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Abstract 

Optogenetic tools for controlling gene expression are ideal for tuning synthetic biological networks due to the exquisite 

spatiotemporal control available with light. Here we develop an optogenetic system for gene expression control and 

integrate it with an existing yeast toolkit allowing for rapid, modular assembly of light-controlled circuits in the important 

chassis organism Saccharomyces cerevisiae. We reconstitute activity of a split synthetic zinc-finger transcription factor (TF) 

using light-induced dimerization. We optimize function of this split TF and demonstrate the utility of the toolkit workflow 

by assembling cassettes expressing the TF activation domain and DNA-binding domain at different levels. Utilizing this TF 

and a synthetic promoter we demonstrate that light-intensity and duty-cycle can be used to modulate gene expression 

over the range currently available from natural yeast promoters. This work allows for rapid generation and prototyping of 

optogenetic circuits to control gene expression in Saccharomyces cerevisiae.  
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The budding yeast Saccharomyces cerevisiae is an important chassis organism for synthetic biology and metabolic 

engineering [1, 2, 3]. These disciplines integrate biological parts (e.g. coding sequences, promoters) into biological circuits 

with novel cellular function. This process has become more routine in Saccharomyces cerevisiae due to the creation of 

large libraries of well-characterized parts [4, 5, 6, 7]. However, the inner workings of the cell continue to make the function 

and performance of engineered biological circuits unpredictable. Engineering efforts benefit greatly from the ability to 

tune the concentration of individual components to test and adjust circuit function. Additionally, tunability can allow 

circuits to be temporally and spatially adjusted to match dynamic constraints, such as the external environment or 

bioprocess phase [8, 9, 10].  

Optogenetic approaches offer a potential solution for flexible tuning. Optogenetics take advantage of light-sensitive 

genetically encoded proteins to actuate processes inside of the cell in a light-dependent manner. Light is a powerful 

actuator as it inexpensive, easily controlled in time and space, and Saccharomyces cerevisiae contains no known native 

photoreceptors [11]. Here we report the construction and optimization of a light-activated transcription factor and 

associated components for use with an existing toolkit of yeast parts [4]. Addition of these optogenetic components to 

the toolkit allows for rapid and modular assembly of light-controlled circuits to tune gene expression dynamically and over 

the range defined by native yeast constitutive promoters.   

We took advantage of the naturally occurring Arabidopsis cryptochrome CRY2 and blue-light dependent binding partner 

CIB1 to reconstitute the activity of a split transcription factor in a light-dependent manner. The feasibility of this approach 

was previously demonstrated by fusing CRY2 to the scGAL4 DNA-binding domain and CIB1 to the scGAL4 activation domain 

[12, 13, 14, 15]. The GAL4 protein is a native S. cerevisiae transcription factor and using the GAL4 DNA-binding domain 

(DBD) to create synthetic transcription factors leads to crosstalk with native GAL4-inducible promoters [16]. To avoid this 

crosstalk, we utilized a non-yeast DBD. The three-finger Zif268 DNA-binding domain from the Zif268 mouse transcription 

factor specifies a 9-bp sequence that occurs infrequently (<20) in the S. cerevisiae genome and this domain has been 

shown to be a powerful, orthogonal DNA-binding domain for generating chemically-inducible transcription factors in 

Saccharomyces cerevisiae [16, 17]. We fused the Zif268-DBD to the N-terminus of the CRY2 protein (ZDBD-CRY2) and the 

viral VP16 activation domain to CIB1 (VP16-CIB1) (Figure 1A). To create a promoter (pZF) responsive to our artificial 

transcription factor, we removed the GAL4 binding sites from the scGAL1 promoter and integrated variable numbers and 

orientations of the Zif268 binding site (5’-GCG TGG GCG-3’) (Supplemental Figure 1, 2). Utilizing a promoter with four 

binding sites for the Zif268 DNA-binding domain (pZF(4BS)) upstream of yeVENUS and plasmids containing DBD-CRY2 and 

AD-CIB1 constructs we showed that the ZDBD-CRY2 based system induced gene expression as well as the original 

GAL4DBD-CRY2 system (Kennedy, et al 2010) (Figure 1B). Consistent with previous reports (Kennedy, et al 2010) a ZDBD-

CRY2PHR construct containing only the CRY2 photolyase homology region (PHR) showed a stronger light-induced fold 

change as well as higher background gene expression (Figure 1B). We verified that the GAL4-DBD did not exhibit crosstalk 

with the pZF promoters and that ZDBD-CRY2 did not activate expression from the scpGAL1 promoter (Supplemental Figure 

3). We arrived at our final ZDBD-CRY2 construct and pZF promoters by testing different design considerations (i.e. linkers, 

nuclear localization signals, binding site number) as detailed in the Supplemental Material (Supplemental Figures 2-5). 

We domesticated our optogenetic components to interface with an existing yeast toolkit by removing the restriction 

enzyme sites (BsaI, BsmBI, NotI) used for the MoClo (modular cloning) assembly scheme [4, 18]. In the MoClo system, 

parts are categorized as “types” based on their function and location in the completed circuit (e.g. promoter types, coding 

sequence types) (Figure 2A). Our ZDBD-CRY2 and VP16-CIB1 components became coding sequence (“Type 3”) parts and 

the pZF promoters became promoter (“Type 2”) parts. All parts created in this study that are compatible with the Lee, et 

al [4] yeast toolkit are shown in Supplemental Figure 6. Using the modular cloning scheme with our optogenetic parts and 

additional parts from the yeast toolkit [4] allows for rapid assembly of multigene integration vectors containing all of the 

necessary components for light-induced expression of a gene of interest.  
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We demonstrated the utility of the toolkit workflow (Figure 2A) by utilizing it to optimize our synthetic split TF. We 

reasoned that the concentration and ratio of the two TF components, the DNA-binding component (ZDBD-CRY2PHR) and 

the activation component (VP16-CIB1), might be important for circuit function. We generated nine different optogenetic 

constructs with the two components under low, medium, and high-strength yeast promoters. To test gene expression 

control, these integrating vectors also contained mRUBY2 under the control of the pZF(3BS) promoter. We found that 

expression of AD-CIB1 under a high strength promoter (pTDH3) and DBD-CRY2PHR under a medium strength promoter 

(pRPL18B) gave us maximal expression from pZF(BS) (Figure 2B, Supplemental Figure 7A). However, this ZDBD-

CRY2medium/VP16-CIB1strong strain exhibited a growth defect (Supplemental Figure 7B,C). The ZDBD-CRY2medium/VP16-

CIB1medium strain on the other hand, with both components under the control of pRPL18B, exhibited expression from 

pZF(3BS) equivalent to a medium strength yeast promoter without exhibiting growth defects (Figure 2B, Supplemental 

Figure 7). The dosage of the DBD-CRY2PHR and AD-CIB1 components also affected the background (dark) induction 

(Supplemental Figure 7A) as well as the speed of induction after initial light exposure (Supplemental Figure 8).  This was 

a crude dialing of protein concentration but suggests that one way to further optimize a split TF system would be by 

 

Figure 1 ZDBD-CRY2 AD-CIB1 optogenetic system: (A) Schematic of the ZDBD-CRY2 and CIB1-AD optogenetic system. In response 

to blue light, CRY2 undergoes a conformational change that allows CIB1 to bind CRY2. This recruits the activation domain to a 

promoter containing Zif268 binding sites (GCG-TGG-GCG). (B) Yeast cells transformed with the DBD-CRY2, and CIB1-AD plasmids 

and appropriate reporters (pGAL1-Venus or pZF(4BS)-Venus) were grown for up to 17 hours in 3mW/cm2 460nm blue-light. 

Controls were grown in identical conditions without illumination. Induction is displayed as fold-change relative to the GAL4DBD-

CRY2/CIB1-GAL4AD split transcription factor. Error bars indicate standard error of the mean. 
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carefully titrating the total and relative dosage of each component, a knob not available in single-component and 

homogeneous two-component optogenetic systems [8, 19, 20]. 

One of the advantages of light as an inducer is the ability to tune its intensity and duty cycle in cultures of cells. We 

examined our ability to tune output from the ZDBD-CRY2medium/VP16-CIB1medium strain as a function of light intensity. We 

found that we could tune output from the ZDBD-CRY2medium/VP16-CIB1medium system up to 15µW/cm2 of light, at which 

point output from the system saturated (Figure 2C). We also measured output from the ZDBD-CRY2medium/VP16-CIB1medium 

and ZDBD-CRY2medium/VP16-CIB1strong strains as a function of duty cycle. We varied light at 15µW/cm2 from a duty cycle of 

5% (1min on/19 min off) to 100% (constant light). Gene expression output increased as a function of duty cycle, and by 

 

Figure 2 Optimization and Tuning of Light-Induced Gene Expression: (A) Schematic of circuit construction using the Yeast Toolkit 

scheme. Part plasmids contain unique upstream and downstream BsaI-generated overhangs to assemble into the appropriate 

position in “Cassette” plasmids. Cassette plasmids are fully functional transcriptional units that are further assembled into  

multigene plasmids using BsmBI assembly and appropriate Assembly Connectors. Figure adapted from Lee, et al 2015. (B) Fold-

induction in gene expression in response to blue-light from pZF(3BS)-mRUBY2 was measured in nine strains expressing different 

ratios of the DNA-binding domain (ZDBD-CRY2PHR) and the activation domain (VP16-CIB1). Gene expression was compared to 

yeast strains expressing mRUBY2 under constitutive promoters of different strengths (pTDH3, pRPL18B, pREV1). (C) Gene 

expression in the ZDBD-CRY2medium/VP16-CIB1medium optogenetic strain is tunable as a function of blue-light intensity. (D) Gene 

expression in the ZDBD-CRY2medium/VP16-CIB1medium and the ZDBD-CRY2medium/VP16-CIB1strong optogenetic strain is tunable as a 

function of light duty cycle. Fluorescence was measured as fold-change relative to the non-fluorescence control strain which 

contains a spacer region in place of pZF-mRUBY2 (yMM1477).  
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utilizing either the ZDBD-CRY2medium/VP16-CIB1medium or ZDBD-CRY2medium/VP16-CIB1strong strain we could achieve gene 

expression outputs equivalent to the weakest and strongest promoters in the Lee, et al yeast toolkit (Figure 2D). Thus, by 

putting the expression of a circuit component under the control of pZF and using light chemostats or programmable LED 

plates [21, 22, 9] one could continuously and dynamically tune component concentration and monitor its effect on circuit 

function. To allow this optogenetic machinery to be easily integrated into a yeast strain of interest we created a yeast 

marker (“Type 6”) part containing kiURA3 flanked by loxP sites to allow for marker recycling. We created a pre-assembled 

integration vector (Supplemental Figure 6) and used it to integrate ZDBD-CRY2medium/VP16-CIB1medium and pZF(3BS)-

mRUBY2. We verified that integration of the ZDBD-CRY2medium/VP16-CIB1medium with a standard scURA3 marker or the 

kiURA3 marker before and after loxing by CRE-recombinase expression did not affect light-induced expression of mRUBY2.  

Optogenetic approaches for controlling natural and synthetic biological networks are garnering attention as the toolkit 

expands and more powerful applications are demonstrated [22, 8]. Here we report an orthogonal light-inducible 

transcriptional activator for gene expression control in S. cerevisiae. We have engineered this transcription factor to be 

compatible with an existing yeast toolkit [4] which allows circuits for light-controlled gene expression to be assembled, 

integrated into the yeast genome, and tested in less than two weeks. We utilized this rapid prototyping to optimize the 

ratio and concentration of the two halves of our split transcription factor for maximal light-inducible gene expression with 

minimal growth defects. Both light intensity and duty cycle can be used to tune output from this gene expression system.  

We anticipate that this expansion of the yeast toolkit will be very useful to the community, as it will allow for rapid 

assembly of synthetic circuits (using the toolkit format) with one or more components that can be dynamically tuned with 

light. This will allow for circuit optimization as well as real-time light-based control of circuit output.  
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