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Circadian oscillators are posttranslationally regulated and affect gene expression in autotrophic cyanobacteria.
Oscillations are controlled by phosphorylation of the KaiC protein, which is modulated by the KaiA and KaiB proteins.
However, it remains unclear how time information is transmitted to transcriptional output. We show reconstruction
of the KaiABC oscillator in the noncircadian bacterium Escherichia coli. This orthogonal system shows circadian os-
cillations in KaiC phosphorylation and in a synthetic transcriptional reporter. Coexpression of KaiABC with additional
native cyanobacterial components demonstrates a minimally sufficient set of proteins for transcriptional output
from a native cyanobacterial promoter in E. coli. Together, these results demonstrate that a circadian oscillator is
transplantable to a heterologous organism for reductive study as well as wide-ranging applications.

Circadian oscillators regulate metabolic and behavioral changes in an-
ticipation of day-night variations in environmental conditions and are
shared by organisms across the tree of life (1). In the cyanobacterium
Synechococcus elongatus, a well-studied system for circadian rhythm
regulation, changes in the phosphorylation state of KaiC are coordinated
with diurnal cycles. During the day, KaiA promotes the autokinase ac-
tivity of KaiC, resulting in phosphorylated KaiC at subjective dusk. At
night, KaiB antagonizes the activity of KaiA, promoting the autophos-
phatase activity of KaiC and returning KaiC to the unphosphorylated state
again at subjective dawn (Fig. 1A) (2, 3). These changes drive correspond-
ing oscillations in gene expression. The KaiABC system has been recon-
stituted in vitro, and phosphorylation of KaiC oscillates in this minimal
system (4). These findings suggest that the cyanobacterial oscillator could
function when heterologously expressed in other organisms, which would
have practical applications as well as implications for the understanding
of oscillatory behavior evolution. Here, we demonstrate functionality of
the reconstructed Kai circadian oscillator in Escherichia coli, a gut bacteri-
um without its own native circadian rhythm.

When KaiABC is expressed in E. coli, KaiC phosphorylation is
regulated by KaiA and KaiB. To reconstruct the oscillator, we
expressed FLAG-tagged KaiC in an operon with KaiA and KaiB in
E. coli (fig. S1A). Phos-tag Western blot was used to visualize KaiC-
FLAG (Fig. 1, B to D, and fig. S2). Two protein bands at ~60 kD,
corresponding to the size of KaiC monomers, were observed (Fig.
1B). The upper band was phosphorylated KaiC (KaiC-P) because it
did not appear in a nonphosphorylatable mutant (S431A, T432A)
of KaiC (5) (Fig. 1B). Moreover, overexpression of KaiA resulted in a
higher proportion of phosphorylated KaiC (Fig. 1C; P < 0.05, Student’s ¢
test) as would be expected from the known function of KaiA (6) (Fig.
1A). We expressed kaiA and kaiBC under two distinct inducible pro-
moters and observed that phosphorylated KaiC dominates (63%) in
strains with high expression of KaiA and unphosphorylated KaiC dom-
inates (42%) in strains with no KaiA expression (Fig. 1C).

KaiC phosphorylation over time showed changes consistent with a
circadian rhythm. We assayed KaiC phosphorylation (KaiC-P) by
Western blot in a strain expressing KaiABC and quantified the ratio
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of phosphorylated KaiC to total KaiC by densitometry. After adeno-
sine triphosphate (ATP) deprivation by transient minimal medium shock
(at t = 0) to synchronize KaiC-P levels, we observed oscillations in KaiC-P
levels with a circadian period of about 24 hours for 3 days (Fig. 1D and
fig. S2A). Phosphorylation levels over time were analyzed using RAIN (7),
and circadian oscillations were shown to be statistically significant (P <
0.001). The proportion of unphosphorylated KaiC oscillated as well, but
in antiphase as expected (fig. S2B). Total KaiC expression showed no
oscillating trends over time (RAIN, P = 0.35) (fig. S2C), and control
strains expressing only KaiC without KaiA and KaiB showed increases
in KaiC-P levels over time but also showed no circadian trends (fig.
S3; RAIN, P > 0.99). Moreover, we compared the strength of circadian
periodicity at 24 hours between KaiABC clock strains and KaiC alone
control strains (Fig. 1E). To do so, we first conducted background sub-
traction of other periodicities outside of the circadian range (20 to 30
hours) (8) by bandpass filtering. We then performed Fourier analysis,
which allowed us to quantify the power of each trace at the circadian
period (24 hours) and make direct comparisons between Kai clock
and control strains. We found that the mean power at the 24-hour
period of KaiABC clock strains was significantly higher than that of
KaiC alone control strains (Fig. 1E; P < 0.05, Student’s ¢ test). These
results indicated that KaiC phosphorylation oscillations, which re-
quired the presence of KaiA and KaiB, were circadian with a period
of ~24 hours.

In order to affect cellular physiology, a posttranslational circadian
clock needs to be connected to transcriptional output. To do so, we
built a synthetic oscillator utilizing a modified bacterial two-hybrid
system (9, 10) (Fig. 2A). Phosphorylated KaiC has been shown to bind
more strongly than unphosphorylated KaiC to SasA, a downstream
component to the core KaiABC oscillator (11) (Fig. 2A, inset). This
property allowed us to build a synthetic transcriptional reporter of cir-
cadian state consisting of two binding partners: (i) full-length KaiC
C-terminally fused to the o subunit N-terminal domain of RNA poly-
merase (KaiC-oNTD) and (ii) full-length SasA C-terminally fused to
ACI protein (SasA-CI) (Fig. 2A and fig. S4). Only when the two fusion
proteins interact can they then bind to the promoter and activate
transcription of gfp.

Coexpression of the two binding partners, SasA-CI and KaiC-oNTD,
with the remaining components of the core KaiABC oscillator, KaiA
and KaiB, resulted in transcriptional outputs dependent on the pres-
ence of both binding partners as well as the phosphorylation state
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of KaiC. When compared to controls containing only KaiC-aNTD
or only SasA-CI, gene expression from the synthetic reporter
containing both fusion proteins was about threefold higher after
overnight induction (Fig. 2B), indicating that both binding partners
are necessary for reporter activation. A phosphomimic of KaiC
showed higher reporter output compared to nonphosphorylatable
KaiC, indicating that the KaiC phosphorylation state determines
reporter activity (Fig. 2C). We also observed that changes in SasA
phosphorylation could affect reporter output (fig. S5), but these
changes were not necessary; KaiC phosphorylation changes alone
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Fig. 1. Functionality of the core KaiABC oscillator in a heterologous
system. (A) Model for the phosphorylation state changes of KaiC through
the antagonistic activities of KaiA and KaiB. (B) Levels of phosphorylated
(-P) and unphosphorylated wild-type (WT) or nonphosphorylatable mutant
(S431A, T432A; “KaiC-unP mut”) of KaiC-FLAG protein when expressed with
KaiAB. Proteins were visualized by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) and immunoblotting (see Materials and Methods). The ratio of
phosphorylated KaiC to total KaiC is plotted. (C) Levels of phosphorylated
and unphosphorylated KaiC-FLAG, coexpressed with KaiB, with or without
KaiA overexpression (see Materials and Methods). The ratio of phosphoryl-
ated KaiC to total KaiC is plotted. The asterisk indicates higher proportion
of phosphorylated KaiC when KaiA is overexpressed (P < 0.05, Student’s t
test). (D) KaiC phosphorylation over time in E. coli coexpressing KaiA and
KaiB, after synchronization (t = 0 hours). The mean ratio of phosphorylated
KaiC to total KaiC across biological replicates, mean-normalized for each
time trace, is plotted. Circadian oscillations are statistically significant as
analyzed using RAIN (P < 0.001) (7). (E) Power of circadian periodicity of
KaiABC clock strains (red) and control strains expressing only KaiC (blue).
Traces produced by bandpass filtering for circadian periods (20 to 30
hours) followed by Fourier transform of time course data from biological
replicates are plotted (n = 3). Vertical line indicates frequency correspond-
ing to a 24-hour period. The asterisk indicates increased power of circadian
periodicity in KaiABC clock strains (P < 0.05, Student’s t test). Error bars, SEM
(n=3) (B to D).
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were sufficient to change reporter output. These results (Fig. 2, B
and C), together with our previous observation that KaiC phospho-
rylation state shows circadian oscillations (Fig. 1D), suggest that
KaiC circadian oscillations can be transmitted to a transcriptional
output using this synthetic reporter.

Indeed, the transcriptional reporter showed circadian behavior over
time; the synthetic circadian transcriptional system oscillated with a
~24-hour period (RAIN, P < 0.05, n = 3) for more than 3 days after
minimal medium synchronization (Fig. 2D and table S1). All biolog-
ical replicates showed this trend, although there was some variability
in phase and amplitude, likely due to a lack of redundant mechanisms,
such as those found in cyanobacteria (12, 13), to maintain robustness
and synchronization. Background reporter fluorescence alone showed
linear increases over time without any circadian periods (Fig. 2H). Fourier
analysis revealed a dominant frequency with a period between 20 and
30 hours (Fig. 2E). A negative control, consisting of a nonphosphoryla-
table mutant of KaiC with all other components remaining the same,
showed fluctuations in fluorescence but no dominant period (or peak
in the Fourier spectra) at 20 to 30 hours (Fig. 2, F and G).

Consistent with the observed population-wide circadian oscilla-
tions, we found that oscillations can also be observed at the single-cell
level. Cells were loaded in channels of a microfluidic device that only
retains and analyzes a single dividing “mother” cell and not its progeny
(14, 15) (Fig. 3, A and B, and movie S1). This device is open on one end
to the medium flowing across the bottom, perpendicular to the
channel (Fig. 3A). Daughter cells were washed away, whereas mother
cells were tracked across multiple cell divisions (Fig. 3A). Single-cell flu-
orescence time trace data (Fig. 3, B and C) were collected for both cir-
cadian circuit-containing cells and the corresponding control strains
containing reporter alone. As above, to examine the frequencies of in-
terest, we applied a bandpass filter to the data from both Kai cock and
control strains, only allowing for signals from circadian periodicities
of 20 to 30 hours (8) (Fig. 3D). Fourier analysis provided a quantitative
measurement of the strength at each frequency (power), which allowed
us to make direct comparisons between oscillation periods in Kai clock
and control strains. Kai clock strains showed an enrichment of high-
power signals with ~24-hour periods compared to controls, which still
show a small amount of power near this period, likely due to cellular
noise (Fig. 3E). In addition, the single-cell oscillations are sensitive to
the starting conditions for each cell. However, the overall distribution
of power of the circadian clock cells was greater than that of controls
(one-tailed, two-sample Kolmogorov-Smirnov test, P = 0.001) (Fig. 3E),
indicating that circadian oscillations at the population level are likely
a result of single-cell oscillations.

A posttranslational oscillation signal can be transmitted to a natu-
ral output by introducing additional Kai clock components and circadian-
responsive promoters from cyanobacteria into E. coli together with the
basic KaiABC system. Several proteins including RpaA, SasA, and
RpaB have been implicated in the transmission of the Kai signal (16-19).
We constructed E. coli strains (denoted “reporter + Kai clock”) con-
taining kaiABC in an operon driven by an arabinose-inducible pro-
moter; a synthetic operon containing components sasA, rpaA, and
rpaB driven by a lac promoter; and a fluorescent protein reporter driven
by one of three circadian-responsive promoters (18) from S. elongatus:
kaiBC, rpoD6, or sigF2 (fig. S1). Overnight induction in unsynchronized
cells resulted in reporter expression using each of the three promoters
(Fig. 4A). The kaiBC promoter (Py,;pc) showed the highest fold
change (7.6) between the reporter + Kai clock strain and a strain with
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only the reporter. In contrast, the same reporter driven by the promoter
of an E. coli housekeeping gene, ihfB, showed decreased expression
when coexpressed with the Kai clock and downstream components
(Fig. 4B), likely due to cellular burden when expressing heterologous
components. These results indicate that the Kai components are driving
reporter expression from cyanobacterial promoters in the heterologous
system.

Our system demonstrates the transplantability of the bacterial cir-
cadian oscillator and its potential for reengineering. Whereas existing
devices can program time delays (20) and produce cellular oscillators
with relatively short periods (2I), our oscillator has a period that matches
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the geophysical day-night cycle. We thereby improve the reach of
temporal circuits in synthetic biology to encompass a biologically rele-
vant periodicity. Recently, it has been shown that the disturbance of gut
microbiota circadian rhythms, which are dictated by feeding rhythms,
can result in host metabolic imbalances, such as obesity and glucose in-
tolerance (22). Modulation of gut microbes’ circadian rhythms through
engineering may therefore be a plausible strategy for the correction of
jet lag—induced dysbiosis. More broadly, our system will be pertinent as
a platform for a variety of biotechnological applications, such as auto-
mated daily drug delivery, circadian control in industrial microbial
processes, and treatment of circadian rhythm disorders (23, 24).

B _ C
S 400 = 80
< s
o 300 o 60
e 2
8 200 S 40
8 (7]
Q o
© 100 5 20
=) =]
QXX &S
) x\E;o =i @0 Q @\)
O O RT.ORK
O, OXOX {b\o ‘l“bo/\}
SO NN
&S &
&
&
4
F_ G x10 )
S 400| °Replicate 1 . 2 —ERepI!cate1
s *Replicate 2 F ~16f Replicate 2
Q 300 Replicate 3 ys 2., ; Replicate 3
§ 200 o = 0-8 :
g 100 w..\‘-\x_/r‘r % .
=4 Y ~ 004
u_s_ 0 e 0
0 12 24 36 48 60 72 84 96 1 2
Time (h) Frequency (Hz) x 107°
H —
g 800 « Replicate 1
o * Replicate 2
(0]
2 6007, Replicate 3
8 400
(7]
£ 200
L—f 0 12 24 36 48 60 72 84 96

Time (h)

Fig. 2. A synthetic transcriptional reporter of KaiC phosphorylation demonstrates circadian oscillations. (A) Schematic of the synthetic transcriptional reporter
of KaiC phosphorylation state. Expression of the green fluorescent protein (GFP) reporter is dependent on the interaction between KaiC, which is fused to the o subunit
of RNA polymerase N-terminal-domain (KaiC-aNTD), and SasA, which is fused to ACl binding protein (SasA-Cl). Inset: Thickness of arrows indicates differing binding
strength of phosphorylated and unphosphorylated KaiC to SasA. (B) OD-normalized fluorescent reporter output from strains with either binding partner alone or both
KaiC-oNTD and SasA-Cl. Error bars, SEM (n = 3). (C) OD-normalized fluorescent reporter output of interactions between phosphomimic KaiC (5431A, T432E; -P mut),
wild-type KaiC (WT), or a nonphosphorylatable mutant of KaiC (5431A, T432A; -unP mut) with WT SasA-Cl. Error bars, SEM (n = 3). (D to G) Background-subtracted and
OD-normalized time course fluorescence when coexpressing KaiC (D) or KaiC S431A T432A nonphosphorylatable mutant (F) with SasA fusion proteins and KaiAB.
Brackets indicate 24-hour periods. Statistically significant circadian oscillations were observed in (D) using RAIN (P < 0.05). Maximum power, shown by Fourier analysis
of (D) and (F), occurs at a period of ~24 hours in (E) and at periods of >30 and/or <20 hours in controls (G). Dashed line indicates a 24-hour period. t = 0 indicates
synchronization. (H) Background fluorescence, which was subtracted in (D) and (F), from a strain containing only the reporter and no clock components.
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Fig. 3. Single cells demonstrate oscillatory behavior. (A) Fluorescent cells
in channels in the microfluidic device (orange outline) with medium flowing
(gray arrows) across the base of the channels, allowing for long-term micros-
copy assay of single-cell fluorescence. (B) Fluorescent cells in one channel of the
microfluidic device at one time point (left). Kymograph shows fluorescence of a
single channel over time (right), after overnight induction and minimal medium
shock synchronization (at t = 0). Time interval, 1 hour. (C) Average fluorescence
of a single mother cell, grown as in (A) and (B), containing the synthetic reporter
and Kai clock components. (D) Bandpass-filtered (circadian periods of 20 to
30 hours) data from (B) to compare the strength of circadian periodicity
across multiple single-cell traces. (E) Fourier spectra of the time courses of
Kai clock strains (red, N = 65) or control strains containing only the reporter
(blue, N = 48), both filtered as in (D). Eleven percent of cells had a higher
power than the control cell with the highest power. Asterisk indicates that
the overall distribution of power of the circadian clock cells is greater than
that of controls (one-tailed, two-sample Kolmogorov-Smirnov test, P =
0.001). Black line indicates frequency corresponding to a 24-hour period.
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Fig. 4. KaiC transmits phosphorylation information to cyanobacterial
circadian promoters in E. coli. (A) Reporter fluorescence driven by cyano-
bacterial circadian-responsive promoters (kaiBC, rpoD6, or sigF2), with or
without the Kai clock components. (B) Reporter fluorescence driven
by E. coli housekeeping gene promoter, ihfB, with or without Kai clock
components. All measurements were taken after overnight induction. Error
bars, SEM (n = 3).

MATERIALS AND METHODS

Strains, plasmids, and growth conditions

The relevant plasmids and strains are presented in table S2. All plas-
mids were cloned using Gibson assembly (25) or restriction cloning.
All plasmids were verified by sequencing. Phosphomutants were con-
structed by mutating the phosphorylated residue to a glutamic acid to
mimic the constitutively phosphorylated state, or to an alanine to make
it nonphosphorylatable. All phosphomutants were constructed using
Q5 Site-Directed Mutagenesis kits following the manufacturer’s in-
structions (New England Biolabs). E. coli Top10 strain (Life Technol-
ogies) was used in all experiments with two exceptions. For constructs
with arabinose-inducible promoters, the strain used was DP10, a pre-
viously described TOP10 variant with regulatable control of pBAD (26).
MG1655 E. coli strain was used in single-cell experiments for ease of
loading and growth in the microfluidic chamber.

For KaiA overexpression, kaiA was driven by a pBAD promoter
and kaiBC was driven by pTET [aTc (400 ng/ml) induction]. Induc-
tion with 500 uM arabinose was used for overexpression of KaiA versus
0 uM arabinose induction for no overexpression. KaiC phosphorylation
reporter strains contained a synthetic interaction-dependent reporter,
KaiC-a N-terminal domain (aNTD), and SasA-ACIL To avoid SasA
being trapped in the phosphorylated state, RpaA and CikA, compo-
nents involved in the dephosphorylation of SasA, were expressed for
all time course experiments.

Unless otherwise stated, cells were grown in LB medium with appro-
priate antibiotics overnight; single colonies were picked into M9 minimal
medium with 0.4% glycerol, 0.1% casamino acids, antibiotics, and 500 LM
arabinose induction and/or 20 uM isopropyl-B-p-thiogalactopyranoside
induction, as necessary. All end-point measurements were taken after
overnight growth in induction medium.

Phos-tag SDS-PAGE and Western blot

Cell lysates were prepared by incubation in 3% SDS for 10 min at 100°C.
Prepared lysates were separated by SuperSep Phos-tag precast gels
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following the manufacturer’s protocol (Wako Chemicals). After four
washes (10 min each) in transfer buffer (0.025 M tris base, 0.192 M
glycine, 10% methanol) with 10 mM EDTA and one additional wash
in transfer buffer without EDTA, proteins were transferred onto poly-
vinylidene difluoride membranes using an iBlot Gel Transfer Device
and iBlot Gel Transfer Stacks (Life Technologies). After overnight block-
ing in 10% bovine serum albumin to reduce background binding, the
membranes were blotted using the SNAP-ID Protein Detection Sys-
tem (EMD Millipore) following the manufacturer’s instructions. Pro-
teins of interest were probed with anti-FLAG (Abcam, ab1238) or
anti-6xHis tag (Abcam, ab1187) antibodies, both used at a final dilution
of 1:10,000. Peroxidase conjugates were detected using SuperSignal
West Dura Extended Duration substrate (Thermo Scientific). Quantifi-
cation was performed in FIJI (27) using densitometry. The proportion
of KaiC phosphorylation was determined by normalizing the inten-
sity of the upper band (phosphorylated KaiC) to the sum of the in-
tensities of both the upper and lower bands (total KaiC).

Fourier analysis

Discrete Fourier transform was performed using a built-in MATLAB
function. Unless otherwise stated, Butterworth bandpass filters were
applied as previously described (28) to subtract background periodi-
cities outside of the range of interest. The low-pass filter was set at the
measurement interval (1 hour) and the high-pass filter was set at the
acquisition time of the experiment to enable determination of the pe-
riod. When directly comparing the strength of circadian periodicity at
24 hours between control strains and clock strains, background sub-
traction of other periodicities outside of the circadian range (20 to
30 hours) was conducted by bandpass filtering.

Time course measurements

Cells grown as described above were transferred to M9 minimal me-
dium with no carbon source for 1 hour to synchronize the population
(29). Cells were back diluted to an ODgg (optical density at 600 nm)
of ~0.1 in either 500 ml (for KaiC phosphorylation analysis) or 200 ul
of M9 minimal medium (for plate reader analysis) with 0.5% succinate
and 1 mM leucine to promote slower growth and without induction
to reduce population desynchronization. For analysis of KaiC phos-
phorylation, aliquots were taken at 4-hour intervals and lysed by in-
cubation in 3% SDS for 10 min at 100°C and visualized on a Western
blot as described above. Mean normalization was performed on each
time course trace from the three biological replicates. The mean-
normalized, average proportion of KaiC phosphorylation was
plotted. For fluorescence time courses of the synthetic reporter, min-
eral oil was added to prevent evaporation. Readings were taken using a
Synergy NEO HTS MultiMode microplate reader (BioTek) using ap-
propriate filters. Fluorescence readings were normalized to ODgg, and
background (ODggy normalized fluorescence readings from a reporter-
only strain AHC157) was subtracted. For both KaiC phosphorylation
and synthetic reporter time courses, statistical analyses were per-
formed with RAIN (7) using a periodicity of 24.8 hours over a 3-day
time course.

Imaging cells in a microfluidic device

Cells were grown as described above to log phase (ODggo ~0.3) and
then resuspended in M9 minimal medium with 0.5% succinate, 1 mM
leucine, and Pluronic F107 (0.85 g/liter), a surfactant to aid loading.
The microfluidic chip was prepared, loaded, and imaged as previously
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described (15). Image acquisition was performed once per hour using
a custom MATLAB script and iManager (30) as described previously (15).

Single-cell imaging data analysis

Cell outlines were automatically determined using MicrobeTracker
(31). The average cell fluorescence of the mother cell (the bottom-
most cell of each channel) was tracked over time. All subsequent anal-
ysis was performed using MATLAB. To examine frequencies of interest
and to directly compare the strength of circadian periodicity between
the experimental and control samples, Butterworth bandpass filters
were applied to traces as previously described (28), with the boundaries
set at 20 to 30 hours, which are by definition circadian periodicities
(8). Discrete Fourier transforms were performed, and power was de-
termined. The frequency corresponding to a 24-hour period was cal-
culated to be 1.15 x 10~ Hz. Power at that frequency was interpolated
from the Fourier spectra. A two-sample, one-sided Kolmogorov-Smirnov
test was performed, comparing the population of cells with circadian
clocks with controls cells lacking the clock.

End-point measurements

Cells were grown as described above. Fluorescence and ODgjo were
measured in triplicate on a Victor 3V 1420 Multilabel Counter (Perkin-
Elmer) using appropriate filters. Fluorescence was normalized to OD.
Error bars are SEM.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/5/e1500358/DC1

Fig. S1. Plasmids built for reconstruction of the circadian oscillator in E. coli.

Fig. S2. Additional data and quantifications of KaiC phosphorylation in E. coli expressing
KaiABC.

Fig. S3. Circadian phosphorylation of KaiC over time requires KaiA and KaiB.

Fig. S4. Plasmids built for the synthetic oscillator utilizing a modified bacterial two-hybrid
system.

Fig. S5. KaiC and SasA phosphorylation states affect reporter output.

Table S1. Raw data for Fig. 2D.

Table S2. Bacterial strains and plasmids.

Movie S1. Circadian oscillations visualized in single E. coli cells using a microfluidic device.
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