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Engineering AraC to make it responsive to light
instead of arabinose

Edoardo Romano'?3¢, Armin Baumschlager®45, Emir Bora Akmeric®'?, Navaneethan Palanisamy ®23,
Moustafa Houmani?, Gregor Schmidt*, Mehmet Ali Oztiirk'?, Leonard Ernst®5, Mustafa Khammash ®45<
and Barbara Di Ventura®'2X

The L-arabinose-responsive AraC and its cognate P,,, promoter underlie one of the most often used chemically inducible pro-
karyotic gene expression systems in microbiology and synthetic biology. Here, we change the sensing capability of AraC from
L-arabinose to blue light, making its dimerization and the resulting P, activation light-inducible. We engineer an entire family
of blue light-inducible AraC dimers in Escherichia coli (BLADE) to control gene expression in space and time. We show that
BLADE can be used with pre-existing L-arabinose-responsive plasmids and strains, enabling optogenetic experiments without
the need to clone. Furthermore, we apply BLADE to control, with light, the catabolism of L-arabinose, thus externally steering
bacterial growth with a simple transformation step. Our work establishes BLADE as a highly practical and effective optogenetic
tool with plug-and-play functionality—features that we hope will accelerate the broader adoption of optogenetics and the real-

ization of its vast potential in microbiology, synthetic biology and biotechnology.

able tools with which to control biological processes for

basic science as well as biotechnological applications.
While allowing for tunability’? and for a certain degree of spa-
tial control’, these systems have some limitations—they do not
enable sophisticated spatio-temporal regulation and often lack
reversibility or require washing steps to achieve it. These limi-
tations can be overcome using light instead of small molecules
as the external trigger. For example, with light, pulsatile inputs
can be generated that alternate between dark (off) and maximum
intensity (fully on), and have been shown to lead to effects that
cannot be realized with light of graded intensity, such as reduced
cell-to-cell variability in gene expression®. In fact, by adjusting
the duty cycle (defined as the fraction of time that the light is
fully on), the amount of cell-to-cell variability can be tuned, pro-
viding a new control modality for studying stochasticity in gene
expression. This type of pulsatile input was also recently shown to
enhance the biosynthesis of products in engineered cells, enabling
a novel type of bioreactor operation in which enzyme expression
is tuned to increase fermentation yield®.

Several light-inducible gene expression systems are available
for use in bacteria®?, some of which feature extremely high dark/
light fold changes'®'". All these tools require the use of a specific
promoter. In this Article, we aim to harvest the well-known and
pervasive Py, promoter to allow optogenetic experiments to be
performed with pre-existing plasmids and strains, without the need
for cloning.

The Py, promoter regulates the araBAD operon, which
encodes three enzymes that convert the sugar L-arabinose to
D-xylulose-5-phosphate’>'. In the absence of L-arabinose, Py,
is repressed by the transcriptional regulator AraC bound to the

( : hemically inducible gene expression systems are invalu-

distal I, and O, half-sites, which causes the formation of a DNA
loop that sterically blocks access of the RNA polymerase to the
promoter (Fig. 1a). In the presence of L-arabinose, transcription
from the Py, promoter is activated by AraC, which addition-
ally negatively feeds back on its own promoter P.'*'*. Activation
results from AraC binding to the adjacent I, and I, half-sites,
which recruits the RNA polymerase (Fig. 1a). AraC is composed
of an N-terminal dimerization domain (DD) and a C-terminal
DNA binding domain (DBD) connected via a linker (Fig. 1b).
Interestingly, AraC is always a homodimer, whether bound to
arabinose or not'’. Binding of arabinose triggers a conformational
change in AraC, which results in the two DBDs being oriented
in a way that favors their interaction with the I, and I, half-sites
rather than the I, and O, half-sites (Fig. 1a)"*'.

In this Article, we engineer an entire family of ‘blue light-inducible
AraC dimers in Escherichia coli (BLADE). After characterizing
BLADE in terms of kinetics, reversibility, spatial control and light
dependence, we demonstrate that BLADE can be used to regulate,
with light, previously constructed plasmids and strains, obtaining
reversibility that cannot be achieved with L-arabinose. We show that
BLADE functions by contacting the I, half-site within the Py, , pro-
moter in the lit state, while in the dark state aggregates are formed,
which might contribute to the tightness of the system. Finally, we
use BLADE to control the endogenous arabinose operon and direct
E. coli growth on L-arabinose with blue light.

We envision that BLADE will stimulate the incorporation of
optogenetic experiments in microbiology and will facilitate opto-
genetic endeavors in synthetic biology due to its compatibility with
previously constructed strains and plasmids, its added functionality
(which cannot be achieved easily with chemical inducers) and its
reliable performance.
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Fig. 1| Engineering and characterization of a novel light-inducible AraC. a, Mechanism of arabinose-induced Pg,p induction by AraC. The thickness of
the |, and |, half-sites symbolizes the affinity with which AraC binds to them. P, promoter driving the expression of araC. The —35 and —10 regions of

the promoter are shown in red to differentiate them from the AraC binding sites. b, Domain composition of wild-type (left) and light-inducible (right)
AraC. ¢, Expected mechanism of Py, activation by light-inducible AraC. d, Domain composition of the chimeric VVD-AraC DBD fusion proteins (FPs).

In FP3, amino acids 171-178 of the natural linker are present twice. e, Plasmid for expression of a gene of interest (here mCherry) under control of BLADE.
f, mCherry fluorescence intensity in E. coli MG1655 cells transformed with the library shown in d, grown for 4 h either in the dark or under 460-nm light
(5W m=2) illumination. Native AraC cloned under the same constitutive promoters was used as a positive control (AraC,;). The bars for AraC represent
the values obtained without (gray) and with 0.1% (orange) arabinose for 4 h. J23101* and J23101** indicate two variants of the J23101 promoter with
different strengths. g, mCherry fluorescence intensity measured in E. coli MG1655 cells transformed with the FP6 fusion driven by the J23101** promoter
grown for 4 h under 460-nm light of the indicated light intensity (cyan) or kept in the dark for 4 h (black). In f and g, values are normalized to the mCherry
fluorescence intensity measured in E. coli MG1655 cells transformed with pReporter_only (Supplementary Table 1; dashed line). The individual data points
are the mean values of 10,000 single-cell flow cytometry events. In f, values represent mean + s.d. of n=3 (FP2*, FP3* FP5*, FP1**, FP7**, PC**), n=4 (FP1*,
FP4*, FP7*, FP8*, FP2**, FP3** FP5**), n=5 (FP4**, FP8**, PC**), n=6 (FP6**), n=7 (PC*) and n=9 (FP6*) biological replicates acquired on more than
three different days. *, construct driven by the J23101* promoter; **, construct driven by the J23101** promoter. In g, values represent mean+s.d. of n=3
(dark) and n=4 (light) biological replicates acquired on three different days.
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Results

Creation of chimeric VVD-AraC fusion constructs. Inspired
by a previous study in which chimeric AraC constructs have been
cloned to probe the role of the DD and DBD'*, we reasoned that, by
exchanging the dimerization domain of AraC with a light-inducible
dimerization domain (Fig. 1b), we would be able to control, with
light, the switching of this engineered AraC from monomer to
dimer (Fig. 1c). In its monomeric form, the engineered AraC would
contact the high-affinity I, half-site’’, but not the low-affinity I,
half-site, needed to recruit the RNA polymerase. Its function as a
light-inducible transcription factor (TF) would depend on find-
ing the appropriate linker supporting the correct orientation of
the two DBDs after dimer formation, permissive of I,-I, binding
(Fig. 1c). For the light-triggered dimerization domain we at first
selected Vivid (VVD), which has often been successfully used to
control, with light, the dimerization of proteins of interest'-*. VVD
senses blue light via the flavin adenine dinucleotide (FAD) chro-
mophore’’. Blue light triggers the formation of a cysteinyl-flavin
adduct, which generates a new hydrogen-bond network that
releases the N terminus (N-terminal cap) from the protein core
and restructures it, creating a new dimerization interface’>*’. We
swapped the AraC dimerization domain with VVDN¢KC7IV 3 double
mutant shown to stabilize the dimer'®, and cloned seven constructs
having different linkers between AraC(DBD) and VVD as well as
one construct without linker (Fig. 1d). We removed the araC gene
from pBAD33 and introduced two constitutive promoters of dif-
ferent strength (J23101* and J23101**) to drive the expression of
the chimeric VVD-AraC(DBD) fusion constructs (Supplementary
Fig. 1). For a reporter gene, we cloned mCherry downstream of the
Py.p promoter (Fig. 1e). As a positive control, we constructed the
same plasmid carrying full-length AraC in place of the VVD-AraC
fusion (Supplementary Fig. 2a and Supplementary Table 1), while
the plasmid without any TF (pReporter_only) was constructed to
serve as negative control to monitor leaky expression from Py,
(Supplementary Fig. 2b and Supplementary Table 1). Flow cytom-
etry analysis of E. coli MG1655 cells transformed with the small
library of VVD-AraC fusions, as well as the negative and the posi-
tive controls, kept in the dark or illuminated with 460-nm light
(5Wm™) for 4h, showed that all 14 VVD-AraC constructs hav-
ing a linker between the two domains were light-inducible, despite
being less optimal than full-length AraC (Fig. 1f). The fusion with-
out linker (FP8) did not activate gene expression, regardless of its
expression levels (Fig. 1f). Different linkers corresponded to dif-
ferent amounts of gene expression, with the longest linker being
the least active. With the weaker constitutive promoter driving
expression of the VVD-AraC(DBD) fusion constructs (J23101%),
the levels of reporter expression in the dark approached those of
the negative control, to which the values were normalized (Fig. 1f).
The stronger constitutive promoter (J23101**) led to substantially
higher expression of the reporter gene after blue light illumination
for all constructs, albeit at the cost of increased leakiness in the dark
(Fig. 1f). Nonetheless, for some of the fusions, the light/dark fold
change was higher with this promoter. We named a generic mem-
ber of this family BLADE and the pBAD33-derived corresponding
expression plasmid pBLADE (Fig. le). Reporter gene expression
can be tuned not only by selecting different promoters to drive the
expression of BLADE (Fig. 1f), but also by applying different light
intensities (Fig. 1g). Importantly, even the highest intensity used
in our experiments (5 W m™) is perfectly tolerated by the bacterial
cells, so it can be safely used (Supplementary Fig. 3). To demon-
strate that BLADE is useful to control the expression of functional
E. coli proteins, and not just fluorescent reporters, we cloned sev-
eral genes coding for proteins involved in cell division (MinD***®
and its mutant MinDA10%) and cell shape (MreB* and RodZ*) in
place of mCherry into pBLADE. We transformed each construct
into MG1655 E. coli cells and either exposed cells to 4h of blue
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light illumination or kept them in the dark. In all cases, cells kept
in the dark were indistinguishable from those transformed with
pReporter_only, which served as a negative control (Extended Data
Fig. 1, Supplementary Fig. 4 and Supplementary Video 1), demon-
strating the tightness of BLADE. Light-induced overexpression of
the selected proteins caused the expected phenotypes, while light
itself had no effect (Extended Data Fig. 1).

Although the conventional L-arabinose-responsive AraC is bet-
ter than BLADE in terms of fold change (Fig. 1f and Extended Data
Fig. 2a,b), the latter benefits from the fact that light is not catabolized
(Extended Data Fig. 2b) and that its utilization is not dependent on
a series of cellular processes such as transport, thus leading to less
heterogeneity within the population, especially at lower inductions
(Extended Data Fig. 2¢,d and Supplementary Fig. 5). Moreover,
light can be easily removed, while arabinose is not easily washed
out from cells (Extended Data Fig. 2e,f and Supplementary Fig. 6).

Spatial control of gene expression. One of the benefits of optoge-
netic induction is the ability to spatially modulate gene expression.
To showcase how BLADE could be used to control the expression
of a target gene only in selected cells, we cloned superfolder green
fluorescent protein (sfGFP)* into pBLADE. E. coli MG1655 cells
transformed with pBLADE-sfGFP were then applied to an agar
pad and subjected to confocal microscopy to expose a limited area
(6.4pm?) to blue light every 5min. After 3h, stGFP was expressed
up to 6.7-fold more in the illuminated cells than in the surround-
ing non-illuminated cells (Supplementary Fig. 7). Another interest-
ing application of light-inducible TFs that relies on the possibility
to shine light on a plate in desired patterns is bacterial photogra-
phy*. To assess the effectiveness of BLADE in this type of applica-
tion, we covered one lawn of E. coli MG1655 cells transformed with
pBLADE-stGFP with a photomask depicting the ‘Blade Runner’
movie poster (Fig. 2a) and another one with the photomask repro-
ducing Michelangelo’s ‘Creation of Adam’ fresco (Supplementary
Fig. 8). We illuminated the plates with blue light overnight, then
took several microscopy pictures and stitched them together
(Fig. 2b,d). The sensitive light response of BLADE vyielded a good
contrast, resulting in high-quality bacteriographs that allowed for
the faithful reproduction of the details in the images, such as facial
expressions (Fig. 2c).

BLADE is compatible with pre-existing plasmids and strains.
The uniqueness of BLADE resides in the fact that it is based on the
widely used Py, promoter. If BLADE outcompeted AraC for the
activation of the Py, promoter in the absence of arabinose when
AraC assumes the Py,j-inhibiting conformation (Fig. 1a), previ-
ously constructed plasmids and strains could be employed to per-
form optogenetic experiments with a simple (co)transformation
step to bring BLADE into the cells (Fig. 3a). We therefore cloned
the BLADE-encoding gene into the well-known pTrc99a plas-
mid, into which we replaced the IPTG-inducible pTrc promoter
with the constitutive J23101** one (giving rise to pBLADEON--4;
Supplementary Table 1). We then co-transformed pBLADEN:Y-4
and a previously constructed pBAD33-mCherry plasmid into
MG1655 cells and compared the mCherry levels in this strain with
those in MG1655 cells co-transformed with pBLADE-mCherry
and an empty pTrc99a, allowing for use of the same two antibiotics.
The mCherry reporter was activated with blue light in both strains,
although the fold change was slightly lower when BLADE was used
with a pre-existing pBAD33 due to the competition with apo-AraC
(Fig. 3b).

Next, we took a previously constructed strain (KC717), where
the endogenous promoter driving the expression of the rodZ gene
has been exchanged with Py,,*. In the absence of arabinose, the
endogenous chromosomal copy of AraC inhibits transcription from
Ppap 80 RodZ is not expressed and the cells are spherical®®*'-%.
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BDLADE

Fig. 2 | BLADE allows for the production of high-contrast bacteriographs. a, Photomask used to produce the bacteriograph in b (printed with permission
from Warner Bros. Entertainment). b,d, Bacteriographs. Two lawns of E. coli MG1655 cells transformed with pBLADE(FP6*) driving the expression of super
folder GFP (sfGFP; pBLADE(FP6*)-sfGFP) were grown overnight at 37 °C while being exposed to blue light through the photomasks in a or Supplementary
Fig. 8 (b and d, respectively). Bacteriographs were performed multiple times with similar results. In total, 110 (b) and 160 (d) individual images were taken
with a fluorescent microscope and stitched together with Zen Blue 2.3 software. Scale bars in b and d, Tcm. ¢, Zoom in on two parts of the bacteriograph
shown in b. Scale bar, 300 pm.
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In the presence of arabinose, endogenous AraC initiates transcrip-
tion from Py, and, consequently, RodZ is expressed, leading to
the reappearance of rod-shaped cells’’. We transformed KC717
cells either with a modified pPBLADE from which the Py, pro-
moter and the mCherry gene were eliminated (pBLADE®NY-C,
population A; Supplementary Table 1) or with an empty pBAD33
deprived of araC and Py,,, which was used to allow growing of both
strains in the presence of the same antibiotic (pCAM, population B;
Supplementary Table 1) and either kept both populations uninduced
(in the dark for population A and without arabinose for population
B) or induced them for 4h (with blue light for population A and PBLADE™Y +
with arabinose for population B). At this time point, population A
recovered the rod shape to a greater extent than population B
(Fig. 3c). To showcase the power of optogenetics to quickly switch
induction off, we subjected the cells to a recovery phase by put-
ting them into the dark (population A) and washing arabinose off
(population B). Although it was possible to obtain spherical cells
again after 2h of dark incubation, the cells that had been induced b 15.1x
with arabinose did not recover the initial phenotype and instead 351 m Light )
became even more rod-shaped (Fig. 3c).

B Dark

BLADE aggregates in cells kept in the dark. Wild-type AraC and
BLADE are substantially different in their mode of action. AraC is
always a dimer that, in the absence of arabinose, binds the I, and
O, half-sites and, in the presence of the sugar, binds the I, and I,
half-sites (Fig. 1a). By contrast, BLADE is monomeric in the dark
and dimeric under blue light illumination (Extended Data Fig. 3a,b).
Although the conformation assumed by dimeric BLADE cannot be
predicted easily, we know that it is able to contact the I, half-site,
which is crucial for the recruitment of the RNA polymerase. Indeed,
mCherry was not expressed in an illuminated sample in which

the pBLADE plasmid was modified so that the I, half-site was in PBLADEM-" PBLADE-mCherry
+

+
pBAD33-mCherry pTrc99a

Normalized fluorescence

Uninduced 4-h induction 2-h recovery
Fig. 3 | BLADE is compatible with pre-existing L-arabinose-responsive

plasmids and strains. a, Schematic representation of the way in which
BLADE can be used to control, with light, the expression of a gene of
interest (GOI) previously put under L-arabinose control, either genomically
or on a plasmid. b, mCherry fluorescence intensity in E. coli MG1655

cells co-transformed with the indicated plasmids grown for 4 h either

in the dark or under 460-nm light (5 W m~2) illumination. pBLADEON-A:
pTrc99a deprived of the pTrc promoter expressing only BLADE. All values
were normalized to the mCherry fluorescence intensity measured in

E. coli MG1655 cells transformed with pReporter_only (Supplementary
Table 1; dashed line). The individual data points are the mean values of
10,000 single-cell flow cytometry events. Values represent mean +s.d.

of n=8 (pBLADE°NY-A+ pBAD33-mCherry) and n=6 (pBLADE-
mCherry +pTRC99a) biological replicates acquired on three different days. *kk

¢, Top: representative differential interference contrast (DIC) images of o wkkx

E. coli KC717 cells transformed with the indicated constructs at the indicated ' _NS fodakald

time points. Images were acquired on three independent days with similar kbl
results. pBLADEONY-C: pBAD33 deprived of the Py, promoter expressing
only BLADE. pCAM: empty pBAD33 deprived of the Py, promoter.
Induction indicates 460-nm light (5 W m~2) for the cells transformed with
pBLADEONY-C and 0.2% arabinose for the cells transformed with pCAM.
Recovery indicates darkness for the cells transformed with pBLADEONY-C
and growth in a medium without arabinose for the cells transformed

with pCAM. Scale bar, 5 pm. Bottom: quantification of cell roundness

for the samples and conditions in the upper panel. Roundness is defined
as 4 x (area)/(nx (major axis)?). Values represent mean+s.d. of n=3
independent experiments. From left to right: P=0.05520, P=0.00001, pCAM
P=0.00012, P=0.18321, P=0.19252, P=0.00006 and P=0.00004. - + - + - +  pBLADEON™-C
Not significant (NS) P> 0.05; ***P < 0.001; ****P < 0.0001. P values were - - + - + - Arabinose
calculated by the two-tailed, homoscedastic Student's t-test. In b and ¢, - - - + - + Bluelight
BLADE variant: FP6 driven by the J23101** promoter. - - - - + +  Recovery

pCAM

PBLADEON--C

Cell roundness
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BLADE-sfGFP

c AraC,,~sfGFP
DIC sfGFP Merge DIC sfGFP Merge

0.1% arabinose

Fig. 4 | BLADE-sfGFP forms aggregates in the dark. a-c, Representative microscopy images of E. coli MG1655 cells expressing the indicated construct
grown for 4 h in the dark (a,b, left panels) or in a medium without arabinose (¢, left), or under 460-nm light (5 W m~2) light (a,b, right) or in medium with
0.1% arabinose (¢, right). Scale bar, 5pum. Images were acquired on three days with similar results.

inverse orientation while the —35 region of the Py,;, promoter was
left unchanged (Extended Data Fig. 3¢,d).

To test whether BLADE is degraded in the dark in E. coli
as shown for VVD in Neurospora crassa™—°, we constructed a
C-terminal sfGFP fusion to BLADE. We observed no difference
between the steady-state GFP levels under the two conditions
(Extended Data Fig. 4a). Assuming an equivalent constitutive rate
of GFP production for cells, irrespective of the light input, these
results suggest there is no differential degradation in the two con-
ditions. Fluorescence microscopy, however, revealed the forma-
tion of aggregates in half of the cells kept in the dark (Fig. 4a and
Extended Data Fig. 4b,c). The aggregates are due to the VVD moiety
in BLADE, because a mutant BLADE with alanine in place of the
adduct-forming cysteine (VVD<%4) also showed aggregates under
blue light illumination (Fig. 4b and Extended Data Fig. 4c), while
wild-type AraC-sfGFP was cytoplasmic (Fig. 4c). Time-lapse fluo-
rescence microscopy indicated that the aggregates do not disperse
under blue light illumination, but are instead asymmetrically segre-
gated during cell division (Supplementary Video 2). Newborn cells
contain either no foci or foci much smaller than those found in cells
kept in the dark (Supplementary Video 2).

Expanding the family of BLADE TFs. In principle, BLADE
could have been designed using other light-inducible dimerization
domains. Moreover, the position of this domain with respect to the
DBD of AraC may not need to reflect that found in the wild-type
protein. To test if other functional combinations with different char-
acteristics could be identified, we generated a much larger set of
samples for characterization. As a light-inducible dimerization unit,
we included not only VVD, but also the light oxygen voltage (LOV)
domain of Vaucheria frigida aureochromel (VfAul)**, which

822

is naturally found C-terminally to a bZip DBD* and which, like
VVD, homodimerizes upon blue light stimulation®*. To assess the
functionality of the chimeric transcription factors (cTFs), we used
only the Py, , promoter (I,-I, half-sites) and removed the upstream
regulatory elements (O, and O, half-sites'?). We systematically
explored how the expression levels of the cTF affected mCherry
levels in the dark and after blue light illumination. We first used an
IPTG-inducible promoter*' to achieve various levels of expression
of the cTFs, with the goal of finding the most appropriate expression
level, which can subsequently be fixed using a constitutive promoter
that matches the IPTG-induced transcription (Extended Data Fig. 5
and Supplementary Fig. 9). In principle, the optimal output might
be achieved at intermediate ¢TF concentrations (Extended Data
Fig. 5a). Here, we defined as output the light/dark fold change.
However, depending on the application, other properties such as
high output expression or low dark state might be more relevant.
To meet our experimental needs, we developed a new device that is
compatible with standard 96-well microtiter plates and that allows
for fast high-throughput characterization (Extended Data Fig. 6a).
In addition, we could test the N- and C-terminal positioning of
the light-inducible dimerization unit, as well as different linkers
connecting the two domains (Extended Data Fig. 6b). Using
E. coli strain MG1655 AaraCBAD AlacIZYA AaraE AaraFGH, we
tested the constructs in the library with variable order between
AraC(DBD) and the light-inducible dimerization unit and explored
a wide range of IPTG concentrations, from no induction to a con-
centration of 2mM. For all constructs, the highest fold change
was reached at intermediate mCherry expression levels (Fig. 5a).
Placing AraC(DBD) at the C terminus led to higher fold changes for
VVD-based constructs, mainly due to lower mCherry expression
in the dark (Fig. 5b). For VfAul, the opposite was true (Fig. 5c).
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Fig. 5 | Engineering an optimized and expanded family of BLADE TFs. a, Examples of IPTG dose-response curves obtained with VVD::G,S::AraC(DBD)
and AraC(DBD)::G,,Ss:VfAuUT. The highest light/dark fold change is indicated with a red line. b,c, Reporter gene fluorescence obtained with VVD::G,S::
AraC(DBD) (C-terminal) and AraC(DBD)::G,S:VVD (N-terminal) (b) or VfAu1:(G,S)s::AraC(DBD) (N-terminal) and AraC(DBD)::(G,S)s:: VAUl
(C-terminal) (c) in the presence of 125uM and 62.5uM IPTG (b) or 125 and 31.25uM IPTG (c), respectively. The red box indicates the samples for
which the dose-response curve is shown in a. In Extended Data Figs. 7 and 8 we show the data obtained with AraC(DBD)::G,S::VVD and VfAul:(G,S)s:
AraC(DBD), respectively. d,e, Reporter gene fluorescence obtained with a library of constructs with different linkers between C-terminal AraC(DBD) and
VVD (d) or N-terminal AraC(DBD) and VfAul (e). The same IPTG concentration was used for all constructs (125uM in d and 31.25uM in e). For IPTG
dose-response curves see Extended Data Figs. 7 and 8. f, Same as in a, but with a synthetic Py, promoter containing two copies of the |, half-site. The
highest light/dark fold change is indicated with a red line. g, Same as in b, but with a synthetic Py, promoter containing two copies of the I, half-site;
7.8125 and 3.906 uM IPTG were used to induce the C- and N-terminal fusion constructs, respectively. See Supplementary Fig. 11 for the data obtained with
AraC(DBD)::G,S:VVD. h, Same as in ¢, but with a synthetic Pg,, promoter containing two I, half-sites; 15.625uM and no IPTG were used to induce the
expression of the C- and N-terminal fusion constructs, respectively. For the IPTG dose-response curve of VfAUT::G,,Ss::AraC(DBD) see Supplementary
Fig. 12. In g and h, the samples in the red box are taken from the dose-response curve shown in f. All panels show the mCherry fluorescence intensity

of MG1655 AaraCBAD AlaclZYA AaraE AaraFGH cells grown for 5h either in the dark or under 465-nm light illumination (3.85 W m~2). Values represent

mean +s.d. of n=3, 4 and 5 biological replicates acquired separately in time.

Next, we investigated the effect of linker length on the cTFs. Based
on the results obtained with the first library, we placed AraC(DBD)
C-terminally for the VVD-based constructs, and N-terminally for
those based on VfAul. We selected a set of linkers from a previ-
ous report*. We also cloned variants without a synthetic linker for
each of the dimerization domains. We found that synthetic linker
lengths of up to seven and nine amino acids gave rise to the high-
est fold change for VVD and VfAul, respectively (Fig. 5d,e). All
these functional fusions expand the family of BLADE TFs. IPTG
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dose-response curves for all samples are provided in Extended Data
Figs. 7 and 8.

We performed the same systematic characterization of BLADE
family members using a synthetic Py,, promoter, where the
weak-affinity I, half-site was exchanged with a second copy of the
high-affinity I, half-site (Supplementary Fig. 10), which is insen-
sitive to arabinose as it is constitutively active when used with
wild-type AraC*. The results with this promoter again showed
the highest fold changes at no or low IPTG induction (Fig. 5f) and
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were consistent with those obtained with the synthetic Py, pro-
moter consisting only of the I, and I, half-sites, in which C- and
N-terminal AraC(DBD) showed the highest fold change for fusions
with VVD and VfAul, respectively (Fig. 5g,h), although with higher
maximal dark/light fold changes for the same c¢TFs compared to
those obtained with the I,-I, synthetic promoter. High IPTG con-
centrations led to toxic amounts of mCherry expression and were
therefore indistinguishable for dark and light induction in most
cases. IPTG dose-response curves for all samples are presented in
Supplementary Figs. 11 and 12.

Controlling the L-arabinose metabolic pathway with light. AraC
naturally controls the expression of genes that code for various pro-
teins, such as transporters and other enzymes, necessary for the
utilization of L-arabinose as carbon source'**** (Fig. 6a). Because
these genes are under the Py,, promoter, we reasoned that it would
be possible to control L-arabinose catabolism with light in a strain
depleted of AraC with a single transformation step to bring BLADE
into the cells. We transformed two different BLADE versions bear-
ing AraC(DBD) either N- or C-terminally (AraC(DBD)::G,S::VVD
and VVD::GgS::AraC(DBD)) in E. coli MG16554araC (Fig. 6b,
upper right). As a control, we used the E. coli MG1655AaraCBAD
strain (Fig. 6b, upper left), which should not be able to catabolize
L-arabinose due to lack of the AraA-B-D enzymes. We prepared
cultures in M9 medium containing trace amounts of amino acids
(0.0004% casamino acids) and either no or 2% L-arabinose, and
incubated them at 37°C either in the dark or under saturating blue
light. Growth was measured at 40-min intervals using a spectropho-
tometer (Fig. 6¢,d). Without the araBAD operon, no growth was
detected in medium without arabinose after 18 h incubation in either
the dark or blue light for strains containing either BLADE construct
(Fig. 6b, lower left). In the presence of 2% L-arabinose, we observed
a very small increase in absorbance for both dark and light-induced
samples. This might be due to the low levels of promiscuity for
L-arabinose utilization by other pathways. For the strain carry-
ing the endogenous araBAD operon, there was no growth without
L-arabinose, regardless of the presence of light (Fig.6b, lower right).
By contrast, when 2% L-arabinose was present in the medium,
growth was observed for both BLADE constructs for the illuminated
samples (Fig. 6b, lower right). For BLADE with AraC(DBD) located
at the N terminus, we observed a higher dark-state growth com-
pared to that with the construct with C-terminal AraC(DBD), which
confirms our previous characterization using the fluorescent pro-
tein. Comparison with E. coli MG1655AaraCBAD shows minimally
increased growth for the dark expression (Supplementary Fig. 13),
confirming the tightness of BLADE. Growth curves of individual
samples are shown in Supplementary Figs. 14-17.

We also investigated how different expression levels of BLADE
would impact growth on L-arabinose. Because of the altered growth

conditions compared to the previous experiments, we again titrated
the expression of BLADE with IPTG. As shown previously, the
IPTG induction can ultimately be mapped to constitutive promot-
ers for inducer-free light control (Extended Data Fig. 5). For both
constructs, an intermediate IPTG concentration corresponded to
the highest cell density (Fig. 6e and Extended Data Fig. 9a).

Finally, we grew E. coli MG1655AaraC cells transformed with
the two BLADE constructs in a medium containing 2% L-arabinose
with four IPTG concentrations, and either kept the cultures in the
dark or exposed them to seven different light intensities (Fig. 6f and
Extended Data Fig. 9b). The data show that, when using BLADE
to control L-arabinose utilization, bacterial growth can be tuned by
adjusting the light intensity, even if the amount of arabinose is fixed.
Growth curves of individual samples are shown in Supplementary
Figs. 18 and 19.

Discussion

AraC is among the best studied bacterial transcriptional regulators,
and its cognate promoter Py, , is one of the most widely used in micro-
biology, biotechnology and synthetic biology. We have developed
BLADE, a family of AraC-derived TFs that activate transcription
from the Py,;, promoter in response to blue light instead of arabi-
nose. The uniqueness of BLADE as a light-inducible system lies in
its compatibility with previously constructed L-arabinose-inducible
plasmids and strains carrying the Py,, promoter at an endogenous
locus to drive the expression of a gene of interest. This makes it pos-
sible to readily perform optogenetic experiments without the need
to construct anything new—a single transformation step is the only
requirement (Fig. 3). We also demonstrated this by using BLADE to
precisely activate the endogenous pathway for L-arabinose catabo-
lism only with light (Fig. 6).

When the use of existing L-arabinose-inducible plasmids or
strains is not paramount, light induction can be achieved by using
pBLADE, a single plasmid bearing both BLADE and the Py,, pro-
moter followed by a multiple cloning site into which a gene of inter-
est is cloned (Fig. 1e). The advantage of pBLADE compared to other
previously constructed plasmids is that we created it using pPBAD33
as a template (Supplementary Fig. 2a), so the resistance cassette and
origin of replication of pBLADE are identical to those of pBAD33,
which ensures compatibility with other previously constructed plas-
mids that should be co-transformed with pBLADE.

Recently, another pervasive chemically inducible gene expres-
sion system—one based on the lac operon—has been turned into a
light-inducible one®. In this case, however, the LacI repressor itself
was not engineered to sense light; rather, its expression was put under
light control using the established pDawn optogenetic transcription
system®. Consequently, this new system, called OptoLAC, requires
a total of four proteins to achieve light inducibility. In contrast, light
inducibility in BLADE is achieved more directly, and hence it does

>

>

Fig. 6 | Growth on L-arabinose can be controlled with light using BLADE TFs. a, Schematic representation of the operon involved in L-arabinose catabolism
in E. coli and the principle behind BLADE-mediated control of the pathway. b, Top: schematic representation of the strains and plasmid used. Bottom:

optical density at 600 nm of E. coli MG1655A4araCBAD cells transformed with AraC(DBD)::G,S:VVD (N-terminal AraC(DBD)) and VVD::G,S::AraC(DBD)
(C-terminal AraC(DBD)) (left) and E. coli MG16554araC transformed with the same constructs (right) after incubation for 18 h at 37 °C either in the dark or
under 465-nm light illumination (3.85 W m=2). Cells were grown in M9 medium spiked with 0.0004% casamino acids without (-) or with 2% L-arabinose
(+). All samples expressing the N-terminal fusion were induced with 62.5uM IPTG, while those expressing the C-terminal fusion were induced with 125 uM
IPTG. ¢,d, Growth curves of E. coli MG16554araC cells expressing AraC(DBD)::G,S:VVD (N-terminal AraC(DBD)) (¢) or VVD::G.S:: AraC(DBD) (C-terminal
AraC(DBD)) (d) in a medium containing 2% arabinose and 62.5uM (c) or 125uM (d) IPTG at 37 °C either in the dark or under 465-nm light (3.85 W m~2).
The red dashed lines indicate the time point at which growth values are shown in b. e, Optical density at 600 nm of E. coli MG1655AaraC cells expressing
VVD::G,S::AraC(DBD) grown in a medium containing 2% arabinose and the indicated IPTG concentrations for 18 h at 37 °C either in the dark or under
465-nm light (3.85W m~2). f, Optical density at 600 nm of E. coli MG1655AaraC cells expressing VVD::G,S::AraC(DBD) grown in a medium containing 2%
arabinose and the indicated IPTG concentrations for 17 h 20 min at 37 °C either in the dark or under 465-nm light of the indicated intensity. Values represent
mean =+ s.d. of n=3 biological replicates acquired separately in time. Each data point shown in the bar plots represents a data point in a time course

with measurements every 40 min, of which the average of the first three measurements was subtracted from all following time points to adjust for small
differences in sample volume and inoculum. All time courses are shown in Supplementary Figs. 14-17 and 19.
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not require additional circuitry. OptoLAC has inherent memory for
a light input, a desirable features for certain applications. This same
feature, however, is limiting when fast dynamics are needed. In this
regard, BLADE offers more dynamic control over gene expression
due to its immediate response to a light input through dimerization.

An important feature of BLADE is its minimal leakiness. Often,
leakiness has been assessed by simply looking at the levels of
reporter expression in the absence of the stimulus. However, this
does not take into account whether the expression in the uninduced
state is already too high compared to the expression in the absence
of the regulator. In the case of BLADE, minimal leakiness was dem-
onstrated by comparing its activity in the dark with expression

obtained with the same plasmid deprived of the TF (pReporter_
only; Fig. 1f and Extended Data Fig. 10). We put BLADE to the test
by expressing several functional E. coli proteins whose overexpres-
sion causes morphological changes to the cells and showed that,
in the dark, cells are indistinguishable from the control (Extended
Data Fig. 1 and Supplementary Fig. 4). Minimal leakiness was also
observed when controlling growth on L-arabinose with BLADE, as
samples kept in the dark grew only slightly compared to the control
cells lacking the pathway (Fig. 6b,e and Supplementary Fig. 13)

We also investigated the mechanism of BLADE-mediated gene
expression and found that it involves dimer formation under blue
light and subsequent contacting of the I, DNA half-site. Interestingly,
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we discovered that BLADE localizes to aggregates in the dark in half
of the cell population (Fig. 4a and Extended Data Fig. 4c), which we
speculate might contribute to its tightness.

When engineering new TFs, we found that optimal functionality
not only requires the careful engineering of the light-sensitive TFs
themselves, but also proper calibration of their concentration. In
particular, we found that, if the concentrations exceed certain levels,
the functionality of the TF may in fact deteriorate (Fig. 5a) or disap-
pear altogether (Fig. 5f). For the metric of light/dark fold change,
intermediate TF expression levels always led to the highest values.
Although we used IPTG to express a wide range of BLADE pro-
tein concentrations for this characterization, it is possible to have
BLADE expressed constitutively at any of these concentrations for
specific applications (Fig. 1f and Extended Data Fig. 5).

Beyond its favorable features, BLADE has some limitations,
too. The maximum reporter gene expression level obtained
with BLADE, while adequate for most applications, is not nearly
as high as that reached with endogenous AraC or some other
light-inducible systems®*'>'". Moreover, the off rate of any LOV
domain-based tool is dictated by the time it takes for it to go
back to the dark state and cannot be modulated with a second
wavelength, as for phytochromes and phytochrome-related pho-
tosensors. Nevertheless, should faster off dynamics be needed for
specific applications, mutations can be introduced to speed up the
dark-state reversion of VVD*.

Taken together, BLADE adds a valuable new tool with distinc-
tive features to the growing arsenal of optogenetic gene expression
systems. We envisage that BLADE's effectiveness as a transcriptional
activator combined with its plug-and-play functionality, ease of use
and low cost make it a compelling system that will contribute to the
widespread adoption of optogenetic tools in the fields of microbiol-
ogy, biotechnology and synthetic biology.
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