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ABSTRACT: Light has emerged as control input for biological systems due to its precise spatiotemporal resolution. The limited 
toolset for light control in bacteria motivated us to develop a light-inducible transcription system that is independent from cellular 
regulation through the use of an orthogonal RNA polymerase. Here, we present our engineered blue light-responsive T7 RNA pol-
ymerases (Opto-T7RNAPs) that show properties such as low leakiness of gene expression in the dark-state, high expression 
strength when induced with blue light, or an inducible range of more than 300-fold. Following optimization of the system to reduce 
expression variability, we have created a variant, which returns to the inactive dark-state within minutes, once blue light is turned 
off. This allows for precise dynamic control of gene expression, which is a key aspect for most applications using optogenetic regu-
lation. The regulators were developed and tested in the bacterium Escherichia coli, which is a crucial cell factory for biotechnology 
due to its fast and inexpensive cultivation and well understood physiology and genetics. However, minor alterations should be 
sufficient to allow their use in other species in which the T7 RNAP polymerase and the light-inducible Vivid regulator were shown 
to be functional, which comprises other bacterial species and eukaryotes such as mammalian cells or yeast. We anticipate that our 
approach will expand the applicability of using light as an inducer for gene expression independent from cellular regulation, and 
allow for a more reliable dynamic control of synthetic and natural gene networks. 

  INTRODUCTION  
Small molecule induced gene expression systems are a key 

component in synthetic biology1 and biotechnological applica-
tions2. However, chemical inducers are limited in their appli-
cation in space and time. Spatiotemporal control is of increas-
ing interest, as biological systems are regulated dynamically 
and respond to intracellular stimuli and changes in internal 
states3. Although static perturbations, such as growth media 
variation and gene knockouts, have been extensively and 
successfully used to elucidate gene network structure and 
function, approaches using dynamic perturbations are provid-
ing new insight into the organizing principles of biology and 
the study of gene networks3. Dynamic regulation is also start-
ing to be explored by metabolic engineers4–6. However, very 
recent work addresses the problem that few broadly applicable 
tools are available for dynamic pathway regulation, and fur-
ther show that dynamic regulation can significantly increase 
product titers through dynamic pathway regulation7. 

Light-based regulation is superior to conventional small-
molecule inducers in this regard, displaying better temporal 
properties, as removal of small molecules might be challeng-
ing in scenarios such as batch or fed-batch processes. Further, 
it allows for spatial control of individual cells (whereas small 
molecules are diffusion-limited), and is minimally invasive8, a 
desired feature for basic research. These distinguishing proper-
ties of light over small molecules led to the development of 
numerous light-controlled devices9–13. Light-inducible dimeri-
zation domains were successfully exploited in two-hybrid-like 
systems14 to create optogenetic gene expression systems in 

eukaryotes8–10,15, and for reconstitution of functional proteins 
from their split parts16–19. 

Dynamically light-inducible systems allow new regulation 
schemes, by moving the controller out of the cell and using 
light as input signal for control. Both biology and engineering 
make use of feedback control to achieve robust regulation, 
which in turn allows natural and engineered systems to func-
tion reliably in the face of disturbances or changing environ-
mental conditions. However, the design of synthetic biological 
feedback controllers remains challenging due to the fact that 
biological parts do not behave as reproducibly as electronic 
ones. To overcome this obstacle, in silico feedback control 
was introduced by our group, which allows for electronic 
control of biological responses20,21. 

Another challenge for precise control is that depending on 
the growth phases, nutrient conditions, and other extrinsic 
factors, the concentration of RNA polymerase varies, ranging 
from 1,800 to 10,200 molecules per cell22. Along with fluctua-
tions in the ribosome concentration, this can result in changes 
of expression levels23–25 and reduce the performance of consti-
tutive promoters. This poses a challenge to systems that re-
quire precise balances in expression levels26, especially when 
media and growth conditions change such as during industrial 
scale-up27. To decouple expression of a gene of interest from 
cellular RNAP concentrations, the heterologous T7 DNA-
dependent RNA polymerase (T7RNAP), originating from the 
T7 bacteriophage28,29, is commonly used for protein overex-
pression. The polymerase shows high processivity, a high 
selectivity for the T7 promoter, and does not transcribe se-
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quences from endogenous Escherichia coli DNA30. Apart from 
biotechnology, the enzyme has also found applications in 
basic biological research, such as metagenomic screening31. 
As T7RNAP-driven transcription is independent from the 
native E. coli RNAP, it allows inhibition of the native tran-
scription machinery (e.g. with rifampicin), without affecting 
the orthogonal T7 transcription system, resulting in exclusive 
expression of T7RNAP expressed genes30. Further, T7RNAP 
variants have been engineered to recognize different promoter 
variants32–35, which allow independent expression of multiple 
genes. The T7RNAP has been used in yeast strains such as 
Saccaromyces cerevisiae36,37 or Pichia Pastoris38, other bacte-
rial species apart from E. coli including the nonenteric bacte-
rium Pseudomonas aeruginosa39, and the biotechnologically 
relevant gram positive Bacillus subtilis40, as well as mammali-
an cells41 and higher plants42.  

In this work, we show that the T7RNAP can be made light-
inducible by splitting the polymerase into two fragments, and 
fusing it to photo-activatable dimerization domains. Our pro-
tein engineering strategy was guided by previous studies 
showing that the T7RNAP can be split26,32,43–45 and reconstitut-
ed through dimerization to enhance and control its function 26, 
as well as structural information about the T7RNAP46. We 
aimed to implement light-control using the heterodimeric 
“Magnet” domains16.  Magnets were engineered from the 
small homodimerizing photoreceptor Vivid (VVD) from the 
filamentous fungus Neurospora crassa47 and consist of the 
nMag and pMag heterodimerizing protein domains, which 
specifically bind each other. Magnets use flavin as a chromo-
phore for blue light-induced binding of the two domains, 
which is abundant in bacterial and eukaryotic cells. A similar 
strategy to make T7RNAP light-inducible was recently report-
ed48. However, this approach uses fixed expression levels of 
slow-reverting photoactivatable split T7RNAP, which does 
not allow for easy adjustment of gene expression setpoints to 
experimental needs or fast reversible dynamics, a key asset of 
optogenetic control. Further, measurement of gene expression 
variability, crucial for precise cell control, was lacking as 
analysis was limited to bulk populations. We have addressed 
all these points to create a light-inducible T7RNAP expression 
system that allows fast and precise dynamic control. Using 
different protein engineering designs, our system can be 
brought to different setpoints of basal and maximal expression 
using arabinose-inducible promoters, which allows for ad-
justment of expression levels to experimental requirements 
without altering the dynamic range. This is especially im-
portant for dynamic Opto-T7RNAP versions, which have a 
reduced dynamic range compared to the stable (slow dark 
state-reverting) variants. Gene expression variability was 
reduced by using single cell analysis to optimize the levels of 
the Opto-T7RNAP domains. These improvements allowed us 
to develop the fast-reverting optogenetic regulator Opto-
T7RNAP(563-Fast1) with precise temporal protein expression 
control. We further provide a set of orthogonal light-inducible 
T7RNAPs with different properties, that can be chosen de-
pending on experimental needs, ranging from high expression 
strength for protein overexpression to high dynamic range and 
precise temporal control for dynamic control strategies.  

 

RESULTS AND DISCUSSION  
Design of light-inducible T7 RNA polymerases (Opto-

T7RNAPs). Given that the T7RNAP can be split at specific 
positions of its peptide chain26,32,43–45, and reconstitution of the 
functional polymerase can be enhanced through fusion of 
heterodimerizing coiled-coil protein structures26, we imple-
mented light-control by using the light-inducible heterodimer-
izing domains “Magnets”16, due to their small size (150 amino 
acids) and beneficial structural features to reconstitute split-
proteins. Magnets are engineered variants of the LOV photo-
receptor Vivid47. Upon light-induction, two Vivid domains 
dimerize bringing the N-terminus of one domain spatially 
close to the C-terminus of the other binding domain (See Sup-
plementary Figure 1). This allows for the fusion of these do-
mains to the C-terminus of the N-terminal fragment of split 
proteins, and to the N-terminus of the C-terminal split frag-
ment, reconstituting the enzyme in a spatial manner, incorpo-
rating optogenetic regulation into the T7RNAP through light-
induced assembly and dissociation. 

Previous studies have shown that the T7RNAP can be split 
at multiple positions. Therefore, our first objective was to 
identify which split positions allow for modifications without 
impairing the function of the enzyme structurally or sterically. 
We selected five split positions, the two previously reported 
positions between amino acids 179/180 and 600/60126,32,43–45, 
as well as amino acid positions 69/70, 302/303 and 563/564 
(Figure 1A). We chose the latter three sites through structural 
analysis of a transcribing T7RNAP initiation complex46, which 
was guided by a study that identified regions26 at which the 
T7RNAP can be split. We excluded region 763-77026 as it 
contains the T7 promoter recognition loop (739-772).The 
chosen positions 69, 302, 563 all lie in surface-exposed flexi-
ble loops of the T7RNAP, to minimize structural and steric 
interference of the additional Magnet domains. Further, the 
amino acids at the split positions 69(A)/70(A), 302(K)/303(K), 
and 563(S)/564(E) are preferred residues in natural linkers49. 
We named these variants based on the amino acid they were 
split after to Opto-T7RNAP(69), Opto-T7RNAP(179), Opto-
T7RNAP(302), Opto-T7RNAP(563) and Opto-T7RNAP(600). 

The N-terminal domain of the T7RNAP was fused to 
nMagHigh1, and the C-terminal domain of the T7RNAP fused 
to pMag, both using a short GGSGG-linker, schematically 
depicted in Figure 1A. This conformation was chosen follow-
ing pretests with amino acid linkers of different length and 
sequence, and both conformations of nMagHigh1 and pMag 
fused to the N- and C-terminus of Opto-T7RNAP(179) (Data 
not shown). Both fusions were set under control of the araB 
promoter, excluding the CAP/CRP site, which we name ParaB*. 
This promoter shows considerable amounts of constitutive 
leaky expression during log growth, and allows to increase 
expression though addition of the sugar arabinose (Figure 1B). 
To reduce expression-induced toxicity of T7RNAP, which is 
thought to be caused by the high processivity of the polymer-
ase50,51, we introduced the mutation R632S33 (Figure 1A). As a 
reporter for Opto-T7RNAP activity, we used the red fluores-
cent protein mCherry, transcribed from a T7 promoter (Figure 
1B). Absorption and emission of mCherry peak at 587 nm and 
610 nm, which is compatible with the 460 nm activating light 
used for the Opto-T7RNAPs, and vice versa.
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Figure 1: Opto-T7RNAP engineering strategy. (A) Opto-T7RNAP design. The T7RNAP is split at different positions and fused to 
light-inducible dimerization domains via linkers at the split site. (B) Analysis system: The Opto-T7RNAP and a reporter plasmid 
containing a fluorescent mCherry reporter under control of a T7 promoter is introduced into bacterial cells on two separate plas-
mids. Activity of Opto-T7RNAP can be measured through reporter fluorescence. (C) Steady state expression of Opto-T7RNAPs 
generated from the different split sites described in (A), as well as a reporter strain containing only the reporter under T7 promoter 
control but no T7RNAP. Raw values of mCherry a.u. and Molecules of Equivalent PE (MEPE) in Supplementary Tables 1,2 and 
Supplementary Figure 3. (D) Histogram of light-induced reporter gene expression in Opto-T7RNAP(563) at different time points 
after induction. Induction of expression is fast and unimodal. Black: uninduced, light-blue: 2h after induction, dark-blue: 6h after 
induction.  

 
Further, mCherry stability met the requirements of our exper-
imental setup (Supporting Experiment “mCherry maturation 
assay”).   

We focused on three properties that are important for ex-
pressions systems for our initial analysis of the Opto-T7RNAP 
variants: dark-state basal expression, light-induced expression 
and fold change. Dark-state basal expression provides com-
bined information about dark-state binding of the light regula-
tors, as well as self-assembly of the T7RNAP domains.  Light-
induced expression gives the maximal expression level, which 
is highest when the light-inducible dimerizers successfully 
reassemble the split T7RNAP without causing steric or struc-
tural problems. A system with a high fold change requires 
light-induced dimerization of the split T7RNAP for assembly 
to the functional enzyme, without hindering its function. We 
define the fold change comparing expression levels at dark 
and light-induced conditions, without removal of basal fluo-

rescence of the bacterium or leaky expression of the reporter 
mCherry from the T7 promoter without T7RNAP.  

We analyzed expression levels of the Opto-T7RNAPs with 
different split sites on the single cell level through flow cy-
tometry of cells grown in the dark and under light induction 
with 329 µW/cm2 of 460 nm blue light (Figure 1C) during 
exponential growth. Opto-T7RNAP(69) reached the highest 
expression level, although with significant dark-state expres-
sion, resulting in a 56-fold change. Opto-T7RNAP(563) 
showed the highest fold change (>300-fold), with a dark-state 
expression of ~5-fold in the dark, and ~1’900-fold in the lit 
state above the reporter control. Opto-T7RNAP(302), howev-
er, showed the lowest basal expression with an induction of 
>140-fold in response to blue light. Gene expression is uni-
modal and fast in all cases, as exemplarily shown in the histo-
gram in Figure 1D, reaching high expression levels already 
after 2 h (further example Supplementary Figure 4). 
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Figure 2: Higher expression of C-terminal Opto-T7RNAP split fragment improves fold change and expression variability. Different 
split fragment expression levels (A) for (B) Opto-T7RNAP(69) and (C) Opto-T7RNAP(563). Expression level of the C-terminal 
Opto-T7RNAP fragment (pMag fused to C-terminal T7RNAP) was set to 0.5-fold, equal, and 1.9-fold TIR of the N-terminal Opto-
T7RNAP fragment (from left to right in diagrams A and B). (C) Light-induced steady state expression of equal (red) and 1.9-fold 
expression variants (blue) for (D) Opto-T7RNAP(69), (E) Opto-T7RNAP(563), and (F) Opto-T7RNAP(563-Fast1). Equal expres-
sion resulted in CVs of 66% for the 69 split and 137% for the 563 split variants, and were reduced through higher expression of the 
C-terminal fragment to CVs of 38% for the 69 split and 58% for the 563 split variants. 

 
It was not possible to compare the Opto-T7RNAPs to full 
length T7RNAP, as no cells containing both, the full length 
T7RNAP expressed from the araB promoter and mCherry 
under T7 promoter control, could be obtained. Protein expres-
sion can be a burden on the cell52,53, and mutations might arise 
that reduce this burden. Those variants are selected for due to 
reduction of cellular stress and would eventually outgrow the 
population due to increased fitness. The high metabolic burden 
and stress caused by unregulated T7-driven mCherry expres-
sion, led to a W727C mutation in the T7RNAP in all colonies 
after transformation into the testing strain. The T7RNAP 
plasmid was sequenced, confirming that it did not contain the 
mutation prior to transformation. This variant shows titratable 
T7-driven expression (Supplementary Figure 5), however does 
not allow comparison with the Opto-T7RNAPs. 

In general, inducible gene expression systems have to fulfill 
different requirements, based on the applications they are used 
for. Heterologous protein production, for example, often re-
quires a separation of growth and production phase. Opto-
T7RNAP(69) could be used for such tasks as it allows for fast 
cell growth in the dark-state, and strong blue light-induced 
expression due to the high activity of the regulator at low 
regulator expression levels. If, however, the product of the T7-
driven expression is toxic, a tight regulator such as Opto-
T7RNAP(302) might be preferred. Opto-T7RNAP(563), pro-

vides the highest fold change. Although different variants 
might be relevant for different tasks, we further focused on 
optimizing the 69 and the 563 split Opto-T7RNAPs. 
Unequal expression of Opto-T7RNAP domains improves 
fold change and maximal expression level, and reduces 
gene expression variability. We further investigated how 
expression ratios of the two Opto-T7RNAP fragments influ-
ence properties important for inducible gene expression sys-
tems. Therefore, we created constructs in which we vary the 
RBS strength of the C-terminal Opto-T7RNAP fragment to 
1.9-fold, 0.5-fold and equal predicted translation initiation rate 
(TIR) relative to the N-terminal Opto-T7RNAP fragment, 
which was kept the same (Figure 2A; TIR predictions from 
RBS calculator v2.054,55).  

Expression levels above the background signal is necessary 
to allow for comparison of fold changes between the con-
structs. All Opto-T7RNAP(69) constructs showed dark state 
expression above background without arabinose induction, but 
expression levels of Opto-T7RNAP(563) with 0.5-fold and 
equal C-terminal fragment expression had to be increased with 
arabinose to generate dark state expression above background. 
We observed that induced expression was significantly in-
creased when the C-terminal fragment was expressed higher. 
The fold change was lowest when the regulators were ex-
pressed in equal amounts, and improved with higher 
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Figure 3:  Dark-state reversal of Opto-T7RNAP(563-Fast1). Cells were induced for 3h with saturating blue light of which the last 
45 min are shown, before light was turned off. 

expression of either the N- or C-terminal fragment of both the 
69 and 563 split Opto-T7RNAPs (Figure 2AB). Further, we 
noticed a significant decrease in mCherry expression variabil-
ity, when the C-terminal fragment was over expressed (CV: 
38% for Opto- T7RNAP(69), 58% for Opto-T7RNAP(563)) 
compared to equal expression of the domains (CV: 66% for 
Opto-T7RNAP(69), 137% for Opto-T7RNAP(563)) as shown 
in Figure 2D,E,F. Since mean expression levels can have an 
influence on the variability, we chose arabinose levels so that 
a similar light-induced mean expression level was reached for 
equal and higher C-terminal expressing Opto-T7RNAP(563). 
Also here, we observed a decrease in variability of the variant 
with the C-terminal fragment higher expressed (See Supple-
mentary Figure 6). We assume that with equally expressed 
domains, the amount of functional Opto-T7RNAP depends on 
the variability of the expression of each domain. However, if 
the C-terminal fragment is overexpressed, the concentration of 
functional regulator is only dependent on the variability of the 
lower expressed fragment. This leads to a decreased variability 
of reporter gene expression. 
Dynamic light-inducible T7RNAP. One of the main assets of 
using optogenetics in biological systems is the ability for 
precise spatiotemporal control. Therefore, our aim was to 
develop a light-inducible expression system which reacts 
rapidly to changes in the light input. Since the Magnet dimeri-
zation system can only be activated, but not deactivated with  
 

 
Figure 4: Characterization of Opto-T7RNAP expression set-
points and blue light dose-response. (Left) Arabinose induc-
tion to increase Opto-T7RNAP(563-Fast1) expression levels 
in dark and 329 µW/cm2 with 460 nm light-induction condi-
tions results in higher reporter expression with similar fold 
changes. (Right) Dose-response for 460 nm blue light. Fluo-
rescence was normalized for individual constructs to allow for 
direct comparison. 

light, the dynamics depend on the reversal rate to the inactive 
dark-state. It was reported that pMag and nMag dissociate 
with a half-life (t1/2) of 1.8 h16,48, which is not suitable for fast 
dynamic changes of the light input. Therefore, we used previ-
ously reported mutations in pMag that decrease dissociation 
time to half-lives of 4.2 min (mutation I85V for pMagFast1) 
and 25 s (mutations I74V and I85V for pMagFast2)16. 

We implemented these mutations in Opto-T7RNAP(563) to 
create Opto-T7RNAP(563-Fast1) and Opto-T7RNAP(563-
Fast2). Due to the change in regulator, we tested if unequal 
expression is also beneficial for these regulators, as previously 
described. We observed a significant reduction in the output 
variability similar to the slow dark-reverting regulators (Figure 
2C). The fold change also increased, although less pronounced 
as for the stable regulators (data not shown). Therefore, we 
further used the conformation in which the C-terminal split 
fragment is expressed 1.9-fold higher than the N-terminal 
fragment. 

To test the dynamic properties of the system, and if dark-
state reversal of the regulators also leads to dissociation of the 
Opto-T7RNAP domains, we induced the cells with 329 
µW/cm2 blue light for 3 h, before turning off the light, and 
monitored how fast reporter gene expression stops. Measure-
ments were started during the last 45 min of light-induction, 
and continued for 2.5 h after light was turned off.  

For the Opto-T7RNAP(563-Fast1), a slight decrease of fluo-
rescence was observed at the first time point after 5 min, and 
turned into exponential decay 10-15 min after light was turned 
off (Figure 3A). Considering the median half-lives of mRNAs 
in E. coli of 4.7 min56, we observed a similar half-live to the 
4.2 min that were previously reported for pMagFast1. Fluores-
cence of the stable variant pMag was constant for 30 min, 
before slowly transitioning into exponential decay (Supple-
mentary Figure 7). Since the cells are kept in exponential 
growth phase, we also expect exponential decay of active 
Opto-T7RNAP, resulting in decrease of fluorescence. The 
decrease in fluorescence of the stable Opto-T7RNAP(563) 
after 30 min could be a combination of both dark-state reversal 
and dilution of active Opto-T7RNAP due to cell growth. Sur-
prisingly, we observed a similar dynamic behavior for Opto-
T7RNAP(563-Fast2) (Supplementary Figure 7), which was 
reported and shown to revert to the dark-state in 25 s. In the 
context of Opto-T7RNAPs, we did not observe an increased 
dark-state reversal rate of pMagFast2 compared to the stable 
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pMag. Therefore, using pMagFast1 in Opto-T7RNAP(563-
Fast1) allows for dynamic expression control. 

Expression level set points and light sensitivity. Since the 
Opto-T7RNAP domains are under control of inducible pro-
moters, the maximal expression of a gene of interest can be 
adjusted to desired values by adjusting the arabinose concen-
tration. To allow for a titratable arabinose induction, we in-
serted a mutated lacY permease (lacYA177C) into the attB site 
of our testing strain BW2511357,58, abolishing the all-or-
nothing induction of the native arabinose transporter59. In-
creased expression levels of the dynamic Opto-T7RNAP(563-
Fast1), through raised arabinose concentrations, led to in-
creased reporter expression without significant changes in the 
fold change (Supplementary Figure 8), as dark-state and light-
induced expression increased comparably (Figure 4 left). For 
the stable Opto-T7RNAP(563), reporter expression was max-
imal with 0.1% arabinose, and decreased with 0.2% arabinose, 
which we suspect to be due to the additional burden of higher 
regulator expression and mCherry reporter expression at the 
maximal level of the cell (Supplementary Figure 9). 

To further characterize light sensitivity of the Opto-
T7RNAP(563) variants with pMag, pMagFast1 and 
pMagFast2,	we tested the dose-response of the three regulators 
to different intensities of 460 nm blue light. Opto-
T7RNAP(563) and Opto-T7RNAP(563-Fast1) showed a 
similar dose response, with increasing expression until ~330 
µW/cm2 (Figure 4 right). The additional I74V mutation,  
however, led to increased light sensitivity and maximal 
induction with light intensities as low as 20 µW/cm2, while 
showing low basal expression in the dark. Our experimental 
setup did not allow for light intensities below this value. 
Change in expression ratios of the Opto-T7RNAP domains, as 
used to optimize fold-induction (Figure 2AB), resulted in 
identical light sensitivities for all three regulators  and does not 
have an influence on light sensitivity (Supplementary Figure 
10).  

Fast-reverting light-inducible T7 RNA polymerase al-
lows for fast dynamic regulation. Finally, we show that 
Opto-T7RNAP(563Fast1) can be used to precisely and dy-
namically induce gene expression. In Figure 3B we show an 
exemplary dynamic time course by first inducing gene expres-
sion at maximal level with 329 µW/cm2, resulting in high 
reporter expression, before shutting down the system by turn-
ing off the light at minute 270, which leads to an immediate 
drop of fluorescent reporter at the following time point. We 
then induced the system with low-intensity blue light at 20 
µW/cm2 at minute 570, resulting in low expression of reporter 
protein. This demonstrates that Opto-T7RNAP(563-Fast1) 
allows for dynamic regulation of gene expression at different 
induction levels. 

CONCLUSION  
Pioneering work on light-inducible gene expression was 

performed in E. coli using two-component systems11,60,61. In 
this work, we took a different approach by implementing light 
control into the orthogonal T7RNAP, an enzyme which is 
highly relevant in biotechnology and biological sciences. This 
was made possible by inspiring studies on the T7RNAP26,32. 
Our light-inducible system could eliminate the use of costly 
inducers, such as IPTG, which can be relevant for high volume 
microbial production systems62,63 and allow for precise dynam-
ic regulation. The system could be adapted for the use in other 

organisms such as other bacterial species, yeast or mammalian 
cells, in which the T7RNAP and Magnets where shown to be 
functional.  

With Opto-T7RNAP(563), we have created a light-
inducible system that shows a >300-fold change in response to 
light, and fast unimodal light-induced gene expression. Fur-
ther, Opto-T7RNAP(563-Fast1) allows dynamic regulation, 
due to fast reversion of the light-induced regulator to the dark-
state when light is absent. With a fold change of >50-fold, it 
outperforms any previously published dynamic blue light 
systems (EL222: 5-fold64, iLID-T7: 26-fold65). The fast dark-
state reversal also allows using pulse width modulation 
(PWM), which was previously applied to optogenetically-
controlled systems66, and might be useful for additional fine-
tuning of expression levels. 

Optimized expression levels of the two Opto-T7RNAP do-
mains allow for a more precise regulation due to reduced gene 
expression variability. Further, the system can be brought to 
desired set points of minimal and maximal expression in both 
the dynamic and the stable system. This allows for adaptation 
of the system to experimental requirements. 

The presented Opto-T7RNAPs all respond to blue light.  
However, due to the modularity of the system, the blue light 
sensitive Magnets could be exchanged with regulators that 
dimerize in response to other wavelengths. As T7RNAP vari-
ants have been engineered to recognize different promoter 
sequences32–35, Opto-T7RNAPs that respond to different wave-
lengths could be used in the same cell for multi-chromatic 
control of multiple genes. Considering regulation schemes, 
which use multiple optogenetic regulators for differential gene 
expression, regulators that activate at a certain wavelength and 
revert quickly in the dark, such as the Magnet system used 
here, might be preferable to systems which need light of a 
different wavelength for dark-state reversion as they leave a 
greater portion of the light spectrum available for other opto-
genetic regulators.  

The absorbance spectrum of Vivid8,47 suggests that light 
with wavelengths >500 nm should not activate the regulator, 
which would make it possible to combine this system with 
available light-inducible systems of different wavelength, such 
as the green/red controllable CcaS-CcaR, which is activated 
with 535 nm, and inactivated with  670 nm, or the red/far-red 
controlled Cph8-OmpR, which is activated with 703 nm or in 
the dark and inactivated with 650 nm60.  

We further found that Opto-T7RNAP(563-Fast2) shows a 
high sensitivity to blue light, which might be preferable, if 
only low light levels can be provided for activation.  

The Opto-T7RNAPs will also serve as an excellent screen-
ing system to engineer the properties of the light-inducible 
dimerizing Magnets towards lowering dark-state interaction 
and increasing light-induced binding affinity and dark-state 
reversal rates through rational protein design and directed 
evolution, as it provides an easy screen for transcriptional 
output. 

We further showed, that unequal expression of the two 
Opto-T7RNAP domains can lead to reduced gene expression 
variability, a feature which is desirable for precise control, as 
well as higher gene expression productivity, as the fraction of 
cells in a high expression state can be increased. It has to be 
elucidated if this finding also holds for other light-inducible 
split proteins. 
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MATERIALS AND METHODS  
Strains and Media. Escherichia coli DH5αZ167 was used 

for all cloning. For characterization we used E. coli strain 
AB360, that we derived from E. coli BW2511357,58, which we 
modified by integrating lacYA177C into the attB site8. This 
transforms the all-or-nothing induction of the native arabinose 
transporter towards titratable arabinose induction59. Relevant 
for this study is that the strains contain the transcription factor 
araC, while arabinose metabolizing genes araBAD are delet-
ed. Autoclaved LB-Miller medium was used for strain propa-
gation. Sterile-filtered M9 medium supplemented with 0.2% 
casamino acids, 0.4% glucose and 0.001% thiamine was used 
for all gene expression experiments. Antibiotics were used if 
necessary for plasmid maintenance in concentrations of 100 
µg/ml ampicillin, 25 µg/ml chloramphenicol, and 50 µg/ml 
kanamycin. 

Plasmids and genetic parts. Plasmids were transformed 
using a one-step preparation protocol of competent E. coli 68. 
We used the pZ-series modular vectors67 containing the 
pSC101 ori with repA, and cat for chloramphenicol resistance, 
as basis for plasmids containing the Opto-T7RNAPs. The 
vector was modified for expression of two proteins, so that it 
contained two arabinose promoters ParaB* (araB promoter from 
Guzman et al.69, excluding CAP binding site), followed by the 
Opto-T7RNAP fusions and rrnB T1 terminator sequences 
(BBa_B0010), which are each flanked by unique cut sites to 
allow for modular exchange of promoters and RBSs. The N-
terminal Opto-T7RNAP fusions can be exchanged between 
BglII and AvrII, its promoters with AatII and BglII, the C-
terminal Opto-T7RNAP can be exchanged between either NsiI 
(for pAB164, pAB166, pAB170) or PacI (for all other plas-
mids) and XbaI, and it promoters between AscI and either NsiI 
or PacI. (See plasmid map in Supplementary Figure 11) The 
empty reporter control strain contains the same plasmid, with 
araC instead of the Opto-T7RNAP. The T7 polymerase split 
fragments were amplified from pTARA70 (Addgene plasmid # 
31491). The plasmid contained a missense mutation at residue 
position 823 which was corrected to the original sequence 
with OEPCR. We further introduced the mutation R632S33 to 
all T7RNAP constructs, also through OEPCR and primers 
with sequence AGT for amino acid position 632. For the T7 
promoter driven mCherry reporter plasmid, we used pETM6-
mCherry71 (a gift from Mattheos Koffas) and inserted the T7 
promoter with the same sequence also used in pTHSSD_826 
with a strong RBS on synthesized oligos between AvrII and 
NdeI. The TIRs for expression level studies of the Opto-
T7RNAP fragments were calculated using the RBS calculator 
v2.054,55, with the resulting mRNA structures and TIRs shown 
in Supplementary Figure 12. All resulting strains are listed in 
Supplementary Table 3 and genetic parts are listed in Supple-
mentary Table 4 which were cloned using standard molecular 
biology protocols72,73. 

Integration of lacYA177C into E. coli BW25113. We used 
λ integrase expressed from pJW27 to integrate lacYA177C into 
the attB site of BW2511357,58, using plasmid pSKA27 (un-
published, sequence available upon request) containing 
lacYA177C, FRT-flanked kanR from pKD13 ligated into XbaI 
cut pFL50359 and sequence identical to genome regions for 
attB integration. pSKA27 was cut with NotI and the 4229 bp 
band gel purified and circularized before transformation into 
pJW27 containing cells. For integration, pJW27 was trans-
formed into E. coli BW2511357,58, and selected at 30°C on LB-

Agar plates containing chloramphenicol, for expression of λ 
integrase. A single colony was used to inoculate 5 ml LB broth 
containing chloramphenicol, and grown at 30°C in a water 
bath with shaking. The cells were then moved to 42°C for 15 
min, before incubating on ice for 15 min. Cells were trans-
formed with the integration construct using the previously 
described transformation protocol. The kanamycin resistance 
cassette can be removed by expressing FLP-recombinase 
following the protocol of Datsenko and Wanner58 by trans-
forming pCP20, and select for chloramphenicol and ampicillin 
at 30°C. The kanamycin resistance was kept in all strains for 
this study. 

T7RNAP-induced gene expression during steady state 
growth. All experiments were performed in biological tripli-
cates for data shown in the main text, as well as data in the 
supplementary material unless explicitly noted. Expression of 
the Opto-T7RNAPs was chosen, so that dark-state expression 
levels of all tested constructs were above the reporter control 
(cells containing just the T7 promoter controlled mCherry 
without T7RNAP), which allows for comparison of fold 
change between the constructs.  

All experiments consist of time course induction experi-
ments performed with cells in exponential growth phase to 
allow for reliable comparison of expression levels. The single 
cell flow cytometry data shown are steady state, or close to 
steady state expression levels of cells in exponential growth 
phase. The corresponding time courses are provided in the 
Supplementary Figures 13-17. Further, we provide molecules 
of equivalent fluorophore for the expression levels of the 
different Opto-T7RNAP variants in Supplementary Figure 3, 
which allows researchers to compare our mCherry expression 
levels, independent from the technical equipment.  

Overnight cultures inoculated from glycerol stocks, origi-
nating from single colonies, were grown in M9 medium con-
taining chloramphenicol, ampicillin and kanamycin at 37°C 
with 200 rpm shaking in lightproof black tubes (Greiner bio-
one). The samples were diluted 1:25000 in 7 ml fresh M9 
medium in sterile polystyrol tubes (Sarstedt, ethanol washed, 
and capped with aluminum foil). The tubes were wrapped in 
aluminum foil to prevent outside light from other experiments 
reaching the cells, leaving only the bottom uncovered for 
induction with LED light. All experiments were performed in 
a dark room. 

For expression experiments, cells were incubated at 37°C in 
a water bath (Julabo, ED (v.2) THERM60) and custom made 
LED lights similar as described by Milias-Argeitis21, with the 
difference that led lights were placed under the tubes in the 
water bath, and LEDs with 460 nm wavelength (40 lm, 700 
mA; LED Engin Inc.) were used. Tubes were placed on a 
multi position magnetic stirrer (Thermo scientific, Telesystem 
15), for stirring with teflon covered 3 x 8 mm magnetic stirrers 
(Huberlab AG) at 900 rpm (Supplementary Figure 18). 

Samples were grown without light induction for at least 2.5 
h before the experiment was started to allow adaptation to-
wards log growth phase in fresh M9 media, containing arabi-
nose for some experiments, and steady state expression of the 
regulators. Samples were taken every 60 min for steady state 
expression experiments or at shorter intervals for dynamic 
experiments. Cells were kept below an OD600 of 0.03 and 
therefore in logarithmic growth phase through manual dilution 
with fresh medium of the respective arabinose concentration. 
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mCherry maturation assay. We determined maturation of 
the fluorescent protein mCherry for our experimental setting to 
90 min for full maturation with translation and transcription 
inhibition (Supporting Experiment “Transcription and transla-
tion inhibition”, Supplementary Figure 19). Sample was added 
to the inhibition solution in equal volumes, resulting in a final 
inhibitor concentration of 250 µg/ml rifampicin (Sigma-
Aldrich Chemie GmbH) and 25 µg/mL tetracycline (Sigma-
Aldrich Chemie GmbH). The transcription and translation 
inhibition solution contained 500 µg/mL rifampicin, 50 µg/mL 
tetracycline in phosphate buffered saline (Sigma-Aldrich 
Chemie GmbH, Dulbecco´s Phosphate Buffered Saline) and 
filtered using a 0.2 µm syringe filter (Sartorius). The inhibition 
solution was precooled on ice. After sample was added, the 
solution was incubated on ice for at least 30 min, to allow for 
diffusion of the antibiotics into the cell and inhibition of tran-
scription and translation in aluminum foil-covered 96-well U-
bottom plates (Thermo Scientific Nunc). In between wells of 
the 96-well plate that contained sample, we added 200 µL PBS 
to include an additional wash step, which reduces carryover of 
sample to undetectable levels using the BDTM High Through-
put Sampler of the flow cytometer.  After incubation on ice for 
30 min, the sample were transferred to a 37°C incubator for 90 
min for mCherry maturation. Then the cells were put on ice 
until measurement through flow cytometry. 

Flow cytometry measurement. Cell fluorescence was 
characterized on a BD LSR Fortessa containing a 561nm laser 
with BD™ High Throughput Sampler attached, and analyzed 
using FlowJo vX (TreeStar). mCherry fluorescence was char-
acterized with a 561nm (100 mW) laser and 610/20 nm band 
pass, 600 nm long pass filter. At least 10,000 events were 
recorded in a two-dimensional forward and side scatter gate, 
which was drawn by eye and corresponding to the experimen-
tally determined size of the testing strain at logarithmic growth 
(Supplementary Figure 20). Gating for analysis was also de-
termined by eye, and was kept constant for analysis of all 
experiments and used for calculations of the median and CV 
using the same software. 
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