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chilly peppers taste hot

Expression cloning of receptor cDNA

aicin receptor using calcium imaging.

ools of clones from a rodent dorsal root

VR1 and vanilloid receptor pharmacology

To compare the pharmacological properties of the cloned receptor
to those of native vanilloid sites in sensory ganglia, we expressed
VR1 in Xenopus oocytes and used whole-cell voltage-clamp analysis
to quantitatively examine the electrophysiological responses to a
variety of vanilloid agonists and antagonists. At negative holding
potentials, exposure to capsaicin or resiniferatoxin produced dosedependent inward current responses in VR1-expressing oocytes, but
not in water-injected control cells (Fig. 2a). As observed in sensory
neurons19,20, capsaicin-evoked current responses returned rapidly to
baseline after agonist removal, whereas resiniferatoxin responses
often failed to recover, even after a prolonged washout period.
Half-maximal effective concentrations for these agonists were
within an order of magnitude of those reported for native
vanilloid receptors8,13, with resiniferatoxin being approximately 20fold more potent than capsaicin (EC50 ¼ 39:1 nM and 711.9 nM,
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The capsaicin receptor: a
heat-activated ion channel
in the pain pathway
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has led to its use as a high-affinity radioligand to visualize saturable,
capsaicin- and capsazepine-sensitive binding sites on nociceptors16.
A more detailed understanding of the molecular nature of
capsaicin action and its relationship to endogenous pain signalling
mechanisms might be obtained through the cloning of a gene
encoding a capsaicin receptor. To achieve this we used a functional
screening assay to isolate a cDNA clone that reconstitutes capsaicin
responsiveness in non-neuronal cells. The deduced amino-acid
sequence of this clone demonstrates that the capsaicin receptor is
an integral membrane protein with homology to a family of putative
cap
cap + RR
store-operated calcium channels. The cloned receptor seems to be
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Pain is initiated when the peripheral terminals of a subgroup of
sensory neurons are activated by noxious chemical, mechanical or
thermal stimuli. These neurons, called nociceptors, transmit information regarding tissue damage to pain-processing centres in the
spinal cord and brain1. Nociceptors are characterized, in part, by
their sensitivity to capsaicin, a natural product of capsicum peppers
that is the active ingredient of many ‘hot’ and spicy foods. In
mammals, exposure of nociceptor terminals to capsaicin leads
initially to excitation of the neuron and the consequent perception
of pain and local release of inflammatory mediators. With prolonged exposure, nociceptor terminals become insensitive to capsaicin, as well as to other noxious stimuli2. This latter phenomenon
of nociceptor desensitization underlies the seemingly paradoxical
use of capsaicin as an analgesic agent in the treatment of painful
disorders ranging from viral and diabetic neuropathies to rheumatoid arthritis3,4. Some of this decreased sensitivity to noxious stimuli
may result from reversible changes in the nociceptor, but the longterm loss of responsiveness can be explained by death of the
nociceptor or destruction of its peripheral terminals following
exposure to capsaicin2,5.
The cellular specificity of capsaicin action and its ability to evoke
the sensation of burning pain have led to speculation that the target
of capsaicin action plays an important physiological role in the
detection of painful stimuli. Indeed, capsaicin may elicit the
perception of pain by mimicking the actions of a physiological
stimulus or an endogenous ligand produced during tissue injury6.
Although the excitatory and neurotoxic properties of capsaicin
have been used extensively to define and study nociceptive
neurons, its precise mechanism of action has remained elusive.
Electrophysiological7,8 and biochemical9 studies have shown that
capsaicin excites nociceptors by increasing the permeability of the
plasma membrane to cations, but the molecular mechanism underlying this phenomenon is unclear. Proposed models range from the
direct perturbation of membrane lipids by hydrophobic capsaicin
molecules10 to the activation of a specific receptor on or within
sensory neurons6. Because capsaicin derivatives show structure–
function relationships and evoke responses in a dose-dependent
manner11,12, the existence of a receptor site represents the most likely
mechanism. This model has been strengthened by the development
of capsazepine, a competitive capsaicin antagonist13, and by the
discovery of resiniferatoxin, an extremely potent capsaicin analogue
from Euphorbia plants that mimics the cellular actions of
capsaicin14,15. The potency of resiniferatoxin at nanomolar quantities
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Capsaicin, the main pungent ingredient in ‘hot’ chilli peppers, elicits a sensation of burning pain by selectively
activating sensory neurons that convey information about noxious stimuli to the central nervous system. We have used
an expression cloning strategy based on calcium influx to isolate a functional cDNA encoding a capsaicin receptor from
sensory neurons. This receptor is a non-selective cation channel that is structurally related to members of the TRP
b in the noxious
family of ion channels. The cloned capsaicin receptor is also activated by increases in temperature
range, suggesting that it functions as a transducer of painful thermal stimuli in vivo.
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cDNA VR1, for vanilloid receptor subtype 1.

The lack of specific information regarding the molecular structure
of capsaicin receptors prompted us to adopt a functional screening
strategy for isolating candidate cDNA clones. A mammalian cell
expression cloning strategy was devised on the basis of the ability of
capsaicin to trigger robust calcium influx into sensory neurons in
vitro9,17. We reasoned that a capsaicin receptor-encoding cDNA
might confer upon non-neuronal cells a similar ability to undergo
increases in intracellular free calcium upon exposure to capsaicin,
assuming that capsaicin acts at a proteinaceous site and that a single
cDNA can confer sensitivity to capsaicin in a heterologous context.
Because capsaicin responsiveness seems to be confined to nociceptive neurons with cell bodies that reside within sensory ganglia5, a
cDNA library was constructed from dorsal root ganglion-derived
messenger RNA. This library was subdivided into pools of approximately 16,000 clones, and each pool was transiently transfected into
human embryonic kidney-derived HEK293 cells. Transfected cells
were then loaded with the fluorescent calcium-sensitive dye Fura-2
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Figure 2 VR1 responds to purified vanilloids and pepper extracts. a, Activation of

curve is shown to the right (n ¼ 4 independent oocytes for each point). Current

VR1 by capsaicin and resinferatoxin. Left, agonists were applied sequentially to

responses were normalized to that elicited by capsaicin alone in each oocyte.

the same Xenopus oocyte expressing VR1. Membrane currents were recorded in

(0.6 mM, open diamond). Current tracing at bottom left shows reversible block of a

the whole-cell voltage-clamp configuration. Bars denote duration of agonist

capsaicin (0.6 mM)-evoked response by ruthenium red (RR; 10 mM). Slash marks

application. Right, concentration–response curve for capsaicin (filled squares)
Figure 1 Expression cloning of a capsaicin receptor using calcium imaging.

denote washout periods of 2 and 12 min, respectively (n ¼ 3). c, Responses to

HEK293 cells transiently transfected with pools of clones from a rodent dorsal root

and resiniferatoxin (open circles). Membrane currents were normalized in each

capsaicin (10 mM) and extracts derived from four varieties of peppers in oocytes

oocyte to a response obtained with 1 mM capsaicin and expressed as a percent of

expressing VR1 (30 s application). Bottom right, relative potencies of each pepper

maximal response to capsaicin. Each point represents mean values (6s.e.m.)

extract are plotted (mean 6 s:e:m:, n ¼ 3). Values were normalized in each cell to

ganglion (DRG) cDNA library were subjected to microscopic fluorescent calcium
imaging before (left) and during (right) treatment with 3 mM capsaicin. Cells

transfected with vector alone (pCDNA3; top) exhibited no response to capsaicin.
Between 1% and 5% of cells transfected with pool 11 exhibited marked increases

in cytoplasmic calcium (middle, arrowheads). This pool was iteratively subdivided

from five independent oocytes. The Hill equation was used to fit the response

and reassayed until a single positive clone (VR1) was isolated (bottom). Elevated

relative calcium concentrations are indicated by an increased ratio of Fura-2

data. b, Antagonism by capsazepine (cpz) and ruthenium red (RR). Current tracing

water-injected cells. Reported pungencies for pepper varieties (in Scoville units)

at top left shows reversible block of capsaicin (cap; 0.6 mM) response by

are: Habanero (H), 100,000–300,000; Thai green (T), 50,000–100,000; wax (W),

emission at 340 versus 380 nm wavelength excitation (see colour bar).
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Capsaicin, the main pungent ingredient in ‘hot’ chilli peppers, elicits a sensation of burning pain by selectively
activating sensory neurons that convey information about noxious stimuli to the central nervous system. We have used
an expression cloning strategy based on calcium influx to isolate a functional cDNA encoding a capsaicin receptor from
sensory neurons. This receptor is a non-selective cation channel that is structurally related to members of the TRP
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Cones

Bipolar cells
Amacrine cells

Direct (cone)
Pathway

Gap junctions

wavelength range:
350-700nm
Figure 4. Overlapping circuits in the rabbit retina. Rod and cone inputs
converge on cone
Indirect (rod) pathway

Retinal ganglion cell

bipolar cells, with cones taking a direct route and rods an indirect route through rod bipolar
cells and AII amacrine cells. AII amacrine cells form gap junctions with each other and with
cone bipolar cells; these gap junctions (among others) are regulated by sensory input and
neuromodulation (image modified from [46]).

Think again

and satiety are complex
hat are represented by
uromodulators. In Drosophila,
causes the release of neuro(NPF) and short NPF in
ory antennal lobe, which
presynaptic neurotransmitter
m the olfactory neurons and
food search during starvation
. Fly feeding and satiety are
with an antagonistic neuroy signal, the secretion of
ated peptides that suppress
on of the sNPF receptor in
neurons [41]. Antagonistic
neuromodulators are also
with feeding and satiety in
where local peptidergic
n in the hypothalamus interong-range peptide signaling

Rods
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C. elegans neuron network
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simple systems: unicellulars

cAMP source
cAMP receptor
downstream signalling
controlling motility

10 µm
Dictyostelium chemotaxis

Stimulus sensing and processing
simple systems: unicellulars

cAMP gradient
up and down

Dictyostelium chemotaxis
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simple systems: unicellulars

Dictyostelium chemotaxis

Stimulus sensing and processing
simple systems: uni/multicellulars

slugs are phototactic
single cells are not

light
Dictyostelium phototaxis:
an emerging property for Ncells>100

Bacterial Chemotaxis
Salmonella Typhimurum
and bad
Stimulus
sensingmeets
andgood
processing
bacterial chemotaxis
From B.A. Rubik and D.E. Koshland, PNAS 75:2820-2824, 1978
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Stimulus sensing and processing
E. coli chemotaxis
Bacteria monitor
d[compund]/dt
Bacterial track (stereo image)

Isotropic: Run speed
= 20
um/sec,
freq.= 1/sec
run
speed
= tumble
20µm/s

frequency
d[attractant]/dt > tumbling
0: tumble freq.
< 1/sec
d[attractant]/dt < 0: tumble freq. > 1/sec

=1/s

tumbling frequency decreases with increasing [attractant]
signs reversed for repellents

Stimulus sensing and processing
E. coli chemotaxis

• Gradients sensed at 0.02µM/µm at 8mM aspartate
➡only 0.2% difference between front and back!
➡5% difference during a 20µm run

• Cells respond over an enormous range of concentrations
• No inertia, in motion only when the motor runs (Re<<1)

Stimulus sensing and processing
StructureE.ofcolithe
machinery 3
chemotaxis

Counter-Clockwise = swim straight, bundled flagella

Clockwise = tumble, separate flagella

CheY-P binding to motor -> CW rotation

↑Repellent -> ↑CheA-P -> ↑CheY-P -> ↑ CW

↑Attractant -> ↓CheA-P -> ↓CheY-P -> ↓CW
Alberts et al. Mol Biol Cell 3rd Ed.
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about 0.6 tumbles per s to repellent (50 mM L-leucine). b,

Figure 1 Tumbling frequency as a function of time for wild-type (RP437) cells.

tumbling frequency of unstimulated cells (open squares, rig

Circles: cells stimulated at time t à 0 by mixing with saturating attractant (1 mM L-

adaptation time to a step-like stimulation with 1 mM L-aspa

aspartate). Squares: unstimulated cells (mock-mixed with chemotaxis buffer).

scale). Solid circle, wild-type strain (RP437 + pHSG57

14

Tumbling frequency was determined using computerized video tracking . Each

frequency of RP4968 + pHSG575. Lines are guides to th

22). Previous experiments (4–6) reported
in vitro kinase activity measurements (12)
much lower values for the Hill coefficient,
reinforced the hypothesis that the entire pool
ranging from 3.5 to 5.5. To explain this disof CheY molecules is phosphorylated in the
crepancy, one should note that previous attransformed PS2001 strain (4).
tempts to characterize flagellar motors were
Cell bodies were immobilized and specifmade by averaging the protein concentrations
ically attached onto microscope slides so that
over cell populations. This averaging effecsome of the flagella were free to rotate. Rotively smoothed out the characteristics of motating flagella were marked with latex mitors, leading to lower values of the Hill cocrobeads to visualize their rotation with a
efficient (23).
dark-field illumination. The CW bias was
Schematic
view ofthe
theswitching
experimental appaWe(A)
measured
independently
obtained from analysis of video recordings Fig. 1.
ratus.
We
modified
an
inverted
Zeiss
microscope to
frequency between CW and CCW states (Fig.
(Fig. 1A).
perform
FCS
measurements
on
individual
2B). It was peaked strongly around [CheY-P]cells. The cell
An apparatus based on the fluorescence
1
was
its flagellaforonto a microDepartments of Physics and of Molecular Biology,
#3specifically
"M, about attached
the same by
concentration
correlation spectroscopy (FCS) technique
2
scope
slide. A 0.5-!m latex bead (Polyscience), atPrinceton University, Princeton, NJ 08544, USA. Dewhich the CW bias is equal to 0.5.
(14–18), mounted on an inverted microscope
partment of Microbiology and Infectious Diseases,
tached
to a flagellum with rabbit antibodies to flagellin,
The uniformity of the motor characteristic
(Fig. 1A), allowed us to measure in vivo the
of Calgary, Calgary, Alberta, Canada T2N
is used as University
a
marker
to
visualize
a
free
rotating
flagellum.
The
CW
bias
was
computed
as
the
ratio
of
the
time spent in CW to the total time duration.
4N1.
suggests that some of the structural features
concentration of proteins fused to GFP and to
The FCS technique allowed us to measure GFP-taggedmonitor
protein behavioral
concentration
in
the
same
bacterium.
The
fluctuations
of the total fluorescence intensity
of the motors may be rather tightly regulated.
cellular characteristics
*To whom
be addressed.
Ewere processed
in correspondence
real time byshould
a correlator
(ALV-5000/E)
that provided an autocorrelation function (14). CCD, charge-coupled device. (Inset) A
mail: phcluzel@phoenix.princeton.edu
Physiological measurements of the behavior
(CW bias). We focused the incident excitaE. coli is propelled by several flagella.
Each flagellum rotates under the action of a
rotary motor (8). When motors rotate counterclockwise (CCW), the flagella form a bundle and the bacterium swims smoothly (9);
when motors rotate clockwise (CW), the bundle flies apart and the bacterium tumbles in
an erratic fashion. Tumble events randomize
the cell trajectory, and the modulation of their
occurrence allows bacteria to perform chemotaxis by swimming toward attractants or

E. coli chemotaxis
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dark-field illumination (red light) was used to record the rotation of a single flagellum of a bacterium attached
R E P to
O aR cover
T S slip. For clarity, only three
images, 1/15 s apart, were superimposed to show the circular trajectory of the bead. [When a bead was attached to several flagella, its trajectory was
1652 circular and it moved erratically.3 Here,
MARCHthe
2000
287rotating
SCIENCE
www.sciencemag.org
no longer
beadVOL
was
CCW,
a state corresponding to smooth swimming (9)]. (B) tion
Typical
laser beam onto a small volume of the
autocorrelation function measured for diffusing CheY-P–GFP molecules in a single cell. The amplitude of the autocorrelation function at the intercept
cell and collected, in a confocal geometry, the
with the vertical axis is inversely equal to the number of molecules (N) in the detection volume. We fit this function (continuous red line) withfluorescence
G(t ) "
light emitted by the GFP mole1/N[1 # (4Dt/$2)]%1, which describes two-dimensional translational diffusion (15). D is the diffusion constant of the fluorescent molecules, t is the
cules.
Because
the fluorescence intensity did
time variable, and 2$ " 0.3 !m is the diameter of the detection volume in our experimental configuration; one molecule in this volume represented
not depend on the position of the illumination
a concentration of 44 nM. The autocorrelation functions were measured from acquisitions of 7 s. The average diffusion constant of the cytoplasmic
2 %1
spot, we supposed that the expression of
CheY-GFP fusion, evaluated from this fit, was 4.6 & 0.8 !m s (16). (Inset) A typical calibration curve, providing a linear relation between
concentration of CheY-P–GFP and the fluorescent light intensity for five individual cells. Protein concentrations on this curve were obtained with
the
CheY-GFP
was homogenous within a single
FCS technique. We then used the calibration curve to convert fluorescence intensity into GFP concentration in those cells whose flagellar rotation
was
cell. We obtained absolute concentration of
monitored. This method reduced the photobleaching of GFP by measuring
the fluorescence intensity
for only 0.5 s (17).1
1
2

An Ultrasensitive Bacterial
Motor Revealed by Monitoring
Signaling Proteins in Single Cells
Philippe Cluzel, * Michael Surette, Stanislas Leibler

CheY-GFP fusion, with less than 15% error
in measured levels, by analyzing fluctuations
Understanding biology at the single-cell level requires simultaneous measureof the fluorescence intensity (Fig. 1B).
Fig. 2. (A) Characterisments of biochemical parameters and behavioral characteristics in individual
Bacteria PS2001 strain did not tumble;
tic response of individual motors as a funccells. Here, the output of individual flagellar motors in Escherichia coli was
motors were always in CCW state. Tumbling
tion of CheY-P conmeasured as a function of the intracellular concentration of the chemotactic
was restored when the CheY-GFP fusion was
centration. Each data
signaling protein. The concentration of this molecule, fused to green fluorescent
expressed from inducible plasmids (19). For
point describes a siprotein, was monitored with fluorescence correlation spectroscopy. Motors
a given concentration of inducer (isopropylmultaneous measurefrom different bacteria exhibited an identical steep input-output relation, sug!-D-thiogalactoside, IPTG), the cell-to-cell
ment of the motor
bias and the CheY-P
concentration [CheY-P] was widely distribgesting that they actively contribute to signal amplification in chemotaxis. This
concentration in an inuted around a mean value (ranging from 0.8
experimental approach can be extended to quantitative in vivo studies of other
dividual
bacterium.
to 6 "M), with the typical standard deviation
biochemical networks.
The CW bias was comof #24% of the mean. We used three IPTG
puted by analyzing
concentrations (0, 5, and 10 "M) to cover the
Biochemical networks have been the object
away from repellents (10). Specific receptors
video recordings for at
whole range of [CheY-P] to determine the
of intensive experimental and theoretical
detect changes of environmental chemical
least 1 min. We introduced the cheY-gfp
motor characteristics.
studies. The understanding of their functionconcentrations and send a signal through the
(13) fusion gene into
When the CW bias for individual cells
ing relies mainly on data collected from popchemotactic network to the flagellar motors.
the strain PS2001. It is
was plotted versus their internal [CheY-P]
ulations rather than from single cells (1).
CheY-phosphate (CheY-P) is the output of
believed that in this
(Fig. 2A), we found that the CW bias meaWhen phenotypic variability is observed,
the signal transduction network. CheY-P
strain, all CheY molesured from different cells, preinduced with
however, single-cell measurements become
binds preferentially to the motor (11), and the
cules are phosphorylated (12). Cells were
various inducer levels, fell onto the same
indispensable (2). Here, we present an experCW bias of the flagellar motors, that is, the
grown from an oversigmoid curve. When an induction process
imental method to correlate intracellular enfraction of time that a single motor spends
added. The dashed line shows the best fit obtained with a Hill function
night culture in tryptone broth at 30°C and then harvested (absorwas
followed for an individual cell, the aczyme
concentrations
with
behavioral (Hill
characrotating
direction,
with
coefficient
NH in
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" the
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ap-in (CW)
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(4).
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10
locked
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werethe
also observed to correlate (20). Thus,
proach
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hereF, was
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them
minimum medium
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to 25 !MThe
(27).experiment
(B) Switching
frequency,
measured
The second set of experiments was also performed to check whether

same cells as in (A). F was defined as the number of times that a

22). Previous experiments (4–6) reported
in vitro kinase activity measurements (12)
much lower values for the Hill coefficient,
reinforced the hypothesis that the entire pool
ranging from 3.5 to 5.5. To explain this disof CheY molecules is phosphorylated in the
crepancy, one should note that previous attransformed PS2001 strain (4).
tempts to characterize flagellar motors were
Cell bodies were immobilized and specifmade by averaging the protein concentrations
ically attached onto microscope slides so that
over cell populations. This averaging effecsome of the flagella were free to rotate. Rotively smoothed out the characteristics of motating flagella were marked with latex mitors, leading to lower values of the Hill cocrobeads to visualize their rotation with a
efficient (23).
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frequency between CW and CCW states (Fig.
(Fig. 1A).
perform
FCS
measurements
on
individual
2B). It was peaked strongly around [CheY-P]cells. The cell
An apparatus based on the fluorescence
1
was
its flagellaforonto a microDepartments of Physics and of Molecular Biology,
#3specifically
"M, about attached
the same by
concentration
correlation spectroscopy (FCS) technique
2
scope
slide. A 0.5-!m latex bead (Polyscience), atPrinceton University, Princeton, NJ 08544, USA. Dewhich the CW bias is equal to 0.5.
(14–18), mounted on an inverted microscope
partment of Microbiology and Infectious Diseases,
tached
to a flagellum with rabbit antibodies to flagellin,
The uniformity of the motor characteristic
(Fig. 1A), allowed us to measure in vivo the
of Calgary, Calgary, Alberta, Canada T2N
is used as University
a
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to
visualize
a
free
rotating
flagellum.
The
CW
bias
was
computed
as
the
ratio
of
the
time spent in CW to the total time duration.
4N1.
suggests that some of the structural features
concentration of proteins fused to GFP and to
The FCS technique allowed us to measure GFP-taggedmonitor
protein behavioral
concentration
in
the
same
bacterium.
The
fluctuations
of the total fluorescence intensity
of the motors may be rather tightly regulated.
cellular characteristics
*To whom
be addressed.
Ewere processed
in correspondence
real time byshould
a correlator
(ALV-5000/E)
that provided an autocorrelation function (14). CCD, charge-coupled device. (Inset) A
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Physiological measurements of the behavior
(CW bias). We focused the incident excitaE. coli is propelled by several flagella.
Each flagellum rotates under the action of a
rotary motor (8). When motors rotate counterclockwise (CCW), the flagella form a bundle and the bacterium swims smoothly (9);
when motors rotate clockwise (CW), the bundle flies apart and the bacterium tumbles in
an erratic fashion. Tumble events randomize
the cell trajectory, and the modulation of their
occurrence allows bacteria to perform chemotaxis by swimming toward attractants or

E. coli chemotaxis

Downloaded from www.sciencemag.org on August 27, 2013

Stimulus sensing and processing

dark-field illumination (red light) was used to record the rotation of a single flagellum of a bacterium attached
R E P to
O aR cover
T S slip. For clarity, only three
images, 1/15 s apart, were superimposed to show the circular trajectory of the bead. [When a bead was attached to several flagella, its trajectory was
1652 circular and it moved erratically.3 Here,
MARCHthe
2000
287rotating
SCIENCE
www.sciencemag.org
no longer
beadVOL
was
CCW,
a state corresponding to smooth swimming (9)]. (B) tion
Typical
laser beam onto a small volume of the
autocorrelation function measured for diffusing CheY-P–GFP molecules in a single cell. The amplitude of the autocorrelation function at the intercept
cell and collected, in a confocal geometry, the
with the vertical axis is inversely equal to the number of molecules (N) in the detection volume. We fit this function (continuous red line) withfluorescence
G(t ) "
light emitted by the GFP mole1/N[1 # (4Dt/$2)]%1, which describes two-dimensional translational diffusion (15). D is the diffusion constant of the fluorescent molecules, t is the
cules.
Because
the fluorescence intensity did
time variable, and 2$ " 0.3 !m is the diameter of the detection volume in our experimental configuration; one molecule in this volume represented
not depend on the position of the illumination
a concentration of 44 nM. The autocorrelation functions were measured from acquisitions of 7 s. The average diffusion constant of the cytoplasmic
2 %1
spot, we supposed that the expression of
CheY-GFP fusion, evaluated from this fit, was 4.6 & 0.8 !m s (16). (Inset) A typical calibration curve, providing a linear relation between
concentration of CheY-P–GFP and the fluorescent light intensity for five individual cells. Protein concentrations on this curve were obtained with
the
CheY-GFP
was homogenous within a single
FCS technique. We then used the calibration curve to convert fluorescence intensity into GFP concentration in those cells whose flagellar rotation
was
cell. We obtained absolute concentration of
monitored. This method reduced the photobleaching of GFP by measuring
the fluorescence intensity
for only 0.5 s (17).1
1
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CheY-GFP fusion, with less than 15% error
tight regulation
of CheY-P
in measured
levels, by analyzing
fluctuations
Understanding biology at the single-cell level requires simultaneous measureof the fluorescence intensity (Fig. 1B).
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= con10
measured as a function of the intracellular concentration of the chemotactic
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centration. Each data
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expressed from inducible plasmids (19). For
100%
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from different bacteria exhibited an identical steep
input-output relation, sug!-D-thiogalactoside, IPTG), the cell-to-cell
ment of the motor
bias and the CheY-P
concentration [CheY-P] was widely distribgesting that they actively contribute to signal amplification in chemotaxis.
This
(tumble)
in signaling
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experimental approach can be extended to quantitative in vivo studies of other
dividual
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video recordings for at
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added. The dashed line shows the best fit obtained with a Hill function
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10.3CW
& 1.1
and KM increases
" 3.1 !M).
Motors
were
tivity
in single cells.
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werethe
also observed to correlate (20). Thus,
proach
to incharacterize,
in Escherichia
coli,
described
hereF, was
de- from
!M) and then washed and resuspended
them
minimum medium
!.
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to 25 !MThe
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The second set of experiments was also performed to check whether

same cells as in (A). F was defined as the number of times that a
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Expectations are based on the information currently available, that
and is inferior to more active exploration—for example, systematic
is, the field Pt(r0) itself. The intuitive idea is that entropy decreases
search in a particular sector29.
(and thus information accumulates) faster close to the source
To balance exploration and exploitation, we propose the following
because cues arrive at a higher rate, hence tracking the maximum
‘infotaxis’ strategy. At each time step, the searcher chooses the dirrate of information acquisition will guide the searcher to the source
ection that locally maximizes the expected rate of information
much like concentration gradients in chemotaxis.
acquisition. Specifically, the searcher chooses, among the neighbour2 Suppose that the searcher has arrived
3
ing sites on a lattice and standing1still, the move that maximizes the
at r at time t, and gathered
Massimo
Vergassola , Emmanuel Villermauxinformation
& Borisis stored
I. Shraiman
expected reduction in entropy of the posterior probability field.
into the field Pt(r0) having entropy S. The
variation of entropy expected upon moving to one of the neighbouring points rj (or standing still) is:
!
"
! "
DS r.rj ~Pt rj ½{S"z
ð1Þ
"$# ! the
" source
! " location.
$ We
Chemotactic bacteria rely on local concentration gradients to # tion! about
1{Pt rj r0 rj DS0 zr1 rj DS1 z . . .
1
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The first term on the right-hand side corresponds to finding the
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using
formula
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probability
Pt(r00) ) for the unknown location of the
denoting the mean rate of hits at position r if the source is located
movement based on sporadic cues and partial information.
Here source r0 (see
Methods, and similar independent arguments in ref.
in r0 (see Methods). The symbols
DSk in equation (1) denote the
we propose a search algorithm, which we call ‘infotaxis’,
designed
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of as acquisition of information on source location; for
infotaxis, tocol depends of course on the nature of the detection events and the
by the k cues received. The first term on the right-hand side of
information plays a role similar to concentration in equation
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and
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to
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The infotaxis strategy locally maximizes the expected rate of experimental
time-course data for a mixing flow; and (2) a model
likelihood points. The second term on the right-hand side of equainformation gain. We demonstrate its efficiency usingtion
a computawheregain
detectable
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(1) is the information
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a 1,200
broadly in the context of searching with sparse information.
or estimated from experimental data for case (1), as detailed in
Supplementary Information. The latter method is quite general
Chemotactic search strategies based onAverage
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1,000 gradisearch time
PDF
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to be high enough to ensure that its and might be applied to other cases as well.
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Figure 1 | Typical infotactic trajectories. a, Without wind; b, with wind.
Simulations are performed for a model of odour spreading where detectable
‘particles’ are emitted at rate R, have a lifetime t, propagate with diffusivity D
(combining turbulent and molecular diffusion) and are advected by a mean
wind V. The wind in b is directed downwards. The greyscale represents the
mean detection rate, decaying exponentially at large distances. In each panel,
the searcher starts from the black filled triangle, the colour code on the
trajectories is linear in the elapsed time, and odour detections are indicated
by black filled circles. Note the long lags with no particle detections,
characteristic of searches in dilute conditions.
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Stress response
linearity, additivity, superposition principle

• if a process is linear, additive:

f(x1+x2+x3+...) = f(x1)+f(x2)+f(x3)+...
f(Σixi) = Σif(xi)

•

supposes no interaction between xi

•

that’s the simple case

•

widely applied (electronics, optics...) but valid only in a linear
response range (sometimes narrow range)

Stress response
stress combinations: additive or not???

• effect of Σ stress = Σ effect of stress?
• in general no: the example of drug
combinations
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Drugs are commonly used in combinations larger than two for
treating bacterial infection. However, it is generally impossible to
infer directly from the effects of individual drugs the net effect of
a multidrug combination. Here we develop a mechanism-independent method for predicting the microbial growth response to
combinations of more than two drugs. Performing experiments in
both Gram-negative (Escherichia coli) and Gram-positive (Staphylococcus aureus) bacteria, we demonstrate that for a wide range of
drugs, the bacterial responses to drug pairs are sufﬁcient to infer
the effects of larger drug combinations. To experimentally establish
the broad applicability of the method, we use drug combinations
comprising protein synthesis inhibitors (macrolides, aminoglycosides, tetracyclines, lincosamides, and chloramphenicol), DNA synthesis inhibitors (ﬂuoroquinolones and quinolones), folic acid synthesis
inhibitors (sulfonamides and diaminopyrimidines), cell wall synthesis inhibitors, polypeptide antibiotics,
C preservatives, and analgesics. Moreover, we show that the microbial responses to these
drug combinations can be predicted using a simple formula that
should be widely applicable in pharmacology. These ﬁndings offer

observed antagonism between DNA synthesis inhibitors and
protein synthesis inhibitors (8). On the other hand, combining
oﬂoxacin with trimethoprim completely eradicates growth
(growth < 0.01, compared with 0.18 expected from single drug
growth rates), consistent with previously reported synergy between trimethoprim and ﬂuoroquinolones (9). Finally, the combination of chloramphenicol and trimethoprim leads to a growth
rate of 0.16, slightly smaller than the 0.23 predicted from single
drug growth rates. The effects of all three pairs of drugs differ
signiﬁcantly from that predicted by multiplication of single drug
effects. Therefore, there is seemingly little hope that such an
assumption of independence will be useful when all three drugs
are combined and the chemical complexity of the problem is
increased. Surprisingly, the growth rate in the presence of all
three drugs (0.11) is equal to the product of single drug growth
rates, suggesting that the drugs act independently. Why have the
previously strong interactions
between drug pairs been elimiD
nated when the three drugs are combined, leading to a mixture
of effectively independent drugs? One hypothesis would be that
the net effect of the drug combination arises from compensatory

N=3

Stress response

d by calculating the expectation values of the product X1X2...×N. We ﬁnd that
mple algebraic expressions (SI Appendix).
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An Expanded Eukaryotic
Genetic Code

an arbitrary 21st amino-acid in
the genetic code

Jason W. Chin,* T. Ashton Cropp, J. Christopher Anderson,
Mridul Mukherji, Zhiwen Zhang, Peter G. Schultz†
We describe a general and rapid route for the addition of unnatural amino acids
to the genetic code of Saccharomyces cerevisiae. Five amino acids have been
incorporated into proteins efficiently and with high fidelity in response to the
nonsense codon TAG. The side chains of these amino acids contain a keto group,
which can be uniquely modified in vitro and in vivo with a wide range of
chemical probes and reagents; a heavy atom–containing amino acid for structural studies; and photocrosslinkers for cellular studies of protein interactions.
This methodology not only removes the constraints imposed by the genetic
code on our ability to manipulate protein structure and function in yeast, it
provides a gateway to the systematic expansion of the genetic codes of multicellular eukaryotes.

Although chemists have developed a powerful array of methods and strategies to synthesize and manipulate small-molecule structures (1), our ability to rationally control protein structure and function is still in its infan-
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Partially recoded
Forbidden codons

removed via CoS-MAGE

surrounding genomic DNA. Desired recombinants were detected by
polymerase chain reaction and then verified by Sanger sequencing. We found
that kanR (“kanR only”) could be inserted downstream of all genes except for
rplO without causing major deleterious effects. We attempted to replace all 42
natural genes with radically recoded versions (“Fully recoded”; blue rectangles
and triangles are recoded sequence). To coarsely map problematic design
elements in the failed cassettes, we prepared cassettes that preserved natural
sequence at the N terminus (“Partially recoded”; gray rectangles and triangles
are natural sequence). Finally, all remaining forbidden codons were recoded
with CoS-MAGE (green triangles) and confirmed with Sanger sequencing.
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Probing the Limits of Genetic
Recoding in Essential Genes
M. J. Lajoie,1,2* S. Kosuri,3* J. A. Mosberg,1,2 C. J. Gregg,1 D. Zhang,3 G. M. Church1,3†
Engineering radically altered genetic codes will allow for genomically recoded organisms that have
expanded chemical capabilities and are isolated from nature. We have previously reassigned the
translation function of the UAG stop codon; however, reassigning sense codons poses a greater
challenge because such codons are more prevalent, and their usage regulates gene expression in
ways that are difficult to predict. To assess the feasibility of radically altering the genetic code, we
selected a panel of 42 highly expressed essential genes for modification. Across 80 Escherichia coli
strains, we removed all instances of 13 rare codons from these genes and attempted to shuffle all
remaining codons. Our results suggest that the genome-wide removal of 13 codons is feasible;
however, several genome design constraints were apparent, underscoring the importance of a
strategy that rapidly prototypes and tests many designs in small pieces.

T

he canonical genetic code is nearly universal (1), allowing natural organisms to
share beneficial traits via horizontal gene
transfer. Genetically modified organisms also
share this code, rendering them susceptible to
viruses and capable of releasing recombinant
genetic material [e.g., resistance genes (2)] into

the environment. By redefining the genetic code,
we hope to produce genomically recoded organisms (GROs) that are safe and useful.
In separate work, we have completely reassigned the UAG codon in Escherichia coli
MG1655 (3). UAG was chosen for its rarity and
simplicity of function, but our results (3) reinforce
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assettes were recombined into EcNR2 {E. coli MG1655
7 N(cro-ea59)::tetR-bla] DmutS::cat} using l Red (26),
e selected on kanamycin. Putative recombinants were
of primers: Wild-type primers (gray) hybridize specifically
quence, mutant primers (blue) hybridize specifically to
uence, and boundary primers (black) hybridize to the

Partially recoded
Forbidden codons

removed via CoS-MAGE

surrounding genomic DNA. Desired recombinants were detected by
polymerase chain reaction and then verified by Sanger sequencing. We found
that kanR (“kanR only”) could be inserted downstream of all genes except for
rplO without causing major deleterious effects. We attempted to replace all 42
natural genes with radically recoded versions (“Fully recoded”; blue rectangles
and triangles are recoded sequence). To coarsely map problematic design
elements in the failed cassettes, we prepared cassettes that preserved natural
sequence at the N terminus (“Partially recoded”; gray rectangles and triangles
are natural sequence). Finally, all remaining forbidden codons were recoded
with CoS-MAGE (green triangles) and confirmed with Sanger sequencing.

Protein expression:
the translation code

www.sciencemag.org

SCIENCE

VOL 342

18 OCTOBER 2013

361

Probing the Limits of Genetic
Recoding in Essential Genes
M. J. Lajoie,1,2* S. Kosuri,3* J. A. Mosberg,1,2 C. J. Gregg,1 D. Zhang,3 G. M. Church1,3†

the code is flexible...
what does that imply??

Engineering radically altered genetic codes will allow for genomically recoded organisms that have
expanded chemical capabilities and are isolated from nature. We have previously reassigned the
translation function of the UAG stop codon; however, reassigning sense codons poses a greater
challenge because such codons are more prevalent, and their usage regulates gene expression in
ways that are difficult to predict. To assess the feasibility of radically altering the genetic code, we
selected a panel of 42 highly expressed essential genes for modification. Across 80 Escherichia coli
strains, we removed all instances of 13 rare codons from these genes and attempted to shuffle all
remaining codons. Our results suggest that the genome-wide removal of 13 codons is feasible;
however, several genome design constraints were apparent, underscoring the importance of a
strategy that rapidly prototypes and tests many designs in small pieces.

T

he canonical genetic code is nearly universal (1), allowing natural organisms to
share beneficial traits via horizontal gene
transfer. Genetically modified organisms also
share this code, rendering them susceptible to
viruses and capable of releasing recombinant
genetic material [e.g., resistance genes (2)] into

the environment. By redefining the genetic code,
we hope to produce genomically recoded organisms (GROs) that are safe and useful.
In separate work, we have completely reassigned the UAG codon in Escherichia coli
MG1655 (3). UAG was chosen for its rarity and
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Daniel B. Goodman,1,2,3 George M. Church,1,2* Sriram Kosuri1*
Most amino acids are encoded by multiple codons, and codon choice has strong effects on protein
expression. Rare codons are enriched at the N terminus of genes in most organisms, although
the causes and effects of this bias are unclear. Here, we measure expression from >14,000 synthetic
reporters in Escherichia coli and show that using N-terminal rare codons instead of common ones
increases expression by ~14-fold (median 4-fold). We quantify how individual N-terminal codons
affect expression and show that these effects shape the sequence of natural genes. Finally, we
demonstrate that reduced RNA structure and not codon rarity itself is responsible for expression
increases. Our observations resolve controversies over the roles of N-terminal codon bias and
suggest a straightforward method for optimizing heterologous gene expression in bacteria.
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odon usage is biased in natural genes and
can strongly affect heterologous expression
(1). Many organisms are enriched for poorly
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increased translational efficiency (2, 4, 6). Most organisms also display reduced mRNA secondary
structure at the N terminus (7), and studies using synthetic codon gene variants have resulted in conflicting theories on which mechanisms are causal for
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codon usage on a complex phenotype and organismal fitness. Our

expressed genes

, thereby increasing their CAI values from 0.60 to

Protein expression:
the translation code
the 3rd base is the most flexible: an
ancestral doublet code?

strong codons vs weak codons

old amino-acids vs new amino-acids
the genetic code is the product of Evolution

Protein expression:
the translation code

• 64 codons for 20 amino-acids
➡few exceptions
➡manipulable

• redundancy and codon bias
➡how does redundancy affect expression efficiency?
➡is the code optimal? how was it selected for?

