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ABSTRACT: We have previously engineered green/red and
red/far red photoreversible E. coli phytochrome and cyanobacteriochrome (CBCR) two-component systems (TCSs) and utilized
them to program tailor-made gene expression signals for gene
circuit characterization. Here, we transport the UV-violet/green
photoreversible CBCR TCS UirS−UirR from Synechocystis
PCC6803 to E. coli. We demonstrate that the promoter of the
small RNA csiR1, previously shown to be activated by inorganic
carbon stress, is a UirS−UirR output. Additionally, in contrast to a recently proposed sequestration model, we show that the
sensor histidine kinase UirS phosphorylates the response regulator UirR to activate PcsiR1 transcription in response to UV-violet
light. Finally, we measure changes in UirS−UirR output minutes after a change in light input and exploit these rapid dynamics to
program a challenging gene expression signal with high predictability. UirS−UirR is the ﬁrst engineered transcriptional regulatory
tool activated exclusively by UV-violet light, and the most blue shifted photoreversible transcriptional regulatory tool.
KEYWORDS: optogenetics, bacterial two-component system, UV-violet light, light-regulated gene expression
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Many TCSs sense light via Phytochrome superfamily sensor
domains.8 Phytochromes (Phys) and the related cyanobacteriochromes (CBCRs) absorb light via a covalently ligated linear
tetrapyrrole (bilin) chromophore.9 Phy and CBCR SKs are
produced in a dark-adapted ground state. While ground-state
Phys typically absorb red light,9 diﬀerent ground-state CBCRs
exhibit varied maximal light absorbance wavelengths (λmax)
from the ultraviolet (UV) (334 nm)10 to the red (652 nm).11
Absorption of an appropriate photon triggers the chromophore
to isomerize, which drives the photosensory domain to rapidly
switch to an activated state. Activated Phys and CBCRs are also
light sensitive, but they typically exhibit red-shifted wavelength
sensitivities. Absorption of a deactivating photon drives rapid
reversion to the ground state.
Previously, we engineered red/far-red (Phy)12 and green/red
(CBCR)13 photoreversible TCSs in E. coli and used them for
characterization and control of synthetic gene circuits.2,14 The
photoreversibility of these sensors enables more precise control
of transcription rate and faster response dynamics.2 We have
exploited these features to program quantitatively and
temporally deﬁned gene expression signals, which can be
used to characterize gene circuit dynamics in vivo. 2
Furthermore, we improved the performance and ease of use
of each sensor by combining all necessary genes onto two
plasmids from which we optimized expression of each SK and
RR.15

ptogenetics is a rapidly advancing technology wherein
light and genetically encoded photoreceptors are used to
control molecular biological processes in live cells or organisms.
Because photons can be applied more precisely in the
concentration, time, and space dimensions than traditional
eﬀectors such as chemicals, optogenetics enables unprecedented perturbations that can reveal new insights into
biological function.1 For example, researchers have recently
used light-switchable gene expression, protein localization, and
ion channel systems to advance understanding of gene circuit
dynamics,2 cell signaling pathways,3 cellular diﬀerentiation,4
and neural function.5
Two-component systems (TCSs) are the primary means by
which bacteria sense and respond to environmental signals.6
The classical TCS comprises a membrane-bound sensor
histidine kinase (SK), a cytoplasmic response regulator (RR),
and one or more output promoters. SKs are produced in a
ground state that typically exhibits low kinase activity toward
the RR, although there are notable exceptions with high ground
state activity.7 For a given SK, a speciﬁc chemical or physical
input triggers a structural rearrangement at an N-terminal
sensor domain that is transmitted to a C-terminal signaling
domain. In this activated state, the signaling domain uses ATP
to autophosphorylate a conserved histidine and the phosphoryl
group is transferred to a conserved aspartate within an Nterminal receiver (REC) domain on the RR. REC domain
phosphorylation drives a structural rearrangement that is
transmitted to a C-terminal eﬀector domain, frequently a
DNA-binding domain (DBD), that then regulates gene
expression.
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Figure 1. UV-violet/green photoreversible CBCR TCS UirS−UirR. (a) On the basis of the results of this study, we propose that UV-violet light
switches PVB (blue pentagon)-ligated UirS from the ground state (PUV) to the active state (Pg), enhancing autophosphorylation and
phosphotransfer to UirR. UirR∼P activates transcription from PcsiR1. Green light switches UirS back to PUV. UirR is bound to its operator
independent of phosphorylation state. (b) The uirS/uirR/csiR1/lsiR genomic region in Synechocystis PCC6803. (c) PcsiR1‑109 sequence. The csiR1
+120,22 is underscored and highlighted. The putative UirR half-sites are highlighted in bold, purple text. (d) Mean sfGFP ﬂuorescence (in molecules
of equivalent ﬂuorescein; see Methods) of E. coli BW29655/pPR161-2/pPR157-1 (PlsiR534) and BW29655/pPR161-2/pPR164-1 (PcsiR1‑109)
illuminated with 1.25 μmol m−2 s−1 380 or 525 nm light and supplemented with 100 ng/mL aTc and 200 μM IPTG to induce uirR and uirS
expression. Bar heights represent the arithmetic mean of ﬂow cytometry ﬂuorescence distributions. Error bars represent the standard error of the
mean (SEM) of n = 3 experiments on separate days. (e) Mean sfGFP ﬂuorescence of E. coli BW29655/pPR161-2/pPR164-1 (WT) and mutation
controls. Light and inducer conditions are as in panel d. The modiﬁcations to WT are as follows: deletion of the UirS expression unit (ΔuirS),
mutagenesis of the UirS catalytic histidine (UirS H658A), in-frame deletion of UirR amino acids 123−237 (uirRΔDBD), mutagenesis of the UirS
receiver aspartate (UirR D54G), and deletion of the chromophore expression unit (Δho1/ΔpcyA). sfGFP values and error bars are as in panel d.

UirS (such as acetyl phosphate), bind DNA, and activate
transcription.16 Because the UirS−UirR signaling mechanism
may fundamentally diﬀer from that of our previous sensors, it is
unknown whether UirS−UirR can be used for similarly precise
gene expression programming.
Here, we engineer UirS−UirR to function in E. coli,
characterize its signaling mechanism and input/output properties, and utilize it to program tailor-made gene expression
signals. First, we demonstrate that the csiR1 promoter (PcsiR1) is
a bona ﬁde UirS−UirR output and characterize the UirR
operator region. Then, we use a combination of mutations,
variable UirS and UirR expression levels, and in vivo
phosphorylation measurements to show that UirS phosphorylates UirR to activate transcription from PcsiR1, in contrast to
the sequestration model. Third, we characterize the UirS−UirR
action spectrum and demonstrate that it is activated by only
UV-violet light. Finally, we experimentally characterize and
mathematically model the UirS−UirR input/output dynamics
and design a time-varying light signal that programs a complex
gene expression waveform with high predictability. Our results
yield new insights into the biology of UirS−UirR, establish it as
the most blue-shifted photoreversible bacterial optogenetic tool
and the only tool that is activated exclusively by UV-violet light,
and demonstrate that it has performance features comparable
to those of our green/red and red/far red sensors.

In response to UV-violet (380−420 nm) light, the
Synechocystis PCC6803 TCS UirS−UirR (Figure 1a) was
recently shown to activate transcription of the adjacent output
gene lsiR (Figure 1b), encoding a second RR involved in
negative phototaxis.16,17 The membrane-bound18 CBCR SK
UirS binds PCB and converts it to the blue-shifted isomer
phycoviolobilin (PVB). Holo-UirS is produced in a low
signaling ground state (PUV) with a λmax between 38216 and
405 nm.19 UV-violet switches UirS PUV to an activated state
(Pg) that reverts to PUV in green (λmax = 534 nm).16 The RR
UirR has a canonical REC domain and an AraC-family DBD.
However, UirS−UirR remains poorly understood, limiting
optogenetic applications. First, the output promoter is not well
characterized. In vitro experiments have shown that UirR binds
upstream16 of the low inorganic carbon (Ci)-induced noncoding RNA csiR1,20 which resides between uirR and lsiR
(Figure 1b). csiR1 and lsiR are cotranscribed from the csiR1
transcriptional start site (+1)20−22 in a manner induced by low
Ci.23 However, csiR1 expression has not been shown to be
activated by UV-violet light nor UirR. Additionally, although
UirS and UirR carry the conserved histidine and aspartate
residues and the UirR aspartate is essential for negative UVviolet phototaxis,16 autophosphorylation of UirS and phosphotransfer to UirR were not detected in vitro.16,17 This fact, in
combination with a measurable physical interaction between
the UirS signaling and UirR REC domains,16 led to a
hypothesis wherein UirS PUV sequesters UirR at the membrane,
maintaining low transcriptional output in dark or green light.
UV-violet induced switching to the UirS Pg form is then
thought to result in liberation of UirR. Free UirR would then
become phosphorylated to UirR∼P by an agent other than

■

RESULTS AND DISCUSSION
Transporting UirS−UirR into E. coli. We constructed a
two-plasmid system (Figure S1) from which uirS and uirR
transcription can be induced with isopropyl β-D-1-thiogalactopyranoside (IPTG) and anhydrotetracycline (aTc), the PCB
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and −10 sites such that transcription factor binding interferes
with RNA polymerase binding. This promoter is repressed
strongly by UirR (Figure S9), suggesting that it binds the 11 bp
direct repeat.
UirS Signals to UirR via Phosphorylation. If UirS PUV
was to sequester UirR and prohibit it from becoming
phosphorylated, then uirS deletion should result in increased
UirR∼P levels and increased PcsiR1‑109 transcription. However,
we observe that PcsiR1‑109 activity is lower in E. coli lacking uirS
(Figure 1e). Furthermore, the conserved UirS histidine and
UirR aspartate are both required for UV-violet activation
(Figure 1e), suggesting a canonical TCS phosphorylation
mechanism.
Direct measurements of UirR phosphorylation in vitro have
been unsuccessful, possibly due to the inability to purify fulllength UirS.16,17 However, the Phos-tag method25 enables
visualization of phosphorylated and unphosphorylated proteins
in cell lysates26,27 via their diﬀerential electrophoretic mobilities
in acrylamide gels containing a phosphoryl group binding
agent. To examine whether UirS phosphorylates UirR, we
conducted Phos-tag SDS PAGE and western blots (Methods)
using lysates from exponentially growing E. coli expressing Nterminal His-tagged UirR in the presence or absence of UirS.
Indeed, we observed that the presence of UirS and UV-violet
light results in a slower migrating UirR∼P band that is absent
both in bacteria lacking UirS, or expressing UirS and treated
with green light (Figure 2). Furthermore, the intensity of the

biosynthetic operon ho1-pcyA is expressed constitutively, and
the superfolder GFP24 gene sfgf p is encoded downstream of the
534 bp uirR/lsiR intergenic region (hereafter PlsiR534) (Figure
1b,c). This approach mirrors that which we used to optimize
the green/red and red/far red sensors.15 To assay UirS−UirR
function, we grew batch cultures of E. coli carrying these
plasmids under saturating aTc (100 ng/mL) and IPTG (200
μM) under 1.25 μmol m−2 s−1 of 380 (UV-violet) and 526
(green) nm light (Figure S2) and measured sfGFP abundance
by ﬂow cytometry (Methods). These experiments revealed low,
light-independent sfGFP expression (Figure 1d). We next
performed a series of control experiments which validated that
UirS, UirR (Figure S3), and PCB (Figure S4) are produced and
that there is no photoxicity (Figure S5) nor aTc photodegradation (Figure S6) under these conditions. Therefore, we
hypothesized that PlsiR534 is nonfunctional in this context.
In Synechocystis PCC6803, lsiR mRNA levels are much lower
than those of csiR1, likely due to a transcriptional terminator
between the two genes.20,21 Assuming that UirR∼P activates
transcription of lsiR via PcsiR1, we hypothesized that the lack of
observable PlsiR534 activity in E. coli may be a result of ineﬃcient
transcriptional read-through and/or poorly understood regulation. Thus, we replaced PlsiR534 with a 109 bp fragment
containing the 108 bp uirR/csiR1 intergenic region and the
csiR1 +1 site (hereafter PcsiR1‑109) (Figure 1b,c) and measured
sfGFP expression as before. Indeed, sfGFP levels increase 4.41
± 0.04-fold from PcsiR1‑109 in UV-violet versus green light
(Figure 1d), suggesting that PcsiR1 is an output promoter of
UirS−UirR.
To validate that the observed UV-violet response a result of
UirS−UirR signaling through PcsiR1-109, we repeated the above
experiment using variants containing diﬀerent deactivating
mutations. In particular, we deleted uirS, mutated the conserved
UirS histidine to a noncatalytic alanine (H658A), and mutated
the conserved UirR aspartate to a nonfunctional glycine
(D54G).16 All three mutations result in low sfGFP levels and
abolish UV-violet activation (Figure 1e). Deletion of the uirR
DBD reduces sfGFP to very low levels and similarly eliminates
the light response (Figure 1e). Elimination of PCB production
via deletion of ho1-pcyA results in light-insensitive sfGFP
expression (Figure 1e). Taken together, these results indicate
that UV-violet light activates UirS−UirR signaling in E. coli.
Characterizing PcsiR1 Functional Elements. Next, we
characterized the interaction between UirR and PcsiR1. Sequence
analysis revealed that PcsiR1 positions −108 to −85 contain no
identiﬁable regulatory motifs, the −84 to −74 region is A/Trich, the −69 to −40 region contains two 11 bp direct repeats
separated by an 8 bp palindrome, and there is a cyanobacterial
−10 hexamer22 upstream of the +1 (Figures 1c and S7a). As
expected, deletion of −108 to −94 has little eﬀect (Figure S7b).
Further deletion of 5 bp fragments between −93 and −74
incrementally decreases sfGFP levels, with only a small eﬀect
on dynamic range (ratio of sfGFP levels in UV-violet to green
light) (Figure S7b), suggesting that this region enhances
transcription rate. Consistent with the 11 bp direct repeat being
the UirR operator site, mutations to either half-site (Figure
S8a) reduce transcription to low levels and abolish UV-violet
activation (Figure S8b). Additionally, scrambling the palindrome reduces transcription and UV-violet activation to a lesser
extent (Figure S8b). These results indicate that the entire 30 bp
region containing the direct repeats and palindrome is involved
in transcriptional activation. Finally, we engineered a synthetic
repressible E. coli promoter where this region overlaps the −35

Figure 2. UirS phosphorylates UirR in a UV-violet light-dependent
manner. Western blot of cellular lysates analyzed by Phos-tag gel
electrophoresis. Lanes 1−3 contain lysates of BW29655/pPR219.08-N
containing N-terminally His-tagged UirR exposed to (1) 34 μmol m−2
s−1 525 nm, (2) 1 μmol m−2 s−1 380 nm, or (3) 12 μmol m−2 s−1 380
nm, whereas lanes 4−6 contain lysates of BW29655/pPR219.08-N/
pPR161-2 containing N-terminally His-tagged UirR and UirS exposed
to (4) 34 μmol m−2 s−1 525 nm, (5) 1 μmol m−2 s−1 380 nm, or (6) 12
μmol m−2 s−1 380 nm. In lanes 4−6, uirS expression is induced from
pPR161-2 with 1000 μM IPTG.

UirR∼P band depends upon the intensity of UV-violet
illumination (Figure 2). These data demonstrate that UVviolet light induces UirS to phosphorylate UirR. This
conclusion is reinforced by the fact that PcsiR1-109 activity
increases with increasing UirS expression (Figure S12).
Hardwiring UirS and UirR Expression for Optogenetics. Chemical inducers are undesirable for optogenetics as
they may introduce unwanted variability and make the
photoreceptor incompatible with strains otherwise responsive
to them.2,15 Therefore, we replaced the inducible uirS and uirR
promoters with a small library of constitutive versions of
diﬀerent strengths and screened for the combination yielding
the largest dynamic range (Figure S13). The best performing
combination (encoded on plasmids pPR220.08 and
735
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Figure 3. UirS−UirR action spectrum and steady-state transfer function. (a) Normalized response of hardwired UirS−UirR to 0.8 μmol m−2 s−1 light
emitted from LEDs with peak wavelengths spanning 361−947 nm. Markers and error bars are the mean and SEM of n = 3 experiments performed in
three separate illumination devices on 1 day. A cubic spline interpolation (solid line) is shown as a guide to the eye. (b) sfGFP ﬂuorescence of UirS−
UirR illuminated with 0−12 μmol m−2 s−1 of 380 nm light, with green light held constant at 0.5 μmol m−2 s−1. The data is ﬁt via nonlinear leastaI n

squares regression (Methods) to the activating form of the Hill equation, b + kn + I n , where I is the intensity of UV-violet light in μmol m−2 s−1 and
the parameter best ﬁt values plus or minus the standard error are b = 227.6 ± 9.6 MEFL, a = 1324 ± 54 MEFL, k = 1.88 ± 0.16 μmol m−2 s−1, and n
= 1.31 ± 0.08. The best ﬁt is shown (solid line) along with the gray envelope representing the interquartile range of 500 simulations produced by
randomly sampling the measured parameter uncertainties. Markers and error bars are the mean and SEM of n = 3 experiments performed on
separate days.

pPR219.05) gives rise to a better dynamic range (6.24 ± 0.24fold; Figure S13b) and faster doubling time (Figure S14) than
those of the original system. We therefore used this “hardwired”
plasmid system for all subsequent experiments.
Characterizing the UirS−UirR Action Spectrum. The
UirS GAF (cGMP-speciﬁc phosphodiesterases, adenylyl
cyclases, and FhlA) subdomain responsible for light absorption
shows narrow activation by UV-violet light in vitro.16,17,19
However, this absorption spectrum may not directly reﬂect the
in vivo action spectrum, or relationship between input
wavelength and transcriptional output for the full UirS−UirR
pathway. Therefore, we measured the action spectrum by
exposing our engineered E. coli to 0.8 μmol m−2 s−1 total
photon ﬂux from each of 22 diﬀerent light emitting diodes
(LEDs) with peak emission wavelengths spanning 361−947 nm
(Methods; Table S1). Consistent with the in vitro data, 380 and
405 nm LEDs most strongly activate the system, 361 and 430
nm LEDs result in intermediate activation, and all other LEDs
result in no response (Figure 3a). Cubic spline interpolation
reveals that the system is activated to greater than 50% of its
maximal response by a relatively narrow window between 370
and 434 nm (Figure 3a).
Characterizing and Modeling the UirS−UirR SteadyState Transfer Function. We next measured the steady-state
response, or transfer function, of UirS−UirR to increasing
intensities of UV-violet light in the presence of diﬀerent
amounts of green. Without green light, sfGFP follows an
activating Hill-like response with increasing UV-violet intensity
up to 12 μmol m−2 s−1 (Figure S15; k = 0.97 ± 0.04 μmol m−2
s−1 and n = 1.35 ± 0.05). At higher intensities, the growth rate
of E. coli begins to slow. Addition of 0.5 μmol m−2 s−1 green
reduces UirS−UirR sensitivity (k = 1.88 ± 0.16 μmol m−2 s−1)
but maintains the shape of the transfer function (n = 1.31 ±
0.08) (Figure 3b). Higher green intensities reduce the sfGFP
levels reached at 12 μmol m−2 s−1 UV-violet and thus the
dynamic range (Figure S16). We therefore performed all
subsequent experiments with constant 0.5 μmol m−2 s−1 green
and variable UV-violet.

Characterizing and Modeling UirS−UirR Response
Dynamics. To characterize UirS−UirR activation dynamics,
we preconditioned four groups of cells in green light, resulting
in low gene expression, and then increased UV-violet to the
intensities resulting in 25, 50, 75, and 100% maximal output
(Figure 3b) in a single step and tracked sfGFP levels over time
(Methods) (Figures 4a and S17a−d). We characterized
deactivation dynamics by preconditioning cells in 12 μmol
m−2 s−1 UV-violet plus green and reduced UV-violet to the
intensities resulting in 75, 50, and 25% and minimal output
(Figures 4b and S17e−h). We ﬁt the resulting data to the same
phenomenological model of TCS dynamics used for the green/
red and red/far red sensors2 (Figure S18) (Methods). The
model contains a term for a pure delay after the light step
change wherein sfGFP production rate does not change (τ) and
variables for sfGFP production rate (p) and abundance (g) that
vary as ﬁrst-order exponential processes with rate parameters
kpon (for step increases in UV-violet) or kpoff (for step
decreases) and kg (the cell growth rate). The steady state
reached by the system depends on UV-violet intensity and is
described by the Hill function (Figure 3b). For both activation
and deactivation, τ = 6.82 ± 0.38 min. After this delay, p
switches with kpon = 0.294 ± 0.106 min−1 (t1/2 = 2.36 ± 0.86
min) and kpoff = 0.086 ± 0.012 min−1 (t1/2 = 8.06 ± 1.12 min).
kg is ﬁxed at 0.0203 min−1 on the basis of the measured cell
growth rate. All ﬁt parameters and the standard error in their
estimation are listed in Tables S2 and S3.
Predictive Control of UirS−UirR Gene Expression
Dynamics. To program tailor-made gene expression signals,
we combined the above dynamical model with our previous
light program generator algorithm.2 As a reference, we speciﬁed
a complex waveform spanning 8 h that contains linear increases
and decreases, a sinusoid, and constant gene expression levels
(Figure 5). We have previously programmed the green/red and
red/far red sensor output dynamics using a similar signal.2 The
root-mean-squared errors (RMSEREF) between the reference
waveform and experimental data for those sensors are 4.83 and
5.9%, expressed as a percentage of the output range of each
system.2 The light program generator produces a UV-violet
736
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Figure 4. Response of UirS−UirR to step changes in UV-violet light intensity. (a) Response to a step increase in UV-violet light from 0 to 0.7, 1.7,
3.4, or 12 μmol m−2 s−1. (b) Response of UirS−UirR to a step decrease in UV-violet light from 12 μmol m−2 s−1 to 0.7, 1.7, 3.4, or 0 μmol m−2 s−1.
In all experiments, green light is held constant at 0.5 μmol m−2 s−1. Cells are preconditioned for 4 h in 0 (a) or 12 μmol m−2 s−1 (b) of UV-violet
light. The data is ﬁt via nonlinear least-squares regression to the kinetic model of gene expression (Methods), and the sfGFP ﬂuorescence best ﬁt
(solid line) is shown. The individual curves from each experiment are shown in Figure S17. Markers and error bars represent the mean and SEM of n
= 2 or more experiments.

light time course predicted to drive sfGFP levels to closely
follow the reference (Figure 5). Exposure of E. coli expressing
UirS−UirR to this light signal drives sfGFP levels to track the
waveform closely (RMSEREF 8.16%; Figure 5). The experimental data lag slightly behind the simulated response for
initial increases in sfGFP (Figure 5), suggesting that τ or kpon
may be underestimated, a challenge that can be readily
overcome with additional parametrization experiments.2
These results clearly demonstrate that we have captured the
input/output dynamics of UirS−UirR and that this TCS can be
deployed as a high-performance optogenetic tool for
programming gene expression.
Conclusions. UirS−UirR oﬀers several beneﬁts for
optogenetics. First, it is activated exclusively by UV-violet
light. This narrow action spectrum contrasts a previous blueshifted system based upon the nonphotoreversible YtvA light
oxygen voltage (LOV) sensor domain28,29 that absorbs strongly
between 375 and 490 nm.30 Additionally, UirS−UirR responds
to changes in light in approximately 10 min, much faster than
the >2 h response time of the YtvA-based systems.29 We have
exploited these rapid dynamics to program a challenging gene
expression signal with high predictability. Due to its narrow
UV-violet action spectrum, photoreversibility, and fast dynamics, UirS−UirR should be ideal for multiplexing with our
previous green/red and red/far red sensors. A three-input,
three-output photoreversible TCS system could enable
dynamical control of three sets of genes independently, a
powerful technology for characterization of multicomponent
cellular pathways31 or rapid optimization of multienzyme
engineered metabolic pathways.32
The fact that UirR∼P activates transcription from PcsiR1
suggests that csiR1 and lsiR are induced in UV-violet light in
Synechocystis PCC6803. However, what role, if any, csiR1 plays
in UV-violet negative phototaxis remains unknown. Additionally, the pathway by which high Ci reduces csiR1-lsiR
transcription is not known.21 Although UirS encodes a
functional ethylene binding domain33 and CO2 likely interferes
with ethylene binding at this domain,34 it has not been
implicated in Ci signaling. It is therefore possible that UirS
senses UV and green light as well as ethylene and Ci. Our E. coli
system could be used to directly examine how these inputs
aﬀect UirS−UirR signaling individually and in combination,

Figure 5. Biological function generation with UirS−UirR. Reference
gene expression signal (solid line), the control light signal used to
generate the reference waveform transformed into ﬂuorescence units
through the steady-state transfer function of UirS−UirR (dotted line),
and the experimental data with markers and error bars representing
the mean and SEM of n = 2 or more experiments are shown. To
generate the dotted line, the UV-violet intensity was transformed into
sfGFP (MEFL) units using the best ﬁt data from Figure 3b. The
model-predicted response of the system is shown as the interquartile
range of 500 simulations in gray as in Figure 3b. RMSEREF is calculated
for each experimental replicate.

without regulatory cross-talk from cyanobacterial networks.
Furthermore, both bacteria35 and yeast36 have been engineered
to synthesize ethylene, a freely diﬀusible gas. Our UirS−UirR
system could be combined with ethylene production to
engineer new cell−cell communication systems capable of
rapid, long distance signaling (over an estimated 10 cm in
under 15 min.).37
UirS is a member of a group of CBCRs containing a
conserved DXCF motif (X is any amino acid) within the bilinbinding GAF domain.16 DXCF CBCRs have a remarkable
diversity10 of spectral response properties, and variants with
similar photocycles cluster in phylogenetic groups based on
GAF domain sequence.38 Although the spectral responses of a
set of green/blue and blue/orange groups can be predicted
from their primary amino acid sequence,38 the sequence
determinants of function in this family of sensors remains
incompletely understood. One major limitation is that the
737
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otherwise stated, all experiments were started from individual
aliquots of cultures frozen at exponential phase.
Experiments were conducted in M9 minimal media (1× M9
salts, 0.4% w/v glucose, 0.2% w/v casamino acids, 2 mM
MgSO4, 100 μM CaCl2) supplemented with appropriate
antibiotics (chloramphenicol at 34 μg/mL and spectinomycin
at 100 μg/mL, unless speciﬁed).
Phos-Tag SDS PAGE and Western Blot. Cellular lysate
was prepared as described previously27 with the following
modiﬁcations. Exponentially growing culture (3 mL; OD600 <
0.2) was centrifuged at 10 000g for 2 min, and the pellet was
gently resuspended in 55 μL of 1× BugBuster and 0.1%
Lysonase (EMD-Millipore, cat. no. 713703), followed by the
addition of 18 μL of 4× Laemmli sample buﬀer (Bio-Rad, cat.
no. 1610747) and gentle vortexing to mix. Samples were
immediately ﬂash frozen in liquid nitrogen and thawed on ice
prior to electrophoresis. 25 μL of sample was loaded into each
well of precast 12.5% SuperSep Phos-Tag polyacrylamide gels
(cat. no. 195-17991, Wako Chemicals, USA), and electrophoresis was performed at 35 mA for 60 min, according to the
manufacturer’s recommendations. The gel was washed with
gentle agitation in transfer buﬀer (25 mM Tris, 192 mM
glycine, 10% methanol) containing 1 mM EDTA twice for 15
min each, followed by two 15 min washes in transfer buﬀer
without EDTA. Gel transfer to a PVDF membrane was
performed in an XCell SureLock Mini-Cell (Invitrogen) at 30 V
for 90 min at room temperature. Following transfer, the PVDF
membrane was blocked in 5% non-fat milk in PBS-T
(phosphate buﬀered saline containing 0.1% Tween 20) for 60
min and subsequently incubated with primary anti-His antibody
(ARP, cat. no. 02-9002) diluted 1:1000 in PBS-T containing
3% bovine serum albumin (BSA) for 90 min at room
temperature. After several washes in PBS-T, the PVDF
membrane was incubated in secondary anti-mouse horseradish
peroxidase (HRP)-conjugated antibody (Jackson Immunoresearch, cat. no. 111-035-144) diluted 1:10 000 in PBS-T
containing 3% BSA for 60 min at room temperature. Following
secondary antibody incubation, the PVDF membrane was
washed in PBS-T, and chemiluminescent immunodetection was
performed using Clarity western ECL substrate (Bio-Rad, cat.
no. 1705061) according to the manufacturer’s recommendations. PVDF membrane imaging was carried out on an
ImageQuant LAS4000.
Optical Hardware. All optogenetic experiments were
performed in two custom 24-well plate compatible LEDbased devices mounted in a 37 °C, 250 rpm shaking incubator.
The LED intensities in each well were calibrated to one another
using a ﬁber-optic spectrophotometer (StellarNet cat. no.
EPP2000 UVN-SR-25 LT-16), and the calibration was
validated by measuring the 50% response of BW29655/
pPR220.08/pPR219.05 to UV-violet or UV-violet and green
light. On the basis of the validation, we observed that the
leftmost column of wells was miscalibrated and discarded data
collected from these wells. To minimize systematic errors that
could result from unevenly calibrated LED intensity in each
well, replicates of each experimental data point were
randomized or assigned to diﬀerent wells.
Optogenetic Experiments. A frozen PCR tube aliquot
containing the desired strain of cells was thawed at the bench
for 1.5 min and inoculated into M9 media containing
appropriate antibiotics at an OD600 of 1 × 10−4 for chemicalinducible strains and 1 × 10−5 for hardwired strains. Starting
densities were chosen such that at the end of an 8 h experiment

predominant method for studying DXCF CBCRs is to
heterologously express and purify them and analyze their
spectral properties in vitro, a relatively low-throughput method.
To investigate how diﬀerent primary sequence elements impact
photocycle in this diverse family using this method, one would
need to purify and characterize the spectral responses of dozens
or more mutants, an expensive and laborious process. By
contrast, the system reported in this article constitutes the ﬁrst
DXCF CBCR to be moved to plasmids and linked to
ﬂuorescent reporter gene output in a rapidly growing laboratory
organism. One could combine standard methods for creating
large plasmid-based mutant libraries with diﬀerent color light
inputs and high-throughput cell sorting to more readily identify
mutants that impart new wavelength speciﬁcities. Thus, our E.
coli UirS−UirR system could be used to study how primary
sequence aﬀects photobiology with much higher throughput
than current methods.

■

METHODS
Plasmids, Strains, and Media. All plasmids were
constructed by Golden Gate cloning.39 NEB 10-β (New
England Biolabs, cat no. C3019H) was used for cloning. The
uirSR operon and PlsiR534 were ampliﬁed from Synechocystis
PCC6803 genomic DNA. pSR41.3 and pSR3415 were used as
the template vectors for the construction of pPR157-1 and
pPR161-2, respectively. To construct pPR164-1, we deleted the
425 bp downstream of the csiR1 start site in PlsiR534 in pPR157-1
and replaced the sRBS upstream of sfgf p with an sRBS designed
for PcsiR1‑109 with a predicted strength of 17 190 au.40 For
constitutive UirS and UirR expression, we ﬁrst identiﬁed 11
promoters (Figure S13a) from the Anderson (http://parts.
igem.org/Promoters/Catalog/Anderson) and BIOFAB41 collections (http://biofab.synberc.org/data) that are expected to
generate a wide range of expression levels. We ordered singlestranded oligonucleotides encoding each promoter and
annealed them to generate phosphorylated double-stranded
fragments with sticky ends (5′: CTGA; 3′: CAGT). We then
used PCR to seamlessly delete the tetR and lacI expression
cassettes from pPR164-1 and pPR161-2 and replaced the sRBSs
upstream of uirR and uirS with BCD22 and apFAB655.41 Next,
we replaced PLTetO‑1 in pPR164-1 with constitutive promoters
to generate pPR219.01−pPR219.11 encoding the UirR
expression library. We replaced Ptac in pPR161-2 with
constitutive promoters to generate pPR220.01−pPR220.11
encoding the UirS expression library. To enable immunodetection on a western blot, a 6×-His tag along with a short
ﬂexible linker (-GSG-) was added to the N-terminus of UirR on
pPR219.08 to yield pPR219.08-N. Table S4 describes all
plasmids used in this study. Primers were ordered from IDT,
and DNA sequencing was performed either at GENEWIZ, NJ,
or Lone Star Laboratories, Houston, TX. NEB 10-β strains
were grown in LB media supplemented with appropriate
antibiotics.
All experiments were performed in E. coli BW29655
(BW28357 Δ(envZ-ompR)520(::FRT)) 42 obtained from
CGSC, Yale University. Sequence-veriﬁed plasmids were
transformed into chemically competent BW29655, and isolated
clones were picked and grown to exponential phase (OD600 <
0.2) in LB media supplemented with appropriate antibiotics.
Filter-sterilized glycerol was added to a ﬁnal concentration of
20% (v/v), and the OD600 was recorded prior to aliquoting 50
μL of cells into PCR tubes and freezing at −80 °C. Unless
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S17), we allowed the steady-state Hill function parameters a
and b to ﬂoat for every curve; however, n and k were assigned
the best-ﬁt values from the steady-state transfer function in
Figure 3b. The estimated a and b for each step−response curve
is listed in Table S3. The predictive model uses the mean of the
ﬁt a and b values, weighted by the uncertainty in their
estimation. All estimated ﬁt parameters along with the standard
error in their estimation are listed in Table S2.
Gene Expression Programming. Light program computation and model simulations were performed using previous
scripts.2 The scripts were modiﬁed to accommodate the UirS−
UirR model and are provided in the Supporting Information.

the cells would be at steady state and in exponential phase
(OD600 < 0.2). Cells were supplemented with aTc (Clonetech
cat. no. 631310) and IPTG (VWR cat. no. 14213-263) when
necessary. M9 media (500 μL) containing cells was aliquoted
into each well of clear-bottom polystyrene plates (Krystal,
ArcticWhite, cat. no. AWLS-303008). The plates were sealed
with optically insulating aluminum foil (VWR cat. no. 60941126) and placed in the 24-well plate device programmed with
the desired light exposure program. Step response dynamics
experiments were performed using a staggered-start method.2
Cells were grown for 8 h at 37 °C with shaking at 250 rpm.
Plates were then extracted from the 24-well plate devices and
iced for 20 min in an ice−water slurry to arrest growth. Sample
(100 μL) contained in each well was transferred to cytometer
tubes containing chilled PBS + 500 μg/mL rifampicin and
transferred to a 37 °C water bath for 1 h. This step allows
maturation of translated sfGFP while preventing the transcription of new sfgf p mRNA.2 Cells were then transferred to
an ice−water bath for 15 min before ﬂuorescence was measured
via ﬂow cytometry.
Flow Cytometry and Data Analysis. Flow cytometry was
performed using a BD FACScan ﬂow cytometer.2 Cells were
typically acquired at 1000−1500 events/second at the instrument settings speciﬁed in Table S5. A standard acquisition gate
based on typical FSC/SSC values seen for E. coli cells was
speciﬁed, and 20 000 events were acquired for each sample
within this gate. Rainbow calibration beads from Spherotech,
Inc. (cat. no. RCP-30-20A) were measured every day at the
same detector gain settings. After acquisition, the raw ﬂow
cytometry data was processed using FlowCal.43 First, a standard
curve was generated using calibration beads that converts the
arbitrary ﬂuorescence units reported by the ﬂow cytometer into
MEFL. The ﬁrst 250 and the last 100 time-ordered events for
each sample were discarded, since these acquisition events are
subject to uneven sample tube pressurization. A gate was drawn
around the densest region of FSC vs SSC values, retaining 50%
(or 10 000 events on average) per sample. Finally, the arbitrary
ﬂuorescence units for each event were transformed into
corresponding MEFL values using the standards curve, and
the arithmetic mean of all of the events was calculated and
reported as the population mean of the entire sample.
Representative histograms from all ﬁgures in the main text
are shown (Figure S19)
Hill Function Model Fitting. Model ﬁtting was performed
using the nonlinear least-squares curve-ﬁtting package available
in GraphPad Prism, version 6.00, for Windows, GraphPad
Software, La Jolla, CA. SEM was calculated across three
experimental replicates at each intensity i to assign an estimated
uncertainty in measurement to each data point. The data was

(

weighted by this estimate wi =

1
SEM i 2
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