the need for a pre-existing RNA scaffold. ent.

We 2728and otherg?-31 have shown that a variety of aptamers ~ The increased migration of the reprogrammed cells at higher
generated by in vitro selection can be engineered into synthetictheophylline concentrations suggested that these cells might
riboswitches that regulate gene expression in a ligand-dependenpreferentially migrate up a theophylline gradient. To test this

caffeine theophylline
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Figure 6. (a) Fraction of the population of cells that is motile for reprogramn@dand wild-type cells®) as a function of the theophylline concentration.
(b) Average run speeds of the motile fraction of the reprogrammed @)lar(d wild-type cells®). (c) Average tumble frequencies of the motile fraction
of the reprogrammed cell®] and wild-type cells ©). Dashes indicate theophylline toxicity.

idea, we plated the reprogrammed cells at three locations on a .
semisolid media containing a theophylline gradient (Figure 4). ; Tryptone &,
Cells plated near the edges, where the local theophylline e I g "
concentrations are relatively constant, do not bias their move- : g: w—— :&
ment in a particular direction. In contrast, cells plated near the L O 5 4
center of the plate experience larger changes in theophylline -, Cells piated '°

concentration over a short distance and bias their migration LTS -
toward increasing theophylline concentrations. This behavior
is consistent with the data in Figure 3b, in which significant

changes in motility are observed in this concentration range.

Taken together, the data show that populations of repro-
grammed cells recapitulate many features of chemot&ctoli,
including the ability to migrate up a ligand gradient. However,
unlike wild-typeE. coli, which rarely stop moving, populations
of these engineered cells do not migrate in the absence of
theophylline. To investigate the mechanisms that influence cell
migration and to explain the phenotypic similarities and

. . AcheZ
differences between the reprogrammed cells and wild-Bpe i . » o . )
col,we assessed the abilty o these cells to perform chemotaxis e () Disgramof paes containing senisaid meda pattemed wit
toward a natural chemoattractant in the presence of theophylline,grown for 10 h at 37C. (b) Motility of wild-type cells expressing GFP.
as well as their ability to respond to various static concentrations (c) Motility of RP1616 AcheZ cells expressing a red fluorescent protein.
of theophylline in the absence of chemoattractant gradients. (d) Motility of reprogrammed cells expressing GFP.

To determine if theophylline restored chemotaxis toward various static theophylline concentratic®$3 Because rich
natural chemoattractants, we plated reprogrammed and wild-liquid media largely eliminates chemoattractant gradients, the
type cells onto semisolid minimal-media plates that presented effects of different theophylline concentrations can be studied
a gradient of the chemoattractantaspartate and a static independently of the gradient-induced chemotaxis that occurs
theophylline concentration (0 or 2 mM). As expected, repro- on semisolid media. The tracking data reveal that a prime
grammed cells do not perform chemotaxis toward aspartate indeterminant of the population behavior is a sharp concentration-
the absence of theophylline (Figure 5). When theophylline is dependent rise in the fraction of motile cells (Figure 6a). At
present, however, the reprogrammed cells perform chemotaxislow theophylline concentrations, most cells tumbled in place,
toward aspartate in a manner similar to wild-type cells. Taken consistent with the behavior of cells lacking CheZ. At higher
with the data in Figure 3b, these results indicate that the concentrations, a greater fraction of the population was motile,
reprogrammed cells exhibit stronger chemotaxis toward natural consistent with theophylline-induced expression of CheZ and a
chemoattractants at higher static theophylline concentrations,transition from a tumbling to a running phenotype. These
suggesting that the theophylline concentration may serve toobservations help explain both the theophylline-dependent
establish the steady-state tumbling frequency of these cells.increases in motility on semisolid media (Figure 3b) and the
Thus, chemo-navigation is achieved, in part, because thegradient-sensing behavior seen in Figure 4.
riboswitch acts as a molecular brake. In the absence of To test whether motile cells exhibit pseudotaxis toward
theophylline, the brake is engaged and the reprogrammed cellstheophylline, we determined the average maximum run speeds
tumble in place. Addition of theophylline releases the brake in (Figure 6b) and tumbling frequencies (Figure 6c) for the motile
a dose-dependent fashion by inducing the expression of CheZ,populations of the wild-type and the reprogrammed cells as a
which allows the cells to navigate gradients of natural chemoat- function of theophylline concentration. Although motile cells
tractants. from both strains showed modest theophylline-dependent changes

To investigate additional mechanisms influencing taxis, we in maximum run speed (Figure 6b), only the reprogrammed cells
used video microscopy to observe and track the motility of showed dramatic changes in tumbling frequency (Figure 6c).
individual reprogrammed cells in rich liquid media containing Whereas wild-typeE. coli maintain a steady-state tumbling

wild-type

reprogrammed
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frequency of approximately 0.5 5regardless of the absolute the displacement of a reprogrammed cell is proportional to the
concentration of a chemoattractahteprogrammed cells adopt  ligand concentration and cells that migrate the farthest are easily
lower steady-state tumbling frequencies at higher theophylline identified in large populations, we anticipate that motility-based
concentrations, which allows cells to migrate up theophylline screens using synthetic riboswitches may provide a powerful
gradients via pseudotaxis. and inexpensive technique to detect the production of small
Because reprogrammed cells migrate further at higher ligand molecules through biocatalysis.
concentrations and essentially stop migrating at low concentra- )
tions, we anticipated that these cells might also navigate pathsConclusion
containing the ligand. To test this idea, we plated cells onto | summary, we demonstrated th&t coli can be repro-
semisolid media patterned with the various compounds shown grammed to detect, follow, and precisely localize to a completely
in Figure 7a. Wild-type cells migrate radially without regard new chemical signal by using a synthetic riboswitch, rather than
for the patterned compounds (Figure 7b), whereas RP1616 cellsy protein, to recognize a ligand. These reprogrammed cells not
lacking the riboswitch are essentially nonmotile (Figure 7c). In only retain the gradient sensing behavior of chemotazticoli
contrast, the reprogrammed cells exclusively follow the theo- they also have the unique ability to localize to a specific
phylline-containing path and eschew the other paths (Figure 7d).chemical signal. Because ligand recognition in the repro-
This behavior is possible because, unlike wild-type coli, grammed cells is performed by RNA aptamers, which can be
reprogrammed cells become less motile as they move down agelected to recognize new compou#d and incorporated into
concentration gradient and, in the limit, are nonmotile. Thus, synthetic riboswitches using established metHdd¥, we
these cells have the unique ability to localize to a specific target, anticipate that it will be straightforward to reprogram bacteria
which may be particularly useful for targeting cells to a specific g follow a variety of new ligands for applications in bioreme-
disease site for applications in biomedicine. diation and medicine. This new ability to equip motile bacteria
The reprogrammed cells described here capture many of theyith a precise and tunable chemo-navigation system greatly

features displayed by naturally chemotactic bacteria such asenhances the impressive arsenal of natural and engineered cell
gradient sensing, but do so through different mechanisms. Unlike pehaviors.

natural chemotaxis in which cells detect gradients by integrating
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