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To investigate whether a commonmechanism
controls the change in airway shape in primary
and later branch generations during normal lung
growth, we examined L.L2, a left lateral second-
ary branch (31) (fig. S11, A to C). As in the control
primary branches, spindle orientation in wild-type
L.L2 was strongly biased toward low angles (fig.
S11D). Notably, as for the primary branch, the
fold-change r for L.L2 between ti (55 som) and
tf (60 som) predicted on the basis of the observed
spindle angle distribution closelymatched the mea-
sured value (fig. S11E).

Our analysis suggests that cell division in
airway epithelium may by default be oriented
longitudinally and ERK1/2 activity functions
as a switch to override the default orientation,
with the level of ERK1/2 activity determining
the probability that override will occur. Presum-
ably, ERK1/2 activity does not itself provide any
orientation cue but instead determines whether
or not a cell responds to such cues. The planar
cell polarity (PCP) pathway, which plays an im-
portant role in regulating mitotic spindle angle
distribution in other tissues (14, 32–34), may
provide these cues. However, as yet, there is no
evidence that PCP pathway genes function to
regulate airway shape or spindle orientation in
the lung. Indeed, these parameters were normal
in lungs from Vangl2Lp homozygotes (fig. S12).

The mechanism by which ERK1/2 signaling
influences spindle orientation remains to be de-
termined. Possibilities include effects on the cen-
trosomal components of the mitotic spindle, on
the cytoskeletal elements that control centrosome
position and spindle orientation, or on some as-
pect of cell behavior. Consistent with observa-
tions that cell movement in presomitic mesoderm
and limb bud is affected by ERK1/2 signaling
(35, 36), it is conceivable that high levels of sig-
naling cause mitotic cells to rotate within the

epithelium such that spindle angle with respect
to the airway longitudinal axis is altered.

The hypothesis that RAS-regulated ERK1/2
signaling influences airway shape change by reg-
ulating mitotic spindle angle distribution not
only explains the adverse effects on airway shape
of increasing ERK1/2 activity, but also posits a
role for ERK1/2 signaling in controlling nor-
mal airway shape change during development.
It is tempting to speculate that such a mechanism
also regulates epithelial tube shape changes in
other branched organs. Moreover, our data iden-
tify sprouty genes as key regulators that function
to ensure that the shape changes required for
normal development occur.
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Electrical Spiking in Escherichia coli
Probed with a Fluorescent
Voltage-Indicating Protein
Joel M. Kralj,1 Daniel R. Hochbaum,2 Adam D. Douglass,3 Adam E. Cohen1,4*

Bacteria have many voltage- and ligand-gated ion channels, and population-level measurements
indicate that membrane potential is important for bacterial survival. However, it has not been possible
to probe voltage dynamics in an intact bacterium. Here we developed a method to reveal electrical
spiking in Escherichia coli. To probe bacterial membrane potential, we engineered a voltage-sensitive
fluorescent protein based on green-absorbing proteorhodopsin. Expression of the proteorhodopsin
optical proton sensor (PROPS) in E. coli revealed electrical spiking at up to 1 hertz. Spiking was
sensitive to chemical and physical perturbations and coincided with rapid efflux of a small-molecule
fluorophore, suggesting that bacterial efflux machinery may be electrically regulated.

Bacterial membrane potential provides a
major component of the driving force
for oxidative phosphorylation, membrane

transport, and flagellar motion. Yet this voltage
is inaccessible to techniques of conventional elec-
trophysiology, owing to the small size of bacteria

and the presence of a cell wall. Little is known
about the electrophysiology of bacteria at the
level of single cells (1).

We developed a genetically encoded optical in-
dicator of membrane potential,Vm, in bacteria. The
starting protein was green-absorbing proteorho-
dopsin (GPR), a light-driven proton pump found in
bacteria in the ocean (2–4). In thewild, light-driven
transport of a proton through GPR changes the
color of the protein. We sought to run GPR back-
ward: to use Vm to reposition a proton, and there-
by to induce a color shift (5).

The dominant color-determining moiety in
GPR is the Schiff base (SB), which links the
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retinal to the protein core. When the SB was
protonated, the protein was pink and weakly
fluorescent in the near infrared; when the SB
was deprotonated, the protein was yellow and
nonfluorescent (fig. S1). We hypothesized that
a change in Vm could alter the local electro-
chemical potential of protons on the SB, and
thereby tip the acid-base equilibrium between
the fluorescent and nonfluorescent states (fig.
S2) (6). However, the pKa (acid dissociation
constant) of the SB was >12, indicating that
protons were bound too tightly to be removed
by physiological Vm. The mutant GPRD97N had a
SB pKa of 9.6, showed pH-dependent fluores-
cence (Fig. 1A), and also lacked light-induced
proton pumping (7), making it a promising can-
didate voltage sensor. We call GPRD97N a proteo-
rhodopsin optical proton sensor (PROPS).

Induced transmembrane voltage (ITV) (8) was
used to calibrate fluorescence versus Vm in intact
Escherichia coli expressing PROPS (6). Voltage
pulses were applied to field-stimulation electrodes
spanning a plate of cells. During the voltage pulse,
the depolarized end of each cell became transient-
ly bright, and the hyperpolarized end became
transiently dark (Fig. 1B), indicating a cytoplasm-
exposed SB (6). The fluorescence of PROPSwas
five times as bright at an induced Vm of +70 mV
than at −170 mV (Fig. 1C). The response to a volt-
age step occurred with a time constant of 4.7 ms
(Fig. 1D).

E. coli expressing PROPS were imaged at
the interface of a coverslip and an agarose pad
containingminimal medium. Unexpectedly, many
cells exhibited quasi-periodic cell-wide blinks in
fluorescence (Fig. 2 and movies S1 and S2). The
blinks occurred simultaneously over an entire cell,

Fig. 1. PROPS is a fluorescent indicator of bacterial membrane potential. (A) Fluorescence spectra of
purified PROPS as a function of pH, indicating titration of the Schiff base, with a pKa of 9.6 (versus >12 in
wild-type GPR). Peak emission at l = 710 nm, quantum yield 1.0 × 10−3. PROPS yielded 9.1 times as
many photons per molecule before photobleaching as did the GFP (green fluorescent protein) homolog
Venus (6). (Inset) Image of E. coli visualized via fluorescence of PROPS (scale bar, 5 mm). Cells were only
fluorescent in the presence of retinal (fig. S11). Expression at ~28,000 copies per cell had a minor effect
on growth rate in rich medium (6). Membrane fractionation yielded protein associated only with the inner
membrane (6). (B) Spatially resolved change in fluorescence in a single cell subject to ITV. Scale bar,
2 mm. Electrodes not shown to scale; actual spacing, 1.6 mm. (C) Comparison of pH- and voltage-
dependent fluorescence of PROPS. A change in membrane potential of 102 mV was equivalent to a
change in pH of 1 unit in its effect on fluorescence. The sensitivity was DF/F = 150% per 100 mV (6).
Error bars represent SEM. (D) Time course of the fluorescence response to positive and negative steps
in membrane potential. Data in (B) to (D) represent the average of 20 voltage pulses.

Fig. 2. E. coli expressing PROPS show transient flashes of flu-
orescence. (A) Dynamics of fluorescence intensity (I = 4 W/cm2)
of five single cells in a freshly grown sample under an agarose
pad containing minimal medium at pH 7.0. (B) Top: Simultaneous
recording of PROPS and pHluorin fluorescence in E. coli treated
with CCCP (50 mg/ml) during steps in pHo. Bottom: Intensities of
PROPS and pHluorin in a single cell during a blink, in the absence
of CCCP. (C) Simultaneous measurement of fluorescence (top) and
rotation (bottom) of a cell (strain JY29 DcheY) tethered by its
flagellum to a coverslip. Construction of the rotary kymograph is
described in (6).
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towithin the 10-ms time resolution of our imaging
system. Blinks were uncorrelated between neigh-
boring cells.

We observed a variety of blinking behaviors
within a nominally homogeneous population of
cells (Fig. 2A). Some cells were dark for many
minutes, blinked once, and then returned to dark-
ness; others had periods of quiescence punctu-
ated by bursts of blinking. Blinks had durations
from 1 to 40 s with rapid rise times followed by
slower decays. The intensity of blinks varied
within and between cells, but occasionally we
observed periodic bursts of blinking to the same
brightness. Some cells remained bright for many
minutes, and some remained dark. Many indi-
vidual cells exhibited different motifs at different
times. Blinking cells continued to grow and di-
vide when incubated in the dark at 35°C (fig. S3).

To determine whether blinks arose from fluc-
tuations in internal pH (pHi), we coexpressed the
cytoplasmic pH indicator super-ecliptic pHluorin
(9) and PROPS, and simultaneously observed the
fluorescence of both (Fig. 2B). The pHluorin in-
dicated intracellular pH at the single-cell level
with a response time of <1 s and a precision of
better than 0.1 pH units (6). During a blink, pHi

remained constant to within measurement pre-
cision (Fig. 2B and fig. S4). Thus, blinks did not
arise from fluctuations in pHi.

To determine whether the blinks arose from
electrical fluctuations, we used the torque of the
flagellar motor as an indicator of the protonmo-
tive force (PMF) (10). Cells of strain JY29 were
adhered to a coverslip by a single flagellum, and
wemonitored the blinking of PROPS and the rate
of rotation of the cell body simultaneously (6).
During a blink, the rotation slowed or stopped,
indicating that blinks coincided with a loss of PMF
(Fig. 2C, fig. S5, andmovie S3). The loss of PMF,
but stable pHi, during a blink implied that blinks
arose from electrical depolarization.

Lipophilic voltage-sensitive dyes (VSDs) did
not label blinking cells (6) and thus were unable

to provide independent confirmation that blinks
were electrical. Within a field of view containing
blinking and nonblinking cells, the VSDs only la-
beled nonblinking cells (fig. S6). The reason for
this heterogeneous labeling is unclear. Previous ef-
forts to useVSDs inE. coliwere unsuccessful (11).

We examined the effect of metabolic state on
blinking and pHi in cells coexpressing PROPS and
super-ecliptic pHluorin. Interruption of aerobic res-
piration caused blinking to cease and all cells to
become bright in the PROPS channel. This behav-
ior was seen for inhibition of the electron-transport
chain by exposure to intense violet light (Fig. 3A)
(12) or by removal of oxygen (Fig. 3B). Inhibition
of the F1–adenosine triphosphatase (ATPase) by
sodium azide (10mM, Fig. 3C) (13) and dissipation
of the PMF by carbonyl cyanide m-chlorophenyl
hydrazone (CCCP; 50 mg/ml, Fig. 3D) (14) in-
duced similar responses (movies S4 to S7). None
of these treatments affected the fluorescence of
purified PROPS. Thus, E. coli needed to be alive
and undergoing aerobic respiration to blink.

When the experiments above were performed
at pHi ≈ pHo (external pH; corresponding to pHo =
8.3, fig. S7), the perturbations induced minimal
change in pHi (Fig. 3). At other values of pHo, the
perturbations caused gradual equilibration of pHi

with pHo, indicating a failure of pH homeostasis
(fig. S8).

The intensity of the red laser used to image
PROPS affected the shape and frequency of the
blinks. At higher illumination intensity the blinks
were briefer and more intense, and came in more
regular and higher-frequency pulse trains (Fig. 3,
E and F). The mechanism by which illumination
enhanced blinking is not known; but we note that
E. coli contain endogenous chromophores in their
electron transport chain with absorption through-
out the visible spectrum (15). Heating by the im-
aging laser is expected to be negligible (6).

Fig. 3. Single-cell responses to metabolic pertur-
bations. Fluorescence of pHluorin and PROPS were
recorded simultaneously to indicate responses of
pHi and Vm, respectively. (A) Violet light (100 W/cm

2).
Leakage of the violet light into the pHluorin and
PROPS channels prevented acquisition of data dur-
ing the perturbation. (B) Removal of oxygen. (C)
Sodium azide (10 mM). (D) CCCP (50 mg/ml). Scale
bars in (A) apply to data in (A) to (D). Colored bars
indicate duration of the perturbation. (E) Blinking
of E. coli expressing PROPS as a function of illumi-
nation intensity. (F) Blinks became more preva-
lent (blue) and shorter (red) at higher illumination
intensity. Error bars represent SEM. Between 114
and 211 cells were analyzed at each intensity.

Fig. 4. Blinks are accompanied by efflux of a cat-
ionic dye. (A) Simultaneous measurement of fluo-
rescence from PROPS and TMRM. Blinks in PROPS
(red) coincided with sudden drops in concentration
of TMRM (green). (B) Cells not expressing PROPS
showed stepwise efflux of TMRM, suggesting that
electrical spiking occurred in the absence of PROPS.
(C) Model for voltage-regulated cationic efflux. The
resting potential of −80 to −120 mV is necessary
for metabolism, but opposes cationic efflux. Tran-
sient depolarization lowers the barrier to efflux.
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The enhancement of blinking by increased
laser power suggested that blinking might form
part of the stress response mechanism in E. coli.
We thus tested whether blinking was associated
with cationic efflux, another important mech-
anism of stress response.

We observed surprising dynamics of a cationic
membrane-permeable dye, tetramethyl rhodamine
methyl-ester (TMRM), in blinking E. coli. As ex-
pected for this Nernstian voltage indicator (16),
TMRM gradually accumulated in the cytoplasm
over ~10 min. However, blinks in PROPS fluo-
rescence coincided with precipitous stepwise drops
in TMRM fluorescence that showed little or no
recovery after the blink (Fig. 4A). The duration of
the step in TMRM fluorescence coincided with the
duration of the blink: At moderate intensities of
red illumination (I = 10 W/cm2) steps lasted less
than 200 ms, whereas under little or no red
illumination steps typically lasted several seconds
(fig. S9). Stepwise disappearance of TMRM was
also observed in cellswithout the PROPS plasmid,
when only dim green illumination was used to
image the TMRM (30 mW/cm2; Fig. 4B and fig.
S10). The duration of these steps was comparable
to that of steps in cells with PROPS under dim red
illumination (2 W/cm2). The rapid disappearance
of TMRM during a blink suggested an active-
transportmechanism.Dissipation ofVm lowers the
thermodynamic barrier to cationic efflux (Fig. 4C)
(6). A concurrent dissipation of Vm and increase in
membrane permeability would be sufficient to
induce cationic efflux. PMF-dependent efflux of
other cationic dyes has been observed in E. coli
(17) in population-level assays that are insensi-
tive to the dynamics of individual cells.

Bacterial electrophysiology is likely to differ
in several key regards from its eukaryotic version
due to the comparatively small surface area, yet
high surface-to-volume ratio found in bacteria.
With a typical membrane capacitance between
10−14 and 10−13 F, a single ion channel with a
conductivity of 100 pS can alter the membrane
potential with a time constant of 10−3 to 10−4 s. In
contrast, neurons only fire through the concerted
action of a large number of ion channels. Thus,
bacterial electrophysiology is likely to be domi-
nated by stochastic opening of individual ion
channels and pores. Additionally, the ionic com-
position of bacteria is less robust than that of
eukaryotes. A bacterium with a volume of 1 fl and
a cytoplasmic Na+ concentration of 10 mM con-
tains only ~107 ions of Na+. A single ion chan-
nel passing a current of 2 pA can deplete this
store in less than 1 s. These simple estimates show
that some of the tenets of neuronal electrophys-
iology may need rethinking in the context of
bacteria.
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Precise Manipulation of Chromosomes
in Vivo Enables Genome-Wide
Codon Replacement
Farren J. Isaacs,1*†‡ Peter A. Carr,2,3*‡§ Harris H. Wang,1,4,5,6* Marc J. Lajoie,1,7 Bram Sterling,2,3

Laurens Kraal,1 Andrew C. Tolonen,1 Tara A. Gianoulis,1,6 Daniel B. Goodman,1,5 Nikos B. Reppas,8

Christopher J. Emig,9 Duhee Bang,10 Samuel J. Hwang,11 Michael C. Jewett,1,12

Joseph M. Jacobson,2,3 George M. Church1,6

We present genome engineering technologies that are capable of fundamentally reengineering genomes
from the nucleotide to the megabase scale. We used multiplex automated genome engineering (MAGE) to
site-specifically replace all 314 TAG stop codons with synonymous TAA codons in parallel across 32
Escherichia coli strains. This approach allowed us to measure individual recombination frequencies, confirm
viability for each modification, and identify associated phenotypes. We developed hierarchical conjugative
assembly genome engineering (CAGE) to merge these sets of codon modifications into genomes with 80
precise changes, which demonstrate that these synonymous codon substitutions can be combined
into higher-order strains without synthetic lethal effects. Our methods treat the chromosome as
both an editable and an evolvable template, permitting the exploration of vast genetic landscapes.

The conservation of the genetic code, with
minor exceptions (1), enables exchange of
gene function among species, with viruses,

and across ecosystems. Experiments involving

fundamental changes to the genetic code could
substantially enhance our understanding of the
origins of the canonical code and could reveal
new subtleties of how genetic information is en-

coded and exchanged (1, 2). Modifying the ca-
nonical genetic code could also lead to orthogonal
biological systems with new properties. For in-
stance, a new genetic code could prevent the cor-
rect translation of exogenous genetic material
and lead to the creation of virus-resistant orga-
nisms. Additionally, a recoded genome could en-
hance the incorporation of unnatural amino acids
into proteins, because existing suppressor sys-
temsmust compete with native translation factors
(3–5).

The construction of a new genetic code re-
quires methods to manipulate living organisms
at a whole-genome scale. Such methods are only
now becoming attainable through the advent of
advanced tools for synthesizing, manipulating,
and recombining DNA (6). This has led to a num-
ber of impressive genome-scale studies, which
include removing transposable elements (7), re-
factoring phage genomes (8), genome merging
(9), whole-genome synthesis (10), and transplan-
tation (11). Whole-genome de novo synthesis of-
fers the ability to create new genomes without a
physical template. Its main limitations are the cost
of accurate in vitro DNA assembly and introduc-
tion of synthetic DNA into organisms (12). For
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