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ABSTRACT: Light-switchable proteins enable unparalleled control of
molecular biological processes in live organisms. Previously, we have
engineered red/far-red and green/red photoreversible two-component
signal transduction systems (TCSs) with transcriptional outputs in E.
coli and used them to characterize and control synthetic gene circuits
with exceptional quantitative, temporal, and spatial precision. However,
the broad utility of these light sensors is limited by bulky DNA
encoding, incompatibility with commonly used ligand-responsive
transcription factors, leaky output in deactivating light, and less than
10-fold dynamic range. Here, we compress the four genes required for
each TCS onto two streamlined plasmids and replace all chemically
inducible and evolved promoters with constitutive, engineered versions.
Additionally, we systematically optimize the expression of each sensor histidine kinase and response regulator, and redesign both
pathway output promoters, resulting in low leakiness and 72- and 117-fold dynamic range, respectively. These second-generation
light sensors can be used to program the expression of more genes over a wider range and can be more easily combined with
additional plasmids or moved to different host strains. This work demonstrates that bacterial TCSs can be optimized to function
as high-performance sensors for scientific and engineering applications.
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responses that can alter expression of the gene(s) of interest in
unknown or undesirable ways.'*"*

Optogenetics is a technology wherein light is used to control
molecular biological processes in live organisms via genetically
encoded, light-switchable proteins.'® Over the past 12 years,
light-switchable proteins from cyanobacteria, plants, non-

Systems-level biological processes such as metabolism, cellular
differentiation, and multicellular development require precisely
coordinated analog, temporal, and spatial gene expression
patterns.'™* Therefore, to study and engineer biological
systems, technologies for programming gene expression
o ; - 5,6 .
quantitatively, and in space and time, are needed.” Typically,

researchers control gene expression using small-molecule
chemical effectors that bind membrane receptors or soluble
transcription factors and thereby regulate expression from
output promoters.””* However, there are several limitations to
this approach. First, chemicals can be degraded, absorbed, or
modified by cells or the extracellular environment. Because cell
density, metabolism, physiology, and media composition can
change dynamically during batch culture experiments, micro-
fluidic or continuous culture instruments are needed to
maintain chemical signals, and thus gene expression, at desired
"' Second, the time scale over which transcription rate
can be changed is limited by the rate(s) of import and export of
chemical effectors across the cell membrane(s), or the binding
and unbinding kinetics with, and downstream signaling from, a
receptor. Third, chemical effectors are poorly suited to single-
or multicell spatial studies due to diffusion. Finally, the most
commonly used chemical effectors are sugars, antibiotics, or
growth factors that can be toxic,'> recognized by alternative
receptors, or elicit metabolic, gene regulatory, or physiological

10
levels.
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photosynthetic bacteria, and humans have been repurposed
for synthetic control of gene expression in E. coli,'”>°
(:yanobacteria,21 yeast,n_24 mammalian cells,***>™3? zebra-
fish*** and within the liver, kidney,34 and brain®® of live
mice. These sensors are switched from dark-adapted ground to
excited states by specific spectral band(s) between the
ultraviolet and near-infrared, and revert to the ground state
thermally in the dark, or actively in response to a different
wavelength.*® Because light can be delivered to live cells with
exacting precision in the wavelength, intensity, temporal, and
spatial dimensions, optogenetics dramatically increases the
degree of control of biological processes relative to chemical
approaches.>” Moreover, inexpensive microcontrollers and light
emitting diodes (LEDs) are sufficient to create quantitatively
precise and reproducible optical input signals, even in batch

Special Issue: Synthetic Photobiology

Received: July 3, 2014
Published: September 24, 2014

dx.doi.org/10.1021/5b500273n | ACS Synth. Biol. 2014, 3, 820—831


pubs.acs.org/synthbio
http://pubs.acs.org/page/policy/editorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

ACS Synthetic Biology

a Input Light-switchable TCS ~ Output C
20 9.0-fold
650nm 3 2o
Cph8 3 200
740nm : - p .. 2
—> o
' @ £ 150
A703nm/Dark 4 OmpR E
650nm T o 100
= + g
c 50
5 L5 §
ompC1157 = "
650 nm 740 nm
Red sensor Red receiver PCB Output
Plieto-1.49 Placrara-1 Pompci1s7
Pomps
speck
amp?
pCph8 chrom. DNA pPLPCB(S) pEO100c
(4231bp) P (1028 kb) 0 (3946 bp) (5266 bp)
ColE1
repA
p15A (pPSC101%)
d Input Light-switchable TCS  Output f
400
535nm = 6.4-fold
o
CcaS by
520nm g . 8 300
— - OF)
670nm 4
X "M CcaR ;3 200
650nm T g
! l + ® 100
c
> §
cpcG2 = 0
650 nm 520 nm
Green sensor +
green receiver + output PCB

Placiara-1

Pepeaz Pecar
sfgfp ccaR

speck

sli1472
pJT119b  CoFE"
(6443 bp)

pPLPCB(S)
(3946 bp)

peyA

p15A

Figure 1. Version 1.0 light-switchable E. coli two-component systems (TCSs). (a) Cph8-OmpR. Far-red (4,,,, = 740 nm) and red (4,,,, = 650 nm)
light emitting diodes (LEDs) are used to create input signals. In the dark-adapted ground state (Pr), PCB (blue pentagons)-ligated Cph8
phosphorylates OmpR, which activates transcription from P,,,ci1s7- Red light switches Cph8 from the Pr to Pfr form, which dephosphorylates
OmpR ~ P, deactivating transcription. Far-red light or dark reverts Cph8 Pfr to Pr. (b) Plasmid and genomic expression maps of Cph8-OmpR v1.0.
(c) Mean sfGFP fluorescence of populations of E. coli JT2 carrying Cph8-OmpR v1.0 and illuminated with red or far-red light (Methods). The
reported data are the average of three experiments conducted over three separate days. Error bars indicate + one standard deviation. The ratio of far-
red to red GFP fluorescence (fold-activation) is indicated. (d) CcaS-CcaR. Green (A, = 520 nm) and red LEDs are used to create input signals. In
the dark-adapted ground state (Pg), PCB-ligated CcaS dephosphorylates CcaR ~ P. Green light exposure switches CcaS Pg to Pr, which
autophosphorylates and transfers a phosphoryl group to CcaR, which then activates transcription from P, Red light reverts Cca$ Pr to Pg. (e)
Plasmid maps of CcaS-CcaR v1.0. (f) Mean sfGFP fluorescence of E. coli BW2965S$ carrying CcaS-CcaR v1.0 and illuminated with green or red light.
Experiments and data representation are as in part C and Methods.

cultures. Finally, because most light-switchable proteins (termed Cph8), which is expressed from the ~50—70 copy
respond to intensities far lower than those commonly used ColEl-origin” plasmid pCph8 (Figure 1b) (see Supporting
for fluorescent protein imaging,*® and many nonphotosynthetic Information Table S1 for complete plasmid list), autocatalyti-
model organisms do not show major physiological responses to cally ligates the requisite chromophore phycocyanobilin (PCB)
light, optogenetic perturbations have minimal off-pathway at a conserved cysteine within a GAF (cyclic GMP-binding
effects." phosphodiesterase, adenylyl cyclase, FhlA) subdomain of the

We have previously engineered two light-switchable two- Cphl PCD. PCB is produced from heme by coexpression of
component signal transduction systems (TCSs) with promoter heme oxygenase 1 (hol) and phycocyanobilin reductase

outputs in E. coli.'”'® The first, named Cph8-OmpR (Figure (pcyA), also from Synechocystis PCC 6803, from the ~20—
la), was constructed by replacing the N-terminal sensory 30 copy pl5A-origin” plasmid pPLPCB(S) (Figure 1b). Cph8
domain of the E. coli sensor histidine kinase (SK) EnvZ with holoprotein adopts a red light-sensitive ground state, named Pr,
the photosensory core domain (PCD) of the Synechocystis PCC wherein the histidine kinase domain phosphorylates the E. coli
6803 phytochrome Cphl.'”” The hybrid SK Cphl-EnvZ response regulator (RR) OmpR. Phosphorylated OmpR
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Figure 2. Compression and refactoring of cph8 and hol-pcyA expression plasmids. (a) Plasmid maps. Note that pSR6S and the pSR66 series have
reverse backbone orientation relative to pPLPCB(S). (b) Nucleotide sequence of the v1.0 cph8 promoter and RBS used to refactor cph8 expression.
The promoters are aligned according to the —35 region. RBSs are highlighted in blue, start codons in bold, and dashed boxes indicate BPROM-
predicted promoter elements. sSRBSs translation strength is shown in arbitrary RBS calculator units (au). (c) R/FR outputs of E. coli JT2 carrying the
plasmids indicated and pEO100c. Data are reported as in Figure 1. Hashed bars indicate the optimal construct that was carried forward into part D.
(d) Compression and refactoring of hol-pcyA expression. (e) Nucleotide sequence of promoters and RBSs used to refactor hol-pcyA expression.
DNA annotations are as in part B. The upstream Lac operator site of Plac/m,17 is missing in pPLPCB(S). (f) R/FR outputs of E. coli JT2 carrying the
plasmids shown and pEO100c. Experiments and data representation are as in part C.

(OmpR ~ P) binds to three operator sites within the ompC photon converts Cph8 Pr to a far-red absorbing form (Pfr),
promoter (P,,,c), activating transcription. Absorption of a red wherein the kinase domain dephosphorylates OmpR ~ P,
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deactivating transcription. Pfr rapidly reverts to Pr upon
exposure to far-red light or in the dark.*’ In our most recent
and best characterized version of the sensor,** an 1157 bp
fragment of DNA encoding 107 bp upstream of the ompC
transcriptional start site, the first 789 bp of ompC and several
other markers originating from a lacZ genomic integration
event in the chromosome of the OmpR ~ P reporter strain
RU1012*" (named P,,pci157); is used as the output (Figure 1a).
P,,ci1s7 activity is read out using a superfolder GEP (sfgfp)
reporter gene from the 3—4 copy pSC101*-origin’ plasmid
pEO100c (Figure 1b, c).

The second light sensor was engineered by cloning the
Synechocystis PCC 6803 ccaS-ccaR-cpcG2 genomic cluster into a
ColEl-origin plasmid, and replacing the native cpcG2 output
gene with sfgfp (plasmid pJT119b) (Figure 1d, e)."” Cca$ is a
SK with a N-terminal PCB-binding cyanobacteriochrome GAF
domain and a C-terminal histidine kinase domain.** Cca$S
holoprotein is produced in a green absorbing, phosphatase
active ground state (Pg). Green light switches CcaS Pg to a
kinase active Pr conformation, where it phosphorylates the RR
CcaR. CcaR ~ P binds to a G-box operator within PcpcG2)43
activating transcription. Red light reverts CcaS Pr to Pg,
deactivating transcription (Figure 1f).*’

We have demonstrated that Cph8-OmpR and CcaS-CcaR
can be coexpressed and independently controlled in the same
cel,'" and used for exceptionally accurate and precise
quantitative,*® spatial,'”'® and temporal** control of gene
expression. Furthermore, by linking Cph8-OmpR to a cell—cell
communication system and multiple genetic circuits, we
engineered a lawn of E. coli to perform the challenging
image-processing algorithm of edge detection.** Most recently,
we used CcaS-CcaR to program sophisticated temporal signals
such as sine waves of the transcriptional repressor TetR and
used those signals to directly characterize the input/output
dynamics of the widely used Py, promoter in live bacteria.*’
Finally, another group has used CcaS-CcaR to tune E. coli
growth rate with light by controlling expression of the
methionine biosynthetic gene metE.*

Despite their demonstrated utility, our current light sensors
(hereafter version 1.0) suffer several performance limitations.
First, in Cph8-OmpR v1.0, cph8, hol, pcyA, and P,,,,cys; are
distributed across three plasmids, and ompR is encoded in the
chromosome (Figure 1b). This bulky configuration reduces the
capacity of cells carrying Cph8-OmpR to be transformed with
other plasmids and restricts the system to strains expressing
ompR. Second, cph8 is constitutively transcribed from Py, in
E. coli lacking tetR, making Cph8-OmpR v1.0 incompatible with
strains utilizing tefR in genetic circuits or for other purposes.
Third, hol-pcyA is transcribed from the Lacl-repressed, L-
arabinose/AraC-activated promoter P/, 1, resulting in cross-
talk with strains containing either of these two common
transcription factors. Finally, and perhaps most importantly, the
system has leaky output in red light (21.22 + 0.38 arbitrary
sfGFP units (au)) and a modest 8.96 + 0.29-fold activation in
far-red light (Figure lc). Additionally, the CcaS-CcaR v1.0
expression plasmid pJT119b carries the 444 bp sll1472 gene of
unknown function between cca$ and P, (Figure le). This
system also shows leaky red light output (52.13 + 1.43 au) and
only 6.35 + 0.31-fold green light activation (Figure 1f).

Here, we use genetic refactoring***” to consolidate Cphs8-
OmpR onto two plasmids, reduce the overall DNA footprint of
both systems, and replace all regulated and native gene
expression cassettes with constitutive, well-characterized E.

823

coli versions, all while retaining or exceeding the performance of
the v1.0 systems (see Supporting Information Figure S1 for
overview). By re-engineering output promoters and systemati-
cally optimizing the expression levels of both SKs and RRs, we
also substantially reduce the leakiness and increase the dynamic
range of both TCSs. Because many biological pathways and
genetic circuits respond to low levels or specific windows of
gene expression, the resulting second-generation light sensors
have a wide range of new applications in synthetic and systems

biology.

B RESULTS AND DISCUSSION

Refactoring Cph8-OmpR. To reduce the number of DNA
base pairs, origins of replication, and antibiotic resistance
markers associated with Cph8-OmpR, we first moved the cph8
expression cassette from pCph8 to pPLPCB(S), resulting in
pSR6S (Fi%ure 2a, b). We then transformed the envZ knockout
strain JT2" with pSR65 and the pEO100c reporter plasmid
(Figure 1b). Bacteria expressing the original or compressed
system were grown in exponential phase under saturating red
or far-red light using our previously engineered Light Tube
Array (LTA) instrument®® (Methods). We then harvested the
cells and quantified sfGFP expression by flow cytometry
(Methods). These measurements reveal that pSR6S results in
slightly lower pathway output than Cph8-OmpR v1.0 in far-red
light but dramatically increased expression in red (Figure 2c)
and is thus a poor sensor.

Because we reduced cph8 gene dosage while moving the
expression cassette from a ColEl to plSA backbone in the
construction of pSR6S5, we hypothesized that higher Cph8
levels may be needed to recover the original light response. To
optimize cph8 expression while simultaneously eliminating
TetR cross-talk, we replaced Pp,.0.140 (Supporting Information
Note S1) with the constitutively active Anderson collection
Biobrick promoter BBa_J23106"" and replaced the BBa_B0034
ribosome binding site (RBS) with three computationally
designed synthetic versions (sRBSs) of increasing strength
from 4855 to 14637 arbitrary RBS calculator units (pSR66
series) (Figure 2b).*”%” Interestingly, pathway output increases
with predicted Cph8 abundance in far-red light, while
simultaneously decreasing in red (Figure 2c). Moreover, the
strongest sRBS recapitulates both the red and far-red output of
Cph8-OmpR v1.0. An immediate explanation for the observed
trend is that autophosphorylation from acetyl-phosphate® or
cross-talk from other SKs** results in consistently high OmpR
~ P/OmpR ratios at low Cph8 levels and that Cph8 can
override these alternative sources of phosphorylation at higher
expression levels.>> However, deletion of cph8 results in very
low pathway output (Supporting Information Figure S6c),
indicating that alternative sources of signaling to OmpR are
minimal. Therefore, it is possible that a nonobvious DNA
composition effect, such as interference by Pi0.149 ON
transcription of the upstream hol-pcyA operon, resulting in
low PCB levels, is responsible for the high leakiness and low
dynamic range of pSR6S (see results below).

To further improve pathway performance, we designed two
additional pSR66 variants with cph8 sRBSs strengths of 18 523
and 26 786 au. However, we were unable to construct these
plasmids due to the recurrence of spontaneous missense
mutations in the cph8 open reading frame. This outcome agrees
with our previous results that high Cph8 levels are strongly
selected against during cloning (Supporting Information Note
S1), likely due to physiological changes associated with high

dx.doi.org/10.1021/sb500273n | ACS Synth. Biol. 2014, 3, 820—831
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Figure 3. Moving ompR from the genome to a plasmid and optimizing the promoter. (a) ompR was cloned under control of different versions of the
native ompB promoter (PompB) on plasmids pSR59.1—59.4, which contain the optimized output promoter P,,,r146 (Supporting Information Note S3,
Figure S3) driving sfgfp. The sequence of the 305 nucleotides upstream of ompR is shown with promoters numbered according to their distance from
the start codon (bold). This region was chosen because it contains all four ompB promoters plus an additional 100 bp. The CRP-cAMP operator is
indicated. For clarity, three IHF operators are not depicted. The direction of the upstream greB open reading frame is indicated by an arrow, with the
start codon in bold. Open red brackets show the starting position of truncated promoters in the corresponding plasmid. (b) R/FR outputs of E. coli
BW29655 carrying the plasmids and P, variants indicated and the cph8 and PCB expression plasmid pSR33.4. Data represented as in Figure 2c.

OmpR ~ P or cross-talk of the EnvZ histidine kinase domain
with other RRs.>*

After eliminating pCph8 and cross-talk with TetR, we set out
to replace Py, /..., with a constitutive promoter. Because sensor
performance is likely to be sensitive to PCB levels, we
constructed a series of plasmids wherein hol-pcyA is expressed
from one of five Anderson collection promoters of different
strengths (pSR67 series) (Figure 2d, e) and tested the light
response of each as above. For the weakest promoter
(BBa_J23117, 162 arbitrary Anderson promoter units (au)),
the pathway is nonlight switchable, with relatively high far-red
and red output levels resembling to those observed for pSR65
(Figure 2f). Mirroring the trend observed for Cph8, higher
predicted PCB levels result in both higher far-red and lower red
light output and therefore greater dynamic range (Figure 2f).
The strongest promoter tested (BBa_J23108, 1303 au,
pSR67.5) results in a 10.06 + 0.87-fold dynamic range, a slight
improvement over Cph8-OmpR v1.0. We attempted to further
improve pathway performance by cloning stronger promoters
(BBa J23118, 1429 au; BBa J23101, 1791 au), but all
successfully assembled plasmids contain spontaneous mutations
in hol or the promoters themselves, suggesting that pSR67.5
drives production of a near maximal (and optimal) level of PCB
without causing toxicity due to heme depletion (Supporting
Information Note S4, Figure S7).

Taken together, the hol-pcyA expression optimization data
(Figure 2f) indicate that Cph8 kinase, phosphatase, and light-
switching activity are all stimulated by PCB. Additionally, the
fact that pathway output in red light is more sensitive to PCB
levels than far-red implies that apo-Cph8 has a higher kinase
than phosphatase activity, relative to the corresponding holo-
Cphs8 state.

Identification of a Novel Cph8 Mutation and ompF
Output Promoter Variant That Improve Sensor Perform-
ance. Two mutations, 1650V and T740M, arose within the
EnvZ catalytic and ATPase (CA) domain during the original
construction of pCph8'” (Supporting Information Figure S2a,
b) and are present in all cph8-bearing plasmids that we have
reported to this point. We also observed a novel CA domain

824

mutation, G722V (Supporting Information Figure S2b),
alongside 1650V and T740M during the cph8 refactoring
above (see Supporting Information Note S2 for detailed
description), though G722V is not present in any experiment to
this point. To examine the possibility that one or more of these
mutations impacts Cph8 function, we constructed pSR67.5
variants encoding cph8 carrying a nonmutated EnvZ domain,
and each of the three single mutations (pSR33 series), and
compared the corresponding light responses to the published
Cph8 sequence. First, the wild-type sequence yields slightly
higher dynamic range than the published version (13.62 + 0.38
versus 10.06 + 0.87-fold) due to lower leakiness (Supporting
Information Figure S2c). Additionally, while both published
mutations are slightly deleterious, G722V improves dynamic
range over wild-type to 19.17 + 0.94-fold, due to lower red
light output (Supporting Information Figure S2c). Similar to
their effect on the wild-type, either or both of the published
mutations reduces the dynamic range and increases the
leakiness of the G722V mutant. Based on its improved
performance features, we chose to carry cph8 G722V (hereafter
cph8*) forward for all subsequent experiments.

To continue to improve sensor performance while reducing
the DNA footprint, we next aimed to replace P,,,c1is7
(Supporting Information Figure S3a) with a shorter promoter
lacking unwanted regulatory elements and additional tran-
scription start sites. To this end, we constructed a small library
of truncations of P, as well as of P,,,, a second OmpR ~ P
activated promoter, wherein one or more elements flanking the
core OmpR operators is deleted in each variant (Supporting
Information Note S3, Figure S3b—e). While most truncations
perform more poorly, P,,,r146 @ 146 bp variant deleted for the
region upstream of the OmpR operators and a second
predicted constitutive promoter has higher dynamic range
than P,,,c1157 (30.55 & 1.06 versus 19.17 + 0.94-fold) while
retaining low red light leakiness (Supporting Information
Figure S3e). We therefore replaced Poppciisy With Po,pie in all
following experiments.

Optimizing ompR Expression Level. To optimize ompR
expression while making Cph8-OmpR more modular and

dx.doi.org/10.1021/sb500273n | ACS Synth. Biol. 2014, 3, 820—831
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portable, we next set out to move ompR from the genome to a
plasmid. In E. coli, ompR and envZ are expressed from the ompB
operon, which is transcribed from four promoters (Figure
3a).>>%® For plasmid-based ompR expression, we first changed
the host strain to BW296S55, a derivative of E. coli K-12
BW25113 lacking both ompR and envZ> BW29655 was
cotransformed with pSR33.4, containing the refactored and
optimized cph8* and PCB expression cassettes (Supporting
Information Figure S2) and one of four plasmids encoding sfgfp
under P,,r4 and ompR under a P, truncation variant
containing all four, three, two, or one of the native promoters
(Figure 3a) (pSRS9 series). Despite the increased ompR
dosage, all pSRS9 plasmids result in approximately 40% lower
far-red light output in BW296SS than the comparable
engineered pathway in JT2 (Figure 3b and Supporting
Information Figure S3e). In contrast, red light output changes
with the number of ompB promoters, with expression ranging
from 21.34 + 0.03 au for all four promoters to as low as 4.13 +
0.12 au for P,,,p9; which contains only the ompR-proximal
promoter (Figure 3b). Due to this combination of low leakiness
and high activated expression level, P, g0, results in a markedly
improved 71.98 + 3.99-fold dynamic range. Using Anderson
collection promoters, we were unable to achieve the dynamic
range observed with P,z (data not shown). However,
because P,,,po7 is to our knowledge unregulated, all pathway
components are constitutively expressed from pSR33.4 and
pSR59.4 (hereafter Cph8-OmpR v2.0).

There are several benefits to Cph8-OmpR v2.0. First, unlike
the v1.0 system, it is compatible with strains encoding tetR, lac,
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or araC. Moreover, because the ColEl origin and the
chloramphenicol resistance marker have been eliminated, and
the size is reduced by ~20% (11 564 versus 14 471 bp), Cph8-
OmpR v2.0 can be readily combined with larger plasmid-borne
synthetic genetic systems. In addition, low leakiness and high
dynamic range make this second generation sensor better
suited to the expression of toxic proteins such as the CRISPR
interference (CRISPRi)*®-associated dCas9 or repressors such
as small guide RNAs (sgRNAs)*® or ACI that have low K
values for target promoters.**** Moreover, because all DNA is
encoded on two plasmids, this system can more readily be
ported to other strains, or possibly other bacteria, including
those lacking genomic ompR. Full plasmid encoding also makes
Cph8-OmpR v2.0 convenient for engineering synthetic signal-
ing pathways®~% based upon Cph8, OmpR, or any of their
subdomains.

Refactoring and Optimization of CcaS-CcaR. Our
previous work with CcaS-CcaR has been conducted in E. coli
]T2.19’40 However, because this TCS is not native to E. colj, it
should function in most any strain, assuming minimal cross-talk
with native TCSs and genomic promoters. We therefore chose
to refactor and optimize CcaS-CcaR in BW296SS, the same
strain used to engineer Cph8-OmpR v2.0. In this strain, CcaS-
CcaR v1.0 produces 52.13 + 1.43 and 330.88 + 13.55 au of
sfGFP in red and green light, corresponding to 6.35 + 0.31-fold
activation (Figure 1f). We note that absolute sfGFP output
from the ColE1 origin pJT119b is greater than that from the
pSC101* reporter plasmids used for Cph8-OmpR, necessitat-
ing the use of lower cytometer gain settings (Supporting
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Information Table S2) and therefore different arbitrary
fluorescence units for the two systems.

In CcaS-CcaR v1.0, we utilize the full 238 bp region between
¢pcG2 and ccaR as the P, output promoter. Recently, the
cpcG2 transcriptional start site was determined to be 75 b
upstream of the start codon in Synechocystis PCC 6803.%
However, the transcriptional start site(s) may differ in E. coli.
Therefore, we used BPROM®® to predict E. coli 6’° promoters
between the G-box, which resides near the center of the
intergenic region, and sfgfp (Supporting experimental proce-
dures). This analysis reveals a promoter with a —35 hexamer
that begins 8 bp downstream of the G-box, in agreement with
the Synechocystis start site. However, we also identify a second
putative promoter with a —35 hexamer starting 66 bp
downstream, near sfgfp (Figure 4a, b). Because of its proximity
to the G-box, we hypothesized that the first promoter is
activated by CcaR ~ P and responsible for green light activation
in E. coli. Alternatively, due to the absence of identifiable
operator sites nearby, we hypothesized that the second putative
promoter is constitutive and contributes to leakiness and low
dynamic range.

To examine these hypotheses, we constructed pSR41.1 and
pSR41.2, which contain full length P, (hereafter P,.c,,35)
and a truncated version deleted for the second candidate
promoter (P,,.6,.17,), respectively. To measure the response of
both promoters to CcaR ~ P, the pSR41 series was also
engineered to carry an aTc-inducible ccaR cassette (Figure 4a,
b). For analysis, BW29655 was cotransformed with pSR41.1 or
pSR41.2 and a variant of the optimized hol-pcyA expression
plasmid pSR67.5 with a constitutive ccaS expression cassette in
place of cph8 (pSR43.6) (Supporting Information Figure S4).
Bacteria carrying these plasmids were grown in red or green
light in the presence of aTc between 0 and 100 ng/mL.
Without aTc, neither P ;35 nor Py,y.17; is induced by green
light (Figure 4c), indicating that ccaR is tightly repressed by
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TetR. Additionally, P35 produces a large amount of leaky
transcription at 0 ng/mL aTc in red light (89.29 + 3.14 au),
while P57, produces exceptionally little (0.66 + 0.03 au).
Both promoters show a large sigmoidal increase in transcription
as a function of aTc¢ in green light but a much smaller increase
in red (Figure 4c).

Taking the ratio of the green and red aTc dose—response
curves (transfer functions), we observe a maximum Popcgrim
dynamic range of 68.76 + 3.84-fold near 30 ng/uL and a
decrease thereafter (Supporting Information Figure SS). Due to
higher red light output levels, we observe a much smaller
maximum dynamic range of 7.80 + 0.27-fold from P38
(Supporting Information Figure SS). The nonmonotonic
activation of P17, may occur due to saturation of the
promoter by CcaR ~ P at intermediate CcaR expression levels
in green light, combined with CcaR ~ P levels that remain well
below the saturation point in red. RR ~ P levels have also been
shown to saturate despite increasing concentrations of total RR,
depending on the properties of the specific TCS.%7 1t is
therefore possible that CcaR ~ P reaches a maximum level at
intermediate aT'c concentrations, while total CcaR continues to
increase with higher aTc concentrations. In either case, the
large difference between the green and red light aTc transfer
functions indicates that CcaS Pg maintains low CcaR ~ P over
a wide range of total CcaR levels. Additionally, the aTc transfer
function data support a model that the G-box proximal P35
promoter is strongly activated by CcaR ~ P, while the second,
distal promoter is constitutive and responsible for the leakiness
and low dynamic range of CcaS-CcaR v1.0 in E. coli.

Given its markedly improved performance, we next set out to
incorporate P ;.17 into a “hard-wired” v2.0 system wherein
ccaS and ccaR are constitutively expressed to optimal levels. To
this end, we deleted the tetR expression cassette from pSR41.2
and replaced Pp..o., with the strongest Anderson collection
promoter BBa_J23100 (2547 au). To vary ccaR expression, we
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used 18 sRBSs with strengths between 97 and 961 au in the
pSRS8 series (Figure Sa). To tune ccaS expression, we
constructed a 17-member sRBS library (pSR43 series) with
translation initiation rates ranging from 5380 to 49 251 au.

Each pSR58 and pSR43 member was cotransformed with
pSR43.5 or pSRS58.6, respectively, and the response to red and
green light prescreened (data not shown). Based upon the
prescreening data, we selected seven ccaS and seven ccaR sRBS
variants with widely different expression levels for more
detailed characterization. Specifically, we cotransformed seven
pSRS8 variants and a plasmid deleted for ccaS against seven
pSR43 variants and a plasmid lacking ccaR (Supporting
Information Table S3). We then grew each of the 64 strains
under red and green light and analyzed pathway output as a
function of CcaR and CcaS$ level. To interpret CcaR levels, we
simply use sfGFP output in either light condition, which
increases monotonically with ccaR expression (Figure 4c). To
measure the CcaS level, we constructed a series of analytical
plasmids wherein sfgfp is fused C-terminally to the first 12
amino acids of ccaS (pSR76 series) and used measured sfGFP
fluorescence as a proxy for CcaS level (Supporting Information
Figure S4b).

We then plotted the red and green light pathway outputs and
fold induction in two-dimensional heat maps wherein the 64
plasmid combinations are ordered by the expression levels of
the SK and RR (Figure Sb—d). Though several groups have
analyzed TCS performance while varying one or both pathway
components over ranges of variable magnitude,®***~"" these
data represent the first study where the expression levels of a
natural SK and RR have been systematically varied against one
another. This analysis reveals several interesting pathway
properties. First, in agreement with our previous measurements
(Figure 4c), sfGFP is low in both red and green light at very
low CcaR levels (Figure Sb, c). Additionally, pathway output
increases with CcaR abundance in both red and green,
regardless of the CcaS level (Figure Sb, c). This increase
occurs in cells lacking ccaS as well, suggesting that CcaR
autophosphorylates, is phosphorylated to a small extent by
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other E. coli SKs in the absence of CcaS,** or binds DNA
weakly in the nonphosphorylated form.” For the highest CcaR
levels, we observe that pathway output is high in both red and
green light, regardless of ccaS expression level (Figure Sb, c). In
our aTc-inducible ccaR experiments, red light output remains
much lower than green at all aTc levels despite a stronger
predicted ccaR RBS, suggesting that transcription from
BBa_J23100 is stronger than that of Py 0.1

Not surprisingly, the pathway is not strongly activated by
green light at low CcaS levels. However, pathway switching is
relatively insensitive to CcaS abundance, with consistently
strong green light activation when Cca$ is above the lowest
levels tested (Figure Sd). Unexpectedly, output again decreases
at the highest Cca$ levels (Figures Sb—d, top row). This effect
occurs more strongly in green than red light, resulting in lower
fold activation and thus an optimal intermediate CcaS
concentration range. One possibility is that PCB becomes
limiting when total CcaS is high, creating a population of apo-
CcaS molecules with constitutive ground state phosphatase
activity. Such a population would have a greater impact on
CcaR ~ P/CcaR ratio in the presence of kinase-active Pr form
holo-CcaS than phosphatase active Pg form. Finally, the heat
map data reveal that the combination of pSR43.6 and pSR58.6
results in the highest green light activation yet observed
(116.79 + 5.95-fold) and low leakiness (Figure Sb, d, second
column, third row). Hereafter, we refer to this combination of
plasmids as CcaS-CcaR v2.0.

Characterizing the v2.0 Light Sensors. Using the v1.0
sensors, the single cell transcription rate can be precisely tuned
by varying the intensity of the ground state-responsive
wavelength (red for Cph8-OmpR, green for CcaS-CcaR).*
Furthermore, for CcaS-CcaR, we have observed that the
presence of the competing wavelength (red) reduces the
steepness of the transfer function while preserving the full
dynamic range, 4germitting finer analog control of the
transcription rate.

To compare the quantitative relationship between input and
output of the v1.0 and v2.0 systems, we next characterized their
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steady state transfer functions. Bacteria expressing Cph8-OmpR
v1.0 and v2.0 (Supporting Information Figure S6a—c) were
grown under different red intensities from 0.00 to 1.05 W/m?,
with a far-red constant at 1.38 W/m” Our measurements reveal
that output decreases proportionally to red intensity in a
manner described by a repressing Hill function for both
versions of the sensor (Figure 6a). However, there are several
notable differences. First, v2.0 has a lower response threshold,
with half-maximal deactivation (k) occurring at approximately
half the intensity of v1.0 (0.105 versus 0.197 W/m?)
(Supporting Information Table S4). Additionally, the v1.0
transfer function is sigmoidal, with a shallow response to red
light intensities of less than 0.10 W/m? followed by a steeper
response and saturation (Hill parameter n = 1.90). By contrast,
Cph8-OmpR v2.0 responds sharply to low red intensities,
resulting in a more hyperbolic transfer function (n = 1.45)
(Figure 6a). These data suggest in far-red light for v1.0, OmpR
~ P or P,,,cis; are saturated, requiring a relatively large
increase in EnvZ phosphatase activity to elicit a transcriptional
response, while OmpR ~ P or P,,,r1 is not saturated in v2.0,
resulting in a sensitive response to low red light intensities. This
interpretation also suggests that yet higher pathway output and
greater dynamic range could still be achieved.

To characterize the CcaS-CcaR v2.0 (Supporting Informa-
tion Figure S6d—f) transfer function, we varied green light
intensity from 0.00 to 2.86 W/m? in the presence of 1.05 W/m*
red. In contrast to Cph8-OmpR, CcaS-CcaR v2.0 has a higher
response threshold (k = 0.380 versus 0.172 W/m?), but the
transfer function retains the same steepness (n = 2.08 versus
2.00) (Figure 6b and Supporting Information Table SS). The
reduced green light sensitivity enables the user to program
more analog outputs, especially very low levels, from CcaS-
CcaR v2.0. The ability to fine-tune low levels of gene expression
is a feature lacking in v1.0 (Figure 6b).

Conclusions. In this study, we have dramatically improved
the user-friendliness and performance features of the Cph8-
OmpR and CcaS-CcaR light-switchable TCSs, two of the best-
characterized and controllable optogenetic tools in the
literature. The first generation versions of these sensors have
several notable limitations, including bulky plasmid and DNA
encoding, limited portability, cross-talk with common tran-
scription factors, leaky transcription, and modest dynamic
range. The second generation engineered here overcomes all of
these issues, with complete and compact plasmid encoding, the
exclusive use of constitutive promoters for expression of
pathway genes, dramatically reduced leakiness, and upward of
or exceeding 100-fold dynamic range. As a result, the second
generation light sensors can be combined with more (and
larger) plasmid-borne synthetic genetic systems and circuits
and used to characterize those systems over a wider range of
gene expression, in particular, at low levels. In synthetic and
systems biology applications, low expression is particularly
useful for metabolic enzymes, toxic proteins, proteins such as
Cas9 with high off target effects, or strong transcription factors
such as the dCas9:sgRNA complexes of the CRISPRi
technology.

TCSs are the primary means by which bacteria sense and
respond to their environment.”* More than 75000 TCSs have
been identified computationally,”* and these pathways could be
used to engineer novel biological sense-respond functions such
“synthetic 7§robiotics” that diagnose and treat diseased states in
the body. =77 However, as observed for our light sensors,
TCSs taken largely “as-is” from nature may show suboptimal
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performance features, limiting their utility for synthetic biology.
The TCS performance optimization approach that we
demonstrate here will therefore be key to future synthetic
biology applications. Our two-pronged approach of systematic
optimization of pathway component expression levels and re-
engineering of evolved output promoters may also be extensible
to eukaryotic systems such as MAP kinase pathways, thus
enabling the engineering of sensors of a wide range of
important cellular input signals.

B METHODS

Growth Conditions, Strains, and Plasmids. All experi-
ments were gerformed using E. coli strain JT2 (RU1012,
AP, lacZ)"® or BW29655 (BW28357 A(envZ-ompR)S20-
(::FRT)).>” LB Miller broth was used as standard medium for
cultivation of the bacteria. Cells were grown under agitation
(250 rpm) at 37 °C. As appropriate, antibiotics were added to
the medium (50 yug/mL ampicillin, 34 sg/mL chloramphenicol,
and/or 100 pg/mL spectinomycin). All E. coli JT2 strains were
grown in media supplemented with 50 pg/mL kanamycin.
Glycerol stocks of all strains were made by adding 300 xL 60%
glycerol to 700 uL actively growing culture (log phase) and
freezing at —80 °C. For all light exposure experiments, E. coli
were grown in M9 minimal medium containing 1X M9 salts,
0.4% (wt/vol) glucose, 0.2% (wt/vol) casamino acids, 2 mM
MgSO,, 0.1 mM CacCl,, and the appropriate antibiotics.

DNA construction was carried out in E. coli strain NEB 10-3
(New England Biolabs, catalog no. C3019H) following
standard procedures.”® The plasmids and primers used in this
study are listed in Supporting Information Tables S1 and S6,
respectively. For plasmid construction, DNA fragments were
amplified using the primers listed in Supporting Information
Table S7. PCR products were individually gel-purified from 1%
agarose using the Wizard SV Gel and PCR Clean-Up System
(Promega, catalog no. A9282) and the concentration
determined with a NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, MA, U.S.A.). Golden Gate assembly79 was used to
construct the final plasmids utilizing type II endonuclease Bsal.
For one-part Golden Gate assemblies, the template vector was
linearized by PCR-amplification resulting in the replacement of
specific DNA elements (promoters or synthetic RBSs) by
primer overhangs as well as the introduction of desired
truncations (see Supporting Information Table S7 for detailed
description). All plasmid constructs were confirmed by
sequencing at Lone Star Laboratories, Inc. (Houston, TX,
USA).

Light Exposure Experiments. Light exposure experiments
were performed using the LTA.* Starting from a —80 °C
glycerol stock, strains were inoculated into 3 mL LB Miller
Broth in culture tubes (BD Biosciences, catalog no. 352006)
containing the relevant antibiotics, and grown at 37 °C and 250
rpm for 13 h. Cultures were then diluted 10-fold into 1 mL
fresh LB Miller Broth and the ODgy, determined using a
CaryS0 UV/vis spectrophotometer (Agilent, Inc.). Cells were
then further diluted (ODgy, 0.0005, or ODgy, 0.0001S for
strains harboring the weaker PCB expression plasmids,
pSR67.1—4) in 3 mL M9 minimal medium in culture tubes
containing the appropriate antibiotics. For induction of genes
under the control of Py 0., aTc was added to bring the
medium to a concentration in the range between 0 and 100 ng/
mL. The tubes were placed in the LTA and incubated at 37 °C,
250 rpm, under the prescribed light condition (red = 650 nm,
1.05 W/m?; far-red = 740 nm, 1.38 W/m?’; green = 520 nm,
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4.03 W/m?) for an additional 6.5 (BW29655) or 7 h (JT2) for
Cph8-OmpR and 8 h for CcaS-CcaR, reaching a final ODg
~0.3 (exponential growth phase; see Supporting Information
Note S4, Figure S7, for v1.0 and v2.0 system growth rate
comparison). All culture tubes were immediately transferred
into an ice water bath and incubated for 45 min before being
diluted 50-fold into 1 mL phosphate buffered saline for flow
cytometry analysis.

Flow Cytometry and Analysis. Flow cytometry acquis-
ition was performed using a BD FACScan (BD, Franklin Lakes,
NJ, U.S.A.) with the original laser system replaced by blue (488
nm, 30 mW) and yellow (561 nm, 50 mW) solid-state lasers
(Cytek). The FL1 (sfGFP) acquisition channel emission filter
was also replaced with a 510/21 nm filter. The cytometer is
calibrated using beads (Spherotech, catalog no. RCP-30-5A) on
a weekly basis. Acquisition was performed with typical count
rates of 1000—2000 events/s. Approximately 50 000 events are
stored for each sample. A SSC threshold is used to eliminate
instrument noise events that are not due to cell scattering. The
cytometer settings used for the acquisition of fluorescence data
are listed in Supporting Information Table SS. Representative
histograms of single-cell populations are shown in Supporting
Information Figures S8 and S9.

For data analysis, events were gated using Flowing Software
v2.5.1 (Cell Imaging Core, Turku Centre for Biotechnology,
Finland). A small elliptical gate centered at the median FSC
and SSC values was used to isolate a uniformly sized population
of cells. The gating procedure leaves around 10 000—15 000
events. In addition, a trim was performed on FL1 to remove a
small number of apparent noncellular events. The geometric
means of the fluorescence distributions were calculated. The
autofluorescence value of E. coli JT2 or BW29655 cells
harboring no plasmid (strain JT2, 9.78 + 0.24 au; strain
BW29655, 1.43 + 0.07 au and 17.62 + 0.32 au for gain setting
500 and 800, respectively) was subtracted from these values to
give the fluorescence data reported in this study (Supporting
Information Tables S8—10).
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