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New genomic methods have revealed a high level of spatial organization in the nucleus, and the 

subnuclear positioning of genes correlates with transcriptional activity. It is thought that 3D genome 

organization and positioning directly influences transcriptional activity – perhaps by re-positioning genes 

near distal enhancers or to areas high in concentration of epigenetic modifiers. Limited studies in both 

human and yeast cells have revealed that gene repositioning affects transcription in some, but not all, 

genomic contexts. These studies raise the question: What rules govern transcriptional sensitivity to 

spatial re-positioning mechanisms? Such a question has remained elusive as conventional 

methodologies to rewire gene positioning rely on integration of a DNA binding site at every locus of 

interest. This approach stymies genomic screens involving multiple loci, particularly in human cells, 

where genome engineering remains difficult. Use of the CRISPR-Cas system enables researchers to 

target endogenous sites, bypassing the need for genome modification, which opens the door to 

reprogram the location of endogenous genes. In this work, I demonstrate two advances to the genome 

re-organization field. First, we show that a programmable CRISPR-Cas system can be used to localize 

genes to the nuclear periphery in budding yeast. Second, we demonstrate the development of a 

CRISPR-Cas allosteric sensor of DNA binding which might be fundamental to forming efficient long-

range loops. These technological advancements may aid researchers to assess the functional 

consequences of gene repositioning. 
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Chapter 1 | Introduction 

1.1 | Background 

1.1.1 | Genomic positioning correlates with cellular function 

Recent studies have revealed a high level of spatial organization of DNA in the nucleus1 and genomic 

position correlates with gene function2. Genes can be physically positioned in 3-dimensional space near 

well-defined subnuclear structures such as the nuclear periphery3, the nuclear pore4, or the nucleolus5. 

Genetic elements can also be positioned relative to other genetic elements such as transcriptional 

enhancers6,7,8 or recombination templates9 to form a 3-dimensional gene loops that range from kb to 

Mb scale7-10. 3-dimensional gene positioning often correlates with a variety of different genetic functions 

including genetic recombination9, epigenetic state3, and gene expression3, suggesting that genome 

organization plays a crucial role in controlling cellular function.  

Dynamic changes in 3-d gene positioning during cellular differentiation or extracellular signals 

further suggests a crucial regulatory role of gene positioning. For example, in fetal blood cells the LCR 

enhancer forms a 3-d loop with fetal beta globin genes to activate transcription. Later in differentiation, 

the fetal LCR beta globin loop gets reprogrammed to form a 3-d loop with adult beta globin genes 

resulting results in changes in gene expression6,7,8. Long-range looping also plays a role in genetic 

recombination. In budding yeast, yeast mating type is determined by the whether the a or alpha gene 

cassette is at the MAT locus. Interestingly, genetic templates contained at HML or HMR are copied into 

the MAT locus through formation of a long range DNA loop between one of the two genetic loci, 

suggesting that 3D genome organization can control cell type specification through promoting genetic 

recombination9. Finally, upon addition of extracellular signals, genes reposition from the nuclear interior 

to interact with nucleoporins to activate gene transcription in budding yeast4.To determine the causative 

relationship between genome structure and gene function, tools to physically reposition genes in the 

nucleus and assess the impact on function are needed.  

 

1.1.2 | Conventional 3D gene repositioning tools 

To probe the role of genome structure on gene function, gene repositioning tools have been developed 

to re-localize genes to specific subnuclear sites. Early tools have focused on fusing hard coded DNA 

binding domains, such as Gal4, to localized proteins to direct genes to specific sites in the nucleus. In 

a fundamental yeast study, fusion of Gal4 to a localized nuclear membrane protein resulted in 
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repression of a reporter gene, likely as a result of re-localization to high concentrations of repressors at 

the nuclear periphery11. In human cells, fusion of LacI to nuclear membrane proteins re-localized genes 

to the periphery and was sufficient to establish gene silencing12,13. These fundamental studies using 

hard coded DBDs have demonstrated a causative role for gene positioning on gene function. However, 

these studies have been limited, in part, because genomic engineering of a DNA binding site is required 

at each site of interest.  

 

1.1.3 | The utility of CRISPR-Cas gene repositioning tools 

To overcome this technical challenge, CRISPR-Cas systems have been developed to re-localize genes 

in the nucleus. Because the CRISPR-Cas system is programmable, these systems can be targeted to 

endogenous sites and bypass the requirement to do site specific modification of a DNA binding domain 

target site. In yeast, indirect dCas9 fusion to a nuclear membrane protein allowed gene recruitment to 

the nuclear periphery and this localization was sufficient to bias plasmid segregation in daughter cells14. 

In human cells, fusion of dCas9 to chemically-inducible dimerization motifs was sufficient to form DNA 

loops or re-localize genes to well-defined subnuclear structures15,16. This repositioning was sufficient to 

cause changes in gene expression as well as cellular toxicity. These data suggest that CRISPR-Cas 

re-positioning tools may be useful towards dissecting the details of how 3D structural perturbations can 

influence gene function.  

 

1.1.4 | Limitations on DNA re-localization technologies 

CRISPR tools offer the promise to easily re-localize genes to either well defined subnuclear structures 

or to other DNA sites. Formation of DNA-DNA loops can be achieved by fusing CRISPR complexes to 

dimerization motifs which results in the bridging of two distant DNA sites. DNA looping experiments in 

particular are limited, in part, because the dimerizing DNA binding domain can also bind other free 

unbound DNA binding domains which results in inefficient DNA loops17 (Figure 1.1). In the bacterial 

LacI looping system, this competition effect not only lowers the looping efficiency, but creates 

limitations of the length of DNA loops that can be formed18. At short DNA lengths, promotion of DNA-

DNA interactions through random collision of the DNA loci overcomes the competition effect between 

non DNA-bound complexes. At long DNA lengths, free unbound DNA binding domains occupy each 

DNA target site, resulting in inefficient loop formation. The efficiency of loops depends on DNA binding 
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domain concentration, as high concentrations results in free unbound complexes outcompeting loop 

formation. Notably, low concentration of the lac repressor is crucial for efficient loop formation (<10 

nM), and is most efficient at short range (~1-5kb). Interestingly, bacterial systems are able to control 

this low level of lac repressor, which is 20 copies per cell, through a feedback regulation circuit that 

precisely regulates expression levels18. 

Despite known issues with protein competition in looping systems, human cells, bacteria, and 

yeast cells are able to form long loop sizes ranging from kb several MB. There are several models 

that may explain these data. Natural systems may be able to drive long range or efficient loops by 

either controlling the concentration of looping proteins to low levels18, mechanisms driving physical 

proximity of DNA elements19, recruitment of loop stabilizing factors16, or using cooperative or allosteric 

communication between DNA and protein binding18. To engineer long range DNA loops, engineering 

strategies modeled after natural systems should be considered. While difficult to engineer, advances 

in protein engineering may provide opportunities to engineer allosteric or cooperative communication 

between DNA binding and dimerization domain activity.  

Current synthetic looping systems have been developed by linking DNA binding domains to 

dimerization motifs which results in the bridging of two DNA sites. These methods are limited, in part, 

by protein complexes competing for the DNA site. For instance, CRISPR looping using dCas9 fused 

to dimerization motifs in bacteria is limited to the kb range due to the competition effect of unbound 

CRISPR complexes17. In human cells, the length range of loops has been observed to be much 

higher. When dCas9 was linked to the Pyl1 ABI system, loops up to 40 kb were observed16. In a 

separate study, linking dCas9 to light activated protein complexes resulted in a 500 kb DNA loop20. 

The ability to form long range loops in human cells, despite known competition problems, may be a 

result of low protein concentrations, unknown cooperativity in the system, or mechanisms that 

promote DNA-DNA contacts human cells. Interestingly, in a separate experiment, telomere clustering 

was observed in human cells when nucleating phase separated droplets using dCas9 linked to 

nucleating proteins21 (CasDrop). This observation in particular suggests that engineering cooperativity 

or allostery into looping systems may promote loop formation.  

 

1.2 | Overview of thesis work 

This thesis focuses on addressing two challenges in the gene re-localization field: development of 
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programmable gene recruitment tools and development of a protein motif that senses and responds 

to DNA binding. In parallel to the methods reported in the literature and outlined in Chapter 1, I 

developed an alternative method to re-localize genes to the nuclear periphery in budding yeast using 

CRISPR-Cas9 (Chapter 3). We benchmark this system against the Gal4 peripheral re-localization 

system and find that both Cas9 and Gal4 can recruit DNA to the periphery at equal efficiencies. 

However, Gal4 but not Cas9 mediated peripheral recruitment is sufficient to cause gene silencing, 

suggesting the precise structure of the recruitment complex is important for gene silencing. This study 

highlights potential challenges of using dCas9 to discover structure function rules in yeast. In a 

separate study (Chapter 2), we developed a CRISPR-Cas allosteric sensor of DNA binding where an 

effector is predominantly active in the DNA bound conformation. Future work will focus on testing if 

allosteric communication between dimerization motifs and DNA binding could make efficient DNA 

loops.  
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1.4 | Figures 

 

 

Figure 1.1 CRISPR-Cas DNA relocalization strategies suffer from competition of free unbound 

CRISPR-Cas complexes 

DNA relocalization can be controlled by fusion of catalytically inactive dCas9 to a dimerization motif17. 

Looping efficiency can suffer from free, unbound complexes, outcompeting loop formation. 
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Chapter 2 | Conditional protein recruitment to a DNA-bound CRISPR-Cas 

complex using a proximity-sensitive Co-LOCKR switch 

 

The work in this chapter was published and reprinted with permission from the journal of initial 

publication: 

Kirkpatrick, R. L., Lewis, K., Langan, R. A., Lajoie, M. J., Boyken, S. E., Eakman, M., et al. (2020). 

Conditional Recruitment to a DNA-Bound CRISPR-Cas Complex Using a Colocalization-Dependent 

Protein Switch. ACS Synthetic Biology, 9(9), 2316–2323. http://doi.org/10.1021/acssynbio.0c00012  

 

2.1 | Abstract 

To spatially control biochemical functions at specific sites within a genome, we have engineered a 

synthetic switch that activates when bound to its DNA target site. The system uses two CRISPR-Cas 

complexes to colocalize components of a de novo designed protein switch (Co-LOCKR) to adjacent 

sites in the genome. Colocalization triggers a conformational change in the switch from an inactive, 

closed state to an active, open state with an exposed functional peptide. We prototype the system in 

yeast and demonstrate that DNA binding triggers switch activation, recruitment of a transcription 

factor, and expression of a downstream reporter gene. This DNA-triggered Co-LOCKR switch 

provides a platform to engineer sophisticated functions that should only be executed at a specific 

target site within the genome, with potential applications in a wide range of synthetic systems 

including epigenetic regulation, imaging, and genetic logic circuits. 
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2.2 | Introduction 

Catalytically inactive CRISPR-Cas complexes, which bind but do not cleave DNA, can programmably 

recruit functional proteins to specific genomic target sites with applications for transcriptional control, 

epigenetic regulation, and imaging.1,2 One outstanding challenge for the field is that these effector 

proteins can produce non-specific background effects. For example, epigenetic modifiers can mark off-

target sites in the genome,3 while unbound imaging probes can produce background signal that 

obscures the specific target site of interest.4 Similarly, efforts to engineer long-range DNA loops are 

challenging in part because the desired interaction between two DNA-bound CRISPR-Cas complexes 

competes with the free, unbound CRISPR-Cas complexes in the cell.5 In each of these cases, the 

problem is that the effector protein remains functional even when it is not bound at a specific DNA target 

site. As a first step to address this general problem, we have developed a conditional system where an 

effector protein can be activated only when the CRISPR-Cas complex is bound to its DNA target. 

 To engineer a conditional, DNA-triggered effector protein, we envisioned making the activity of the 

effector protein dependent on colocalization of two CRISPR-Cas complexes. Ideally, assembly of the 

functional effector would only occur when the two complexes are brought into proximity at adjacent 

genomic target sites. To achieve this behavior, we turned to a recently developed system called Co-

LOCKR (colocalization-dependent latching orthogonal cage-key),6 a designed protein switch that only 

activates when its two components, cage and key, are colocalized. The cage conformationally regulates 

a protein interaction module (the ‘latch’ peptide) that becomes activated only when key binding 

displaces the latch and exposes the interaction module (Figure 2.1).7,8 By tuning the cage, latch, and 

key affinities appropriately, the conformational switch occurs only when key and cage are colocalized 

to the same subcellular location and in close physical proximity.6  

 To couple the conformational switch to DNA binding, we can use two orthogonal CRISPR-Cas 

complexes to recruit a Co-LOCKR cage and key to adjacent genomic target sites. When both cage and 

key are colocalized on DNA, the Co-LOCKR switches to the active state and exposes the protein 

interaction module. When the cage-tethered CRISPR-Cas complex is not bound to DNA, the cage 

adopts the inactive state (Figure 2.1). Thus, provided that the cage-key interaction is too weak to form 

without colocalization, the system should effectively function as a sensor for DNA binding: only CRISPR-

Cas complexes that are bound to DNA and appropriately positioned will switch to the active state. An 

additional feature of this approach is that off-target binding events should not activate the switch, as 



15 
 

any off-target sites for the cage or key CRISPR-Cas complexes are unlikely to be in close proximity to 

each other. Conceptually similar approaches have been used for gene editing with paired Fok1 

nucleases, nickases, and alternative DNA binding domains.9-14  

 We demonstrate here that Co-LOCKR switches can be coupled to CRISPR-Cas complexes to 

function as a proximity-sensitive sensor of DNA binding. We use a reporter gene assay to assess the 

switch function, and we systematically vary the stoichiometry, separation distance on DNA, linker 

lengths, expression levels, and protein interaction strengths to identify the key parameters that enable 

optimal colocalization-dependent switch activation on DNA. The use of tunable, designed proteins to 

implement a DNA-binding dependent protein switch lays the foundation for a variety of future 

applications, including synthetic epigenetic modifications, imaging tools, rewiring of genome structure, 

and genetic logic gates, that could benefit from coupling a biochemical function to DNA binding. 
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2.3 | Results 

2.3.1 | CRISPR complexes recruit cage and key components to a transcriptional reporter 

To engineer a DNA-dependent Co-LOCKR switch, we need one CRISPR-Cas complex that recruits the 

cage protein and another CRISPR-Cas complex programmed to an adjacent genomic site that recruits 

the key protein. To recruit different proteins to adjacent CRISPR-Cas complexes, we can use the 

catalytically inactive S. pyogenes dCas9 together with scaffold RNAs (scRNAs), which are modified 

sgRNAs with 3’ hairpins that can recruit RNA binding proteins (RBPs).15 By using orthogonal RNA 

hairpin-RBP pairs, we can program one target site to recruit the cage and the other target site to recruit 

the key (Figure 2.1). Alternatively, we can directly fuse cage and key to orthogonal CRISPR-Cas 

proteins.1  

To test different DNA-dependent Co-LOCKR designs, we constructed a transcriptional reporter 

system in S. cerevisiae with multiple distinct CRISPR-Cas target sites upstream of a genomically-

integrated fluorescent Venus reporter gene. These target sites can be used to colocalize the Co-LOCKR 

cage and key proteins in close proximity on DNA. Key binding to the cage exposes the protein 

interaction module, a Bim peptide that binds to the Bcl2 protein.6 We fused Bcl2 to the transcriptional 

activator VP64, so that cage opening recruits Bcl2-VP64 to activate Venus reporter expression (Figure 

2.1). Reporter activation thus serves as a proxy for the open state of the Co-LOCKR switch. 

 

2.3.2 | Colocalization on genomic DNA can activate a Co-LOCKR switch 

We initially prototyped the RNA recruitment strategy using scRNAs with PP7, MS2, and com hairpins 

together with their cognate RNA binding proteins PCP, MCP, and Com. We used a 2x PP7 scRNA to 

recruit the key-PCP fusion protein to the upstream target site (J5). PP7 binds PCP as a dimer, so a 2x 

PP7 scRNA recruits four key-PCP fusion proteins. To recruit the cage to the downstream, promoter-

proximal target site (J4), we initially tested two strategies: either a 2x MS2 scRNA, which will recruit four 

MCP-cage fusion proteins, or a 1x com scRNA, which will recruit one Com-cage fusion protein (Figure 

2.2A).15 We engineered yeast reporter strains to express all protein components of the system: dCas9, 

Bcl2-VP64, key-PCP, and either MCP-cage or Com-cage. We then delivered a plasmid expressing two 

scRNAs to each strain: either J5 2x PP7 + J4 2x MS2 to the MCP-cage strain or J5 2x PP7 + J4 1x com 

to the Com-cage strain. In both cases, we observed Venus fluorescent reporter expression (Figure 

2.2B). 
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 To evaluate the significance of the reporter activation, we need to assess the background signal 

from colocalization-independent cage opening, which could occur with a recruited cage in the presence 

of co-expressed key or from a recruited key in the presence of co-expressed cage (Figure 2.2B). These 

contributions can be measured by delivering only one guide instead of both guides simultaneously. For 

the MCP-cage, the background from recruiting only the key is comparable to the Venus signal obtained 

when both cage and key are recruited, suggesting that most if not all of the observed expression arises 

from colocalization-independent effects where free cage binds the recruited key. In contrast, for the 

monomeric Com-cage, the background expression levels from recruiting only the key, or only the cage, 

are both significantly smaller than the Venus expression when both cage and key are recruited. 

 To confirm that the observed Venus expression with the Com-cage Co-LOCKR is truly 

colocalization-dependent, we need to consider whether the observed expression is larger than the 

combined effects of free key binding to the recruited cage and free cage binding to the recruited key 

(Figure S2.1). In control experiments, we demonstrated that VP64 recruitment to two target sites is 

additive rather than synergistic (Figure S2.1), suggesting that the additive sum of individual cage and 

key recruitment can be used to assess the contribution from colocalization-independent cage opening 

at both sites. The Com-cage colocalized activity is significantly larger than the sum of key only and cage 

only activity (Figure 2.2), suggesting that the Com-cage-mediated Co-LOCKR is a colocalization-

dependent switch. 

 Finally, we assessed whether alternative RNA recruitment strategies could improve switch 

activation. We tested 1x PP7, 2x PP7, and 1x com scRNAs to recruit key fusion proteins in multiple 

combinations with 1x MS2, 2x MS2, and 1x com to recruit cage fusion proteins. For all MS2-mediated 

MCP-cage recruitment strategies, background reporter gene activation was relatively high and there 

was no significant switch activation above background (Figure S2.2). The dominant source of 

background activity is from the “key only” control, which presumably results from the DNA-tethered key 

recruiting free, partially open cages (Figure S2.1). This background is significantly reduced when the 

cage is fused to Com, a monomeric RNA binding protein. Using the Com-cage, both 1x PP7 and 2x 

PP7 produced colocalization-dependent switch activation above background, with more activation from 

2x PP7 (Figure S2.2). Thus, it appears that providing a high stoichiometry of key to cage can help to 

promote Co-LOCKR activation, while delivering the cage on a multivalent protein is not effective. 
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2.3.3 | Direct protein fusions to orthogonal CRISPR-Cas complexes can activate a Co-LOCKR switch 

We also tested an alternative recruitment strategy with direct fusions to orthogonal CRISPR-Cas 

proteins. We fused the cage to S. py dCas9 and the key to Lachnospiraceae bacterium dCpf1, which 

has previously been shown to be effective for transcriptional activation in yeast as a dCpf1-VPR 

fusion.16 We observed colocalization-dependent activation that is significantly above the background 

(Figure S2.3), but the overall activation level was ~10X smaller than that observed with the RNA 

recruitment strategy (Figure 2.2). Unlike mammalian cells, in yeast the direct protein fusions to CRISPR-

Cas complexes are often outperformed by RNA recruitment strategies (Figure S2.3),15 and the relatively 

weak activation obtained with direct fusions of the Co-LOCKR switch is consistent with this behavior. 

We therefore proceeded to focus on the RNA recruitment strategy using the optimal 2x PP7 scRNA to 

recruit PCP-key and 1x com to recruit Com-cage (Figure 2.2 & Figure S2.2). 

 

2.3.4 | Switch activation is sensitive to the distance between CRISPR-Cas complexes  

Using the RNA recruitment strategy, we had initially targeted cage and key to two relatively close sites 

positioned 51 bases apart (Figure 2.2). The 51 base separation between PAM sites includes each 20-

base target site, leaving 11 bases between each CRISPR-Cas complex. To explore the distance-

dependence of the Co-LOCKR switch, we targeted the key to a range of sites further upstream. Shifting 

the key five bases upstream to a 56 base separation, which corresponds to a half-turn around the DNA 

helix, resulted in an almost complete loss in the colocalization-dependent activation, which was 

recovered with another half-turn shift to a 61 base separation (Figure 2.3). The same pattern continued 

with 66 and 71 base separations. Moving the key further upstream resulted in a complete loss of 

colocalization-dependent activation (Figure 2.3). A similar periodicity in colocalizing protein effectors to 

DNA was observed with assembly of the Fok1 dimer with two dCas9-Fok1 complexes.9  

Colocalization-dependent activation could also be sensitive to linker lengths in the CRISPR-Cas 

complex, as linkers that are too short might not be able to reach their binding partners, while linkers that 

are too long might be too flexible to be effective. However, we varied the linker between key and PCP 

from 3 to 45 amino acids and saw little change in colocalization-dependent activation (Figure S2.4). 

   

 



4 
 

2.3.5 | Optimizing the Com-cage RNA-mediated Co-LOCKR switch 

We explored two additional design parameters with the Com-cage Co-LOCKR switch: protein 

expression levels and cage-key interaction affinity. LOCKR switch activation is sensitive to protein 

concentration, with high key concentrations driving the switch towards the open state. 7,8 We therefore 

varied the expression level of the key-PCP fusion protein using a set of promoters with different 

expression levels (Figure 2.4); these promoters vary in strength over a >100-fold range (Table S2).17 

Our initial experiments were performed with the relatively strong Adh1 promoter, which was effective 

for previous applications of RBP fusion proteins in yeast.15 We expected that higher key levels might 

activate the switch without colocalization, while key levels that are too low would fail to bind the scRNA 

PP7 hairpin at the CRISPR-Cas complex. Consistent with this expectation, the strongest promoter 

tested, pTdh3, results in the highest level of background activation when only the cage is recruited 

(Figure 2.4B). pAdh1 maintains a similar level of colocalization-dependent switch activation, but lower 

background compared to pTdh3. The weak promoters pUra3 and pCyc1 significantly reduced 

background activation, but also dramatically reduced colocalization-dependent activation. 

 Similarly, high expression levels of the Bcl2-VP64 fusion protein could drive the switch towards an 

open state. We therefore tested whether reducing Bcl2-VP64 levels could decrease background 

activation. When we switched from the strong Adh1 promoter to the weaker Ura3 promoter, we 

observed a significant decrease in background activation, but also a nearly complete loss in switch 

activation (Figure 2.4C). 

 To improve colocalization-dependent switch activation, we sought to reduce the background by 

tuning the interaction strength between cage and key. A key that interacts too strongly with the cage 

might activate the switch without colocalization, while a key that interacts too weakly might not be able 

to activate. The Co-LOCKR system has already been tuned to weaken the cage-key interface and 

minimize colocalization-independent activation.6 To further weaken the cage-key interface, we 

truncated the key peptide over a range from 44 to 34 amino acids (Figure 2.5). Similar key truncations 

have been previously demonstrated to reduce cage key affinity in the Co-LOCKR system.6,7 While 

most truncations had no significant effect, the 34 aa key significantly reduced background activation 

while maintaining the level of colocalization-dependent activation after correcting for background 

(Figure 2.5).  
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2.4 | Discussion 

We show here that a colocalization-dependent protein switch, Co-LOCKR, can be adapted to act as a 

sensor for DNA binding. The switch undergoes a DNA-triggered conformational change when the Co-

LOCKR cage and key modules are colocalized to CRISPR-Cas complexes at adjacent target sites in 

the genome. Multiple layers of modularity in the system provide powerful tools for precisely controlling 

biological functions: the Co-LOCKR switch can cage a diverse set of functional peptides,6-8 and the 

CRISPR-Cas system enables programmable DNA targeting, which means that this switch can in 

principle be executed at a broad range of different sites in the genome. Further, the Co-LOCKR system 

could in principle be coupled with other programmable DNA binding systems, such as synthetic zinc 

fingers, that enable cooperative assembly of protein switch functions.18  

 The best-performing DNA-triggered Co-LOCKR switch utilized an RNA-recruitment strategy with 

the Com-cage (Figure 2.2 & Figure S2.3). Multiple CRISPR-Cas complex separation distances between 

51-71 are effective, but within this window the relative orientation along the DNA helix appears to affect 

activity (Figure 2.3). While all of our designs produced some colocalization-independent activation, we 

found that this background could be reduced by weakening the cage-key interaction affinity. The most 

effective switch used a truncated 34 aa key and reduced the total background signal by 1.7-fold (Figure 

2.5). Future work could potentially minimize this background further by strengthening the cage-latch 

interface together with more precise adjustments of expression levels and cage-key affinity.6,7  

 Engineering a DNA-triggered Co-LOCKR switch requires balancing interaction strengths and 

expression levels so that the switch only opens when cage and key are colocalized. Alternative 

approaches to obtain DNA-dependent protein activity face similar challenges in balancing affinities and 

concentrations. For example, we could minimize the unbound fraction of a DNA-binding effector protein 

by expressing it at only a few copies per cell and engineering sufficiently high affinity so that it binds its 

DNA target even at low concentrations. Practically, however, it is challenging to precisely control 

expression levels at only a few copies per cell, and at such low concentrations the affinities would need 

to be quite tight to achieve full occupancy at the DNA target. With the Co-LOCKR system, we can 

express the components at a high enough level to bind the DNA target, but the switch ensures that the 

concentration of unbound, functionally active protein is minimized. 

 There are multiple systems where minimizing the activity of unbound effector proteins could be 

advantageous. For example, with epigenetic modifiers, expression of effectors fused to DNA binding 
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domains can lead to non-specific modifications across the genome.3 With a DNA-triggered Co-LOCKR, 

it should be possible to minimize the amount of active enzyme that is not bound to its DNA target. To 

achieve this goal, future work will need to develop a switch that triggers assembly of an enzyme. LOCKR 

switches that cage peptide fragments of split proteins have been engineered,19 suggesting that a DNA-

triggered epigenetic modifier should be achievable. A conceptually similar approach using split proteins 

fused to DNA binding domains has been shown to be effective for regulating the activity of the 

methyltransferase Dmnt3.20,21 Because the affinity of a split protein interface may not be readily tunable, 

the LOCKR system could expand the toolbox of proteins that could be conditionally regulated as split 

proteins. 

 Another system where minimizing active, unbound protein would be advantageous is for 

engineering long-range loops in DNA to probe the relationship between genome structure and function. 

It is possible to engineer DNA loops using constitutively active protein interaction domains fused to DNA 

binding domains,5,22,23 but free, unbound interaction domains can compete with loop formation.5,24 With 

a DNA-triggered Co-LOCKR switch, it may be possible to minimize the concentration of free interaction 

domains, as any unbound complexes should remain caged and inactive. DNA-triggered switch opening 

would expose the interaction domain, which should promote interactions between DNA-bound 

complexes. 

 Finally, there are a broad range of potential applications of CRISPR-Cas guide RNAs as 

programmable elements in synthetic genetic circuits. CRISPR-Cas systems have been engineered to 

generate logic gates and transcriptional cascades.25-30 The Co-LOCKR switch that we have 

implemented here acts as a simple two-input AND gate, where each input is an scRNA. While NOR 

gates have been previously described, and multiple NOR gates can be linked to construct AND gates,29 

there are practical limitations for delivering large numbers of circuit components to a biological system. 

A Co-LOCKR-based AND gate provides a potentially simpler alternative to achieve this function. 

 The DNA-triggered CRISPR Co-LOCKR switch combines DNA, RNA, and protein based logic to 

achieve sophisticated functional outcomes in a biological setting. The switch effectively functions as an 

allosteric sensor, with DNA binding triggering a conformational change at a distant site in the complex. 

These synthetic tools for allosteric control and spatial regulation of biochemical activity should provide 

new routes towards precise and tunable control of biological systems. 
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2.5 | Methods 

2.5.1 | Yeast strain construction 

Yeast (S. cerevisiae) transformations were performed with the standard lithium acetate method. The 

parent haploid yeast strain for reporter gene experiments was SO992 (W303; MATa ura3 leu2 trp1 his3). 

Complete descriptions of all yeast strains generated in this work are provided in Table S1. Reporter 

genes and protein expression constructs (Table S2) were integrated in single copy into the genome. 

Guide RNA expression constructs (Table S3) were delivered on CEN/ARS plasmids. Protein sequences 

and gRNA target site sequences are provided in the Supporting Information. 

 

2.5.2 | Reporter gene design 

The pJ1-Venus reporter gene is a modified version of a previously described 1XtetO-Venus reporter 

gene.15 The upstream tetO target site was replaced with a short 163 base array of dCas9 target sites, 

spaced 10 bases apart, from a sequence originally designed for a bacterial reporter system.31 pR4-

Venus and pR5-Venus are derivatives of pJ1-Venus with 3 or 5 bases inserted upstream of the dCas9 

target site (J4) used for cage targeting. These shifted promoters allowed an additional set of dCas9 

target site spacing distances to be tested (Figure 2.3). pR6-Venus is a modified version of the 1XtetO-

Venus reporter gene that retains the tetO target site and inserts a dCpf1 target site 47 bases upstream. 

pR6+5, pR6+10, pR6+15, and pR6+20 are derivatives of pR6 with 5, 10, 15, or 20 bases inserted 

upstream of the tetO site, which allows a range of dCpf1-dCas9 spacings to be tested (Figure S2.3). 

Complete sequences of the reporter genes are provided in the Supporting Information. 

 

2.5.3 | Co-LOCKR fusion proteins 

Cage and key protein designs for the Co-LOCKR switch have been described previously.6 Cage 

proteins were fused to the C-terminus of RBPs and dCas9; C-terminal fusions of transcriptional 

regulators to RBPs and dCas9 are effective,15 and LOCKR cages have been effective as C-terminal 

fusions in vivo.7,8 Key proteins were fused to the N-terminus of RBPs and dCpf1, as this orientation was 

effective for key proteins in prior in vivo applications.6-8 

 

2.5.4 | Flow cytometry 

After transformation of guide RNA plasmids, yeast strains were grown overnight at 30 C in minimal 
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media (SD complete, SD –Ura, SD –His, or SD –Ura –His). Overnight cultures were diluted 1:25 and 

grown for an additional 4-5 hours. Fluorescent protein expression levels were measured with an LSRII 

flow cytometer (BD Biosciences). To select single yeast cells, we applied a gate using the SSC-A vs. 

FSC-A plot. Median fluorescence values were recorded from the gated populations. Values reported 

in the plots are the mean ± s.d. of the median fluorescence values for at least three measurements 

(biological replicates).   
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2.9 | Figures 

 

Figure 2.1 Colocalized CRISPR-Cas complexes can sense DNA binding 

Colocalized CRISPR-Cas complexes can sense DNA binding. The LOCKR switch is a designed protein 

that can switch between two conformational states.7 Colocalization of the key and cage with orthogonal 

CRISPR-Cas complexes to adjacent genomic target sites on DNA releases the latch, which allows 

recruitment of the Bcl2-VP64 transcriptional activator. CRISPR-Cas complexes are specified for either 

cage or key recruitment using orthogonal 3’ RNA hairpins that recruit RNA binding proteins fused to the 

cage or key. 
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Figure 2.2 Colocalization-dependent activation of a transcriptional reporter 

Colocalization-dependent activation of a transcriptional reporter. (A) A 2x PP7 scRNA targets the 

upstream site (J5) and recruits four key-PCP fusion proteins. At the downstream site (J4), a 2x MS2 

scRNA recruits four MCP-cage fusion proteins. Alternatively, a 1x com scRNA recruits one Com-cage 

fusion protein. (B) Fluorescence reporter activity upon cage-key colocalization. For the MCP-cage, the 

observed “cage + key” signal appears to arise primarily from colocalization-independent opening of 

the Co-LOCKR switch. For the Com-cage, the observed “cage+key” signal is significantly larger than 

the background colocalization-independent activation. The background is the additive sum of the “key 

only” and “cage only” samples (Figure S2.1), and the errors are propagated by adding in quadrature. 

Data for parents were obtained with the unmodified parent strains yKL016 and yKL014. Fluorescence 

values are mean ± SD for at least three biological replicates. 
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Figure 2.3 CRISPR Co-LOCKR 

The CRISPR Co-LOCKR switch (2x PP7:key & 1x com:cage) is sensitive to target site spacing. The 

background colocalization-independent activation is calculated from the sum of “key only” and “cage 

only” samples as described in Figure S2.1. Subtracting the background from the observed “cage + 

key” activity gives the background corrected values shown. Data for parent strains were obtained by 

transforming the parental strains yKL014, yRK244, and yRK245 with empty vector (pRS316). 

Fluorescence values are mean ± SD for at least three biological replicates. 
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Figure 2.4 High key expression increases background activation 

High key expression levels increase background activation of the CRISPR Co-LOCKR switch (2x 

PP7:key & 1x com:cage). (A) If key expression is too high, free key can bind and open the cage, 

which produces colocalization-independent background when only the cage is recruited. If key 

expression is too low, there will not be enough key-PCP fusion protein to bind the PP7 RNA hairpin, 

and there will be little to no colocalization-dependent activation. (B) When the key is expressed from a 

strong pTdh3 promoter, we observe an increase in background activation (cage only). When the key 

is expressed from weak pUra3 or pCyc1 promoters, there is little colocalization-dependent activation 

(cage + key). (C) Decreasing Bcl2-VP64 expression prevents switch activation. Fluorescence values 

in B & C are mean ± SD for at least three biological replicates. 
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Figure 2.5 Gene activation is highly sensitive to CRISPR target site position. 

Tuning key length reduces background activation of the CRISPR Co-LOCKR switch (2x PP7:key & 1x 

com:cage). The 44 aa key is the original key used in previous experiments. When the key is truncated 

to 34 aa, background activation decreases while the background corrected colocalization-dependent 

activation is not significantly affected. The background colocalization-independent activation is 

calculated from the sum of “key only” and “cage only” samples as described in Figure S2.1. Data for 

parent strains were obtained with the unmodified parent strains yKL014, yKL029, yKL030, yKL031, 

and yKL032. Fluorescence values are mean ± SD for at least three biological replicates. 
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2.10 | Supplemental information 

2.10.1 | Supplementary figures 

 

Supplementary Figure S2.1 Reporter gene activation is colocalization dependent 

Reporter gene activation with the CRISPR-Cas Co-LOCKR switch is colocalization-dependent. (A) 



20 
 

Observed reporter gene activation could arise from colocalization-dependent switch opening, which 

allows the Bim peptide to recruit the Bcl-VP64 activator. Alternatively, reporter gene activation could 

arise from recruitment of Bcl-VP64 to each CRISPR-Cas complex. Although the co-LOCKR is designed 

to open only in when cage and key are colocalized, high concentrations of cage or key could drive the 

equilibrium towards the open state. (B) We can separately measure reporter gene activation from a 

recruited cage in the presence of co-expressed key, and recruited key in the presence of co-expressed 

cage. To predict the contribution from colocalization-independent cage opening when both cage and 

key are recruited, we need to assess whether VP64 recruitment to adjacent gRNA sites is additive. We 

can measure reporter gene activation when VP64 is recruited to both sites or each site individually. We 

can calculate an additive sum from each single target site for comparison to the observed activation 

when VP64 is recruited to both sites. The sum must be corrected for basal fluorescence from the parent 

reporter strain, which will be included twice if observed when the values for each single target site are 

added. This correction can be explicitly derived as:  

Aboth sites
 = Asite1

 + Asite2 

(Obs – basal)both sites = (Obs – basal)site1 + (Obs – basal)site2 

Obsboth,sites
  = Obssite1 + Obssite2 - basal 

In practice, the correction for basal parental strain fluorescence is negligible. (C) Reporter gene 

activation from directly recruiting VP64 to both target sites is indistinguishable from the additive sum 

of VP64 recruitment to each individual target site. Data without either guide present was obtained by 

transforming the parental yRK266 strain with empty vector (pRS316). (D) Reporter gene activation 

from the co-LOCKR switch is larger than the background activation predicted from the sum of 

measured background activity from independent recruitment of cage and key. This co-LOCKR switch 

uses a 2x PP7 scRNA to recruit key-PCP and a 1x com scRNA to recruit Com-cage (Figure 2.2). Data 

for parent was obtained with the unmodified parent strain yKL014. Fluorescence values in (C) and (D) 

are mean ± SD for at least three biological replicates. The errors are propagated by adding in 

quadrature.  
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Supplementary Figure S2.2 Alternate RNA recruitment modules affect switch activation 

Alternative RNA recruitment modules affect switch activation. (A) Either a 2x PP7 or a 1x PP7 scRNA 

targets the upstream site (J5) and recruits either four or two key-PCP fusion proteins. A 1x com scRNA 

recruits one Com-cage fusion protein to the downstream site (J4). Both key recruitment strategies 
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produce switch activation above background. The 2x PP7 switch produces more activation than 1x PP7. 

(B) Either a 2x PP7, 1x PP7, or 1x Com scRNA recruits key fusion proteins to the upstream site (J5). A 

1x MS2 scRNA recruits two MCP-cage fusion proteins to the downstream site (J4). In each case, there 

is no significant switch activation above background. (C) Either a 2x PP7, 1x PP7, or 1x Com scRNA 

recruits key fusion proteins to the upstream site (J5). A 2x MS2 scRNA recruits four MCP-cage fusion 

proteins to the downstream site (J4). In each case, there is no significant switch activation above 

background. For A-C, fluorescence values are mean ± SD for at least three biological replicates. Data 

for the parent strains were obtained from the unmodified yKL014, yKL016, or yRK456 strains. 

Background values are the additive sums of the “key only” and “cage only” samples (Figure S2.1). We 

did not test every possible pairwise combination of MS2, PP7, and com scRNA recruitment strategies 

because the MCP and PCP proteins are structurally homologous and behave similarly in CRISPR gene 

activation assays.1 

  



23 
 

 

Supplementary Figure S2.3 RNA-mediated recruitment is more effective than direct dCas9 

fusions  

RNA recruitment is more effective than direct dCas9 fusions for co-LOCKR-mediated gene activation. 

(A) RNA recruitment is more effective than direct dCas9 fusions for reporter gene activation in yeast. 

Reporter gene activation with a 1x com scRNA and the Com-VP64 fusion protein was measured with 

the same reporter construct used for co-LOCKR-mediated activation. Reporter gene activation for 

dLbCpf1-VPR2 and dCas9-VP64 was measured using a modified reporter gene construct where the 

upstream dCas9 PAM sites have been replaced with dCpf1-compatible PAM sites. Both dCpf1-VPR 

and dCas9-VP64 give significant reporter gene activation, although the values are substantially smaller 

than that observed with RNA-mediated recruitment of Com-VP64. This observation is consistent with 

prior results in yeast; in mammalian cells, dCas9 fusion proteins and RNA-mediated recruitment 

produce comparable reporter gene activation.1 dCpf1-VPR is more effective than dCas9-VP64, likely 

because dCpf1 is fused to the tripartite VPR (VP64-p65-Rta) activator, which is more effective than 

VP64.3 (B) Colocalization of dCpf1-Key and dCas9-CAGE results in significant gene activation, well 
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above the background predicted from the sum of colocalization-independent cage opening (Fig S4.1). 

The observed reporter gene activation is substantially smaller than that observed with RNA-mediated 

recruitment (Fig 4.2). Varying the distance between dCpf1 and dCas9 has modest effects. Data for 

parents were obtained by cotransforming the parental reporter strains yKL069, yKL073, yKL074, 

yKL075, and yKL076 with the off-target guide RNA plasmids pRK020 and pKL053. Fluorescence values 

are mean ± SD for at least three biological replicates.  
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Supplementary Figure S2.4 Varying the key-PCP linker length has no significant effect 

Varying the key-PCP linker length has no significant effect on reporter gene activation. The linker was 

varied between 3 and 45 amino acids (complete sequences appended below), but we observe no 

change in colocalization-dependent activation (cage + key) or background activation (key only, cage 

only). The 3 amino acid linker was used for all other experiments. Fluorescence values are mean ± 

SD for at least three biological replicates.  
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2.10.2 | Supplementary tables 

Supplementary Table S2.1 Yeast strains 

Straina Genotype Figure 

SO992 W303 MATa ura3 leu2 trp1 his3 can1R ade  

yKL014 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-PCP mfa2::KanR pAdh1-BCL2-VP64  

2, 3, 4, 5 

S1D, S2, 

S4 

yKL016 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-MCP-CLcage  

HO::HygBR pAdh1-CLkey44-PCP mfa2::KanR pAdh1-BCL2-VP64  

2, S2 

yRK266 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pAdh1-Com-VP64 S1C, S3A 

yKL006 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

mfa2::KanR pAdh1-BCL2-VP64 

3, 4 

yRK244 SO992 trp1::pR4-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

mfa2::KanR pAdh1-BCL2-VP64 HO::HygBR pAdh1-CLkey44-PCP 

3 

yRK245 SO992 trp1::pR5-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

mfa2::KanR pAdh1-BCL2-VP64 HO::HygBR pAdh1-CLkey44-PCP 

3 

yKL029 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey43-PCPmfa2::KanR pAdh1-BCL2-VP64 

5 

yKL030 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey41-PCP mfa2::KanR pAdh1-BCL2-VP64 

5 

yKL031 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey37-PCP mfa2::KanR pAdh1-BCL2-VP64 

5 

yKL032 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey34-PCP mfa2::KanR pAdh1-BCL2-VP64 

5 

yRK456 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-MCP-CLcage  

HO::HygBR pAdh1-CLkey44-Com mfa2::KanR pAdh1-BCL2-VP64  

S2 

yRK273 SO992 trp1::R6-Venus leu2::pTdh3-dCas9-VP64  S3A 

yKL079 SO992 trp1::R6-Venus leu2::pTdh3-dLbCpf1-VPR S3A 

yKL069 SO992 trp1::pR6-Venus leu2::pTdh3-CLkey44-dLbCpf1  S3B 
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HO::HygBR pUra3-dCas9-2xNLS-CLcage mfa2::KanR pAdh1-BCL2-VP64 

pKL073 SO992 trp1::pR6+5-Venus leu2::pTdh3-CLkey44-dLbCpf1  

HO::HygBR pUra3-dCas9-2xNLS-CLcage mfa2::KanR pAdh1-BCL2-VP64 

S3B 

yKL074 SO992 trp1::pR6+10-Venus leu2::pTdh3-CLkey44-dLbCpf1  

HO::HygBR pUra3-dCas9-2xNLS-CLcage mfa2::KanR pAdh1-BCL2-VP64 

S3B 

yKL075 SO992 trp1::pR6+15-Venus leu2::pTdh3-CLkey44-dLbCpf1  

HO::HygBR pUra3-dCas9-2xNLS-CLcage mfa2::KanR pAdh1-BCL2-VP64 

S3B 

yKL076 SO992 trp1::pR6+20-Venus leu2::pTdh3-CLkey44-dLbCpf1 

 HO::HygBR pUra3-dCas9-2xNLS-CLcage mfa2::KanR pAdh1-BCL2-VP64 

S3B 

yKL021 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pCyc1-CLkey44-PCP mfa2::KanR pAdh1-BCL2-VP64 

4 

yKL022 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pUra3-CLkey44-PCP mfa2::KanR pAdh1-BCL2-VP64 

4 

yKL023 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pTdh3-CLkey44-PCP mfa2::KanR pAdh1-BCL2-VP64 

4 

yRK325 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-PCP mfa2::KanR pUra3-BCL2-VP64  

4 

yRK454 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-PCP 

4 

yME007 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-(11aa)-PCP mfa2::KanR pAdh1-BCL2-VP64 

S4 

yME002 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-(15aa)-PCP mfa2::KanR pAdh1-BCL2-VP64 

S4 

yME008 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-(16aa)-PCP mfa2::KanR pAdh1-BCL2-VP64 

S4 

yME009 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-(31aa)-PCP mfa2::KanR pAdh1-BCL2-VP64 

S4 

yME003 SO992 trp1::pJ1-Venus leu2::pTdh3-dCas9 his3::pTef1-Com-CLcage  

HO::HygBR pAdh1-CLkey44-(45aa)-PCP mfa2::KanR pAdh1-BCL2-VP64 

S4 

a The SO992 parental strain has been described previously.1 The Venus fluorescent reporter gene is a 
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derivative of GFP.4  

Supplementary Table S2.2 Yeast protein expression plasmids 

Plasmida Parent 

Vectorb 

Marker Promoterc Gene Used for yeast strain 

pJZC518 pNH605 leu2 pTdh3 dCas9-3xNLS yKL006, yKL014, 

yKL016 yKL021, 

yKL022, yKL023, 

yKL029, yKL030, 

yKL031, yKL032, 

yRK244, yRK245, 

yRK266, yRK325, 

yRK454, yRK456 

pRK201 pJW609 kanMX pAdh1 Bcl2-VP64 yKL006, yKL014, 

yKL016, yKL021, 

yKL022, yKL023, 

yKL029, yKL030, 

yKL031, yKL032, 

yKL069, yKL073, 

yKL074, yKL075, 

yKL076, yRK244, 

yRK245, yRK456 

pKL054 pJW609 kanMX pUra3 Bcl2-VP64 yRK325 

pKL001 pNH603 his3 pTef1 Com-CLcage yKL006, yKL014, 

yKL021, yKL022, 

yKL023, yKL029, 

yKL030, yKL031, 

yKL032, yRK244, 

yRK245, yRK325, 

yRK454 

pKL003 pNH603 his3 pTef1 MCP-CLcage yKL016, yRK456 
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pRK442 pJW607 hphMX pAdh1 CLkey44-Com yRK456 

pKL006 pJW607 hphMX pAdh1 CLkey44-PCP yKL014, yKL016, 

yRK244, yRK245, 

yRK325, yRK454 

pKL024 pJW607 hphMX pCyc1 CLkey44-PCP yKL021 

pKL025 pJW607 hphMX pUra3 CLkey44-PCP yKL022 

pKL026 pJW607 hphMX pTdh3 CLkey44-PCP yKL023 

pKL028 pJW607 hphMX pAdh1 CLkey43-PCP yKL029 

pKL029 pJW607 hphMX pAdh1 CLkey41-PCP yKL030 

pKL030 pJW607 hphMX pAdh1 CLkey37-PCP yKL031 

pKL031 pJW607 hphMX pAdh1 CLkey34-PCP yKL032 

pME007 pJW607 hphMX pAdh1 CLkey44-(11aa)-PCP yME007 

pME002 pJW607 hphMX pAdh1 CLkey44-(15aa)-PCP yME002 

pME008 pJW607 hphMX pAdh1 CLkey44-(16aa)-PCP yME008 

pME009 pJW607 hphMX pAdh1 CLkey44-(31aa)-PCP yME009 

pME003 pJW607 hphMX pAdh1 CLkey44-(45aa)-PCP yME003 

pRK271 pNH604 trp1 pJ1 Venus yKL006, yKL014, 

yKL016, yKL029, 

yKL030, yKL031, 

yKL032, yKL021, 

yKL022, yKL023, 

yRK266, yRK325, 

yRK454, yRK456 

pRK339 pNH604 trp1 pR4 Venus yRK244 

pRK340 pNH604 trp1 pR5 Venus yRK245 

pRK369 pNH604 trp1 pR6 Venus yKL069, yKL079, 

yRK273 

pKL065 pNH604 trp1 pR6+5 Venus yKL073 

pKL066 pNH604 trp1 pR6+10 Venus yKL074 
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pKL067 pNH604 trp1 pR6+15 Venus yKL075 

pKL068 pNH604 trp1 pR6+20 Venus yKL076 

pKL055 pJW607 hphMX pUra3 dCas9-2xNLS-

CLcage 

yKL069, yKL073, 

yKL074, yKL075, 

yKL076 

pKL058 pNH605 leu2 pTdh3 CLkey44-dLbCpf1 yKL069, yKL073, 

yKL074, yKL075, 

yKL076 

pJZC506 pNH603 his3 pAdh1 Com-VP64 yRK266 

pJZC527 pNH605 leu2 pTdh3 dCas9-VP64 yRK273 

pRK364 pNH605 leu2 pTdh3 dLbCpf1-VPR yKL079 

a pJZC518 and pJZC506 have been described previously.1 pKL058 and pRK364 were cloned from 

addgene #104567;5 dLbCpf1-VPR expression in yeast has been previously described.2  

b The parent vectors used in this work are designed to integrate in single copy in the yeast genome. 

The pNH600 and pJW600 series of vectors have been described previously.6,7 Vectors containing 

auxotrophic markers (leu2, his3, trp1) integrate at the corresponding endogenous locus. The pJW609 

parent vector (kanMX marker) integrates at the mfa2 locus and confers G418 resistance (KanR). The 

pJW607 parent vector (hphMX marker) integrates at the HO locus and confers hygromycin B resistance 

(HygBR). Each of these vectors uses the same C. alb. Adh1 terminator.c S. cerevisiae promoter pTdh3 

is among the strongest yeast promoters. pAdh1 and pTef1 produce similar expression levels and are 

relatively strong, but somewhat weaker than pTdh3. pUra3 is a relatively weak promoter.8,9 The minimal 

247 bp pCyc1 promoter is the weakest promoter used here.10 Based on microarray data, the 

endogenous pTdh3 and pUra3 promoters vary in expression level by >100-fold.9 Complete reporter 

gene promoter sequences for pJ1, pR4, pR5, and pR6 derivatives are appended below.  

 

Supplementary Table S2.3 Guide RNA expression plasmidsa 

Plasmid Parent 

Vector 

sgRNA Target 

Siteb 

sgRNA/scRNA 

Designc 

Figure 

pKL011 pRS316 
1) J4 

2) J5 

1) 2x MS2 scRNA 

2) 2x PP7 scRNA 
2, S2 
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pKL013 pRS316 
1) J4 

2) J5 

1) 1x com scRNA 

2) 2x PP7 scRNA 
2, 3, 4, 5, S1D, S2, S4 

pKL014 pRS316 
1) J4 

2) J6 

1) 1x com scRNA 

2) 2x PP7 scRNA 
3 

pRK323 pRS316 
1) J4 

2) J7 

1) 1x com scRNA 

2) 2x PP7 scRNA 
3 

pRK324 pRS316 
1) J4 

2) J8 

1) 1x com scRNA 

2) 2x PP7 scRNA 
3 

pRK325 pRS316 
1) J4 

2) J9 

1) 1x com scRNA 

2) 2x PP7 scRNA 
3 

pRK326 pRS316 
1) J4 

2) J10 

1) 1x com scRNA 

2) 2x PP7 scRNA 
3 

pKL040 pRS316 
1) J4 

2) J5 

1) 1x com scRNA 

2) 1x PP7 scRNA 
S2 

pRK433 pRS316 
1) J4 

2) J5 

1) 1x MS2 scRNA 

2) 2x PP7 scRNA 
S2 

pRK440 pRS316 
1) J4 

2) J5 

1) 2x MS2 scRNA 

2) 1x PP7 scRNA 
S2 

pKL047 pRS316 
1) J4 

2) J5 

1) 1x MS2 scRNA 

2) 1x PP7 scRNA 
S2 

pRK441 pRS316 
1) J4 

2) J5 

1) 1x MS2 scRNA 

2) 1x com scRNA 
S2 

pRK290 pRS316 
1) J4 

2) J5 

1) 2x MS2 scRNA 

2) 1x com scRNA 
S2 

pRK275 pRS316 J4 2x MS2 scRNA 2, S2 

pKL038 pRS316 J4 1x MS2 scRNA S2 

pKL016 pRS316 J4 1x com scRNA 
2, 3, 4, 5, S1D, S2, S3, 

S4 

pKL048 pRS316 J5 1x com scRNA S1C, S2 
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pKL036 pRS316 
1) J4 

2) J5 

1) 1x com scRNA 

2) 1x com scRNA 
S1C 

pKL018 pRS316 J5 2x PP7 scRNA 2, 3, 4, 5, S1D, S2, S4 

pKL019 pRS316 J6 2x PP7 scRNA 3 

pME010 pRS316 J7 2x PP7 scRNA 3 

pME011 pRS316 J8 2x PP7 scRNA 3 

pME012 pRS316 J9 2x PP7 scRNA 3 

pME013 pRS316 J10 2x PP7 scRNA 3 

pKL039 pRS316 J5 1x PP7 scRNA S2 

pRK373 pRS313 TET sgRNA S3 

pRK020 pRS313 
W17 

(off target control)  
sgRNA S3 

pRK375 pRS316 R6 sgRNA (LbCpf1) S3 

pKL053 pRS316 
TET_2  

(off target control) 
sgRNA (LbCpf1) S3 

a Guide RNA constructs were expressed from the pRS316 (ura3 marker) or pRS313 (his3 marker) 

CEN/ARS plasmid backbones with the SNR52 promoter and a SUP4 terminator.1,11,12 sgRNA/scRNA 

designs and corresponding sequences have been described previously.1,2,13 Guide RNA target 

sequences are provided in Table S4. All sgRNA and scRNA constructs (sgRNAs with 3’ RNA recruitment 

domains)1 are S. py Cas9 guide sequences unless otherwise noted.  

 

Supplementary Table S2.4 Guide RNA target sequences 

sgRNA DNA Sequence CRISPR system Reportera 

J4 CGGTGTCCTGCGGTTACCAA S. py dCas9 pJ1, pR4, pR5 

J5 AGGTCGCCCGTGGTGGCCCA S. py dCas9 pJ1, pR4, pR5 

J6 TGGTGGCCCATGGTCACCAT S. py dCas9 pJ1, pR4, pR5 

J7 TGGTCACCATAGGTCACCCT S. py dCas9 pJ1 

J8 AGGTCACCCTTGGCAACCAA S. py dCas9 pJ1 

J9 AGGTCTCCGGTGGATACCGT S. py dCas9 pJ1 
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J10 CCGGATCAAGATTGTACGTA S. py dCas9 pJ1 

W17 GAAGTCAGTTGACAGAGTCG S. py dCas9 off target control 

TET ACTTTTCTCTATCACTGATA S. py dCas9 pR6-Venus 

R6 CGGTGCAAAGCAAAGTAAAG Lb dCpf1 pR6-Venus 

TET_2 CCACTCCCTATCAGTGATAGAGA Lb dCpf1 off target control 

a J4 is used to recruit the cage to the reporter. J5-10 are upstream target sites separated from J4 by 51, 

61, 71, 81, 131, and 1671 bases respectively in the pJ1 reporter. The pR4 promoter has a 3 base 

insertion to access separation distances 54 and 64 bases (with J5 and J6). The pR5 promoter has a 5 

base insertion to access separation distances 56 and 66 bases (with J5 and J6). Complete reporter 

gene promoter sequences for pJ1, pR4, pR5, and pR6 are appended below. 

 

The target site separation distances are defined as the distance between PAM sites: 

51 base separation for dCas9 target sites in pJ1: 

CCN(N20)nnnnnnnnnn(N20)NGG 

   _____________________ 

         (51 bases) 

47 base separation for dCpf1 and dCas9 target sites in pR6: 

(N20)TAAAnnnnnnnnnnnnnnnnnnnnnnn (N20)NGG 

         ________________________ 

                (47 bases) 
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2.10.3 | Supplementary methods 

Reporter gene promoters 

All reporter gene promoters contain an array of gRNA target sites, a pCyc1 promoter fragment (bases 

-147 to -4, lowercase letters), an ATG start codon, and a Venus fluorescent reporter gene (annotated in 

green, only first 18 bases shown). 

 

Promoters to vary distance between dCas9 target sites (Figure 2.2): 

J4 (CGGTGTCCTGCGGTTACCAA), J5 (TGGGCCACCACGGGCGACCT), and J6 

(ATGGTGACCATGGGCCACCA) sequences are annotated. 

 

>pJ1 

GCCTACGGTATCCACCGGAGACCTATGGCAGCCTCCGGCCGCCATAGGACACCTTTGGTTGCCA

AGGGTGACCTATGGTGACCATGGGCCACCACGGGCGACCTCAGGTATCCTGCGGTGTCCTGCG

GTTACCAAAGGCGTCCTTTGGGTTCCACCGGATACCTCCGGAAAGTGAAAGTCGAGCTCGGTAC

CCtatggcatgcatgtgctctgtatgtatataaaactcttgttttcttcttttctctaaatattctttccttatacattaggtcctttgtagcataaattactata

cttctatagacacgcaaacacaaatacacacactaaattaCCCGGATCAATTCGGGATGCTCGAGTCTAAAGGTGAA

GAATTA… 

 

>pR4 

GCCTACGGTATCCACCGGAGACCTATGGCAGCCTCCGGCCGCCATAGGACACCTTTGGTTGCCA

AGGGTGACCTATGGTGACCATGGGCCACCACGGGCGACCTGACCAGGTATCCTGCGGTGTCCT

GCGGTTACCAAAGGCGTCCTTTGGGTTCCACCGGATACCTCCGGAAAGTGAAAGTCGAGCTCGG

TACCCtatggcatgcatgtgctctgtatgtatataaaactcttgttttcttcttttctctaaatattctttccttatacattaggtcctttgtagcataaatta

ctatacttctatagacacgcaaacacaaatacacacactaaattaCCCGGATCAATTCGGGATGCTCGAGTCTAAAGGT

GAAGAATTA… 

 

>pR5 

GCCTACGGTATCCACCGGAGACCTATGGCAGCCTCCGGCCGCCATAGGACACCTTTGGTTGCCA

AGGGTGACCTATGGTGACCATGGGCCACCACGGGCGACCTCTGACCAGGTATCCTGCGGTGTC
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CTGCGGTTACCAAAGGCGTCCTTTGGGTTCCACCGGATACCTCCGGAAAGTGAAAGTCGAGCTC

GGTACCCtatggcatgcatgtgctctgtatgtatataaaactcttgttttcttcttttctctaaatattctttccttatacattaggtcctttgtagcataaa

ttactatacttctatagacacgcaaacacaaatacacacactaaattaCCCGGATCAATTCGGGATGCTCGAGTCTAAAG

GTGAAGAATTA… 

 

Promoters to vary distance between dCpf1 and dCas9 target sites (Figure S2.3)  

R6 (CTTTACTTTGCTTTGCACCG) and TET (ACTTTTCTCTATCACTGATA) gRNA target sequences 

are annotated. 

 

>pR6 

CTTTACTTTGCTTTGCACCGTAAACGTAAAGGAAACGCACTCAGGATACTTTTCTCTATCACTGATA

CGGAAAGTGAAAGTCGAGCTCGGTACCCtatggcatgcatgtgctctgtatgtatataaaactcttgttttcttcttttctctaaatat

tctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacacaaatacacacactaaattaCCCGGATCAAT

TCGGGATGCTCGAGTCTAAAGGTGAAGAATTA… 

 

> pR6+5  

CTTTACTTTGCTTTGCACCGTAAACGTAAAGGAAACGATTCGCACTCAGGATACTTTTCTCTATCAC

TGATACGGAAAGTGAAAGTCGAGCTCGGTACCCtatggcatgcatgtgctctgtatgtatataaaactcttgttttcttcttttct

ctaaatattctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacacaaatacacacactaaattaCCCGG

ATCAATTCGGGATGCTCGAGTCTAAAGGTGAAGAATTA… 

 

> pR6+10 

CTTTACTTTGCTTTGCACCGTAAACGTAAAGGAAACGATTGCTACCGCACTCAGGATACTTTTCTCT

ATCACTGATACGGAAAGTGAAAGTCGAGCTCGGTACCCtatggcatgcatgtgctctgtatgtatataaaactcttgttttc

ttcttttctctaaatattctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacacaaatacacacactaaattaC

CCGGATCAATTCGGGATGCTCGAGTCTAAAGGTGAAGAATTA… 

 

> pR6+15 

CTTTACTTTGCTTTGCACCGTAAACGTAAAGGAAACGATTGCTACTCCAGCGCACTCAGGATACTT

TTCTCTATCACTGATACGGAAAGTGAAAGTCGAGCTCGGTACCCtatggcatgcatgtgctctgtatgtatataaaa
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ctcttgttttcttcttttctctaaatattctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacacaaatacacacac

taaattaCCCGGATCAATTCGGGATGCTCGAGTCTAAAGGTGAAGAATTA… 

 

> pR6+20  

CTTTACTTTGCTTTGCACCGTAAACGTAAAGGAAACGATTGCTACTCCAGCCAAGCGCACTCAGG

ATACTTTTCTCTATCACTGATACGGAAAGTGAAAGTCGAGCTCGGTACCCtatggcatgcatgtgctctgtatgt

atataaaactcttgttttcttcttttctctaaatattctttccttatacattaggtcctttgtagcataaattactatacttctatagacacgcaaacacaaat

acacacactaaattaCCCGGATCAATTCGGGATGCTCGAGTCTAAAGGTGAAGAATTA… 

 

Protein Sequences 

Transcriptional activator 

> NLS-Bcl2-linker-VP64 

MPKKKRKVMAHAGRTGYDNREIVMKYIHYKLSQRGYEWDAGDVGAAPPGAAPAPGIFSSQPGHTPH

PAASRDPVARTSPLQTPAAPGAAAGPALSPVPPVVHLTLRQAGDDFSRRYRRDFAEMSSQLHLTPFT

ARGRFATVVEELFRDGVNWGRIVAFFEFGGVMCVESVNREMSPLVDNIALWMTEYLNRHLHTWIQDN

GGWDAFVELYGPSMRGSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDF

DLDMLIN  

 

Cage constructs fused to RNA binding proteins 

 

>NLS-linker-MCP-linker-CLcage 

MPKKKRKVGSMASNFTQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQN

RKYTIKVEVPKGAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAANSGIYGSGSGSELA

RKLLEASTKLQRLNIRLAEALLEAIARLQELNLELVYLAVELTDPKRIRDEIKEVKDKSKEIIRRAEKEIDD

AAKESEKILEEAREAISGSGSELAKLLLKAIAETQDLNLRAAKAFLEAAAKLQELNIRAVELLVKLTDPATI

REALEHAKRRSKEIIDEAERAIRAAKRESERIIEEARRLIEKGSGSGSELARELLRAHAQLQRLNLELLR

ELLRALAQLQELNLDLLRLASELTDEIWIAQELRRIGDEFNAYYADAERLIREAAAASEKISREAERLIR 

 

>NLS-linker-Com-linker-CLcage  

MPKKKRKVGSMKSIRCKNCNKLLFKADSFDHIEIRCPRCKRHIIMLNACEHPTEKHCGKREKITHSDET
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VRYGSGSGSELARKLLEASTKLQRLNIRLAEALLEAIARLQELNLELVYLAVELTDPKRIRDEIKEVKDKS

KEIIRRAEKEIDDAAKESEKILEEAREAISGSGSELAKLLLKAIAETQDLNLRAAKAFLEAAAKLQELNIRA

VELLVKLTDPATIREALEHAKRRSKEIIDEAERAIRAAKRESERIIEEARRLIEKGSGSGSELARELLRAH

AQLQRLNLELLRELLRALAQLQELNLDLLRLASELTDEIWIAQELRRIGDEFNAYYADAERLIREAAAAS

EKISREAERLIR 

 

 

Key constructs fused to the PCP RNA binding protein 

Key truncations are shown in Figure 2.4 and extended linkers are shown in Figure S2.4. The 15 and 

45 amino acid linkers are derived from the disordered tether from the regulatory domain of PKA, 

which is well-characterized structurally and biochemically.14 The 11, 16, and 31 amino acid linkers are 

derived from the XTEN linker, a flexible, extended polypeptide.15,16 

 

Vary key length: 

 

>NLS-linker-CLkey44-linker-PCP (44 aa key) 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRGSGMSKTIVLSVG

EATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQV

WSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey43-linker-PCP (43 aa key) 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLKGSGMSKTIVLSVG

EATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQV

WSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey41-linker-PCP (41 aa key) 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERGSGMSKTIVLSVGEA

TRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQVWS

HDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 
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> NLS-linker-CLkey37-linker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISRGSGMSKTIVLSVGEATRTLT

EIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQVWSHDVTI

VANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey34-linker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKGSGMSKTIVLSVGEATRTLTEIQ

STADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQVWSHDVTIVAN

STEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

Vary key-PCP linker length: 

 

> NLS-linker-CLkey44-11aalinker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRGSETPGTSESAM

SKTIVLSVGEATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGLP

KVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey44-15aalinker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRRQESDTFIVSPTTF

HMSKTIVLSVGEATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDS

GLPKVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey44-16aalinker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRSGSETPGTSESAT

PESMSKTIVLSVGEATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVV

DSGLPKVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

> NLS-linker-CLkey44-31aalinker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRSGSETPGTSESAT

PESGSETPGTSESATPESMSKTIVLSVGEATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAK
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TAYRVNLKLDQADVVDSGLPKVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPL

GR 

 

> NLS-linker-CLkey44-45aalinker-PCP 

MPKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRRQESDTFIVSPTTF

HTQESSAVPVIEEDGESDSDSEDADLEVPVPMSKTIVLSVGEATRTLTEIQSTADRQIFEEKVGPLVGR

LRLTASLRQNGAKTAYRVNLKLDQADVVDSGLPKVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVAT

SQVEDLVVNLVPLGR 

 

dCas9 fused to cage 

 

> dCas9-2xNLS-linker-CLcage  

MLEDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYH

LRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVD

AKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLD

NLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLG

ELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGA

SAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKT

NRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLF

EDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFM

QLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMA

RENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDIN

RLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFD

NLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRK

DFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYF

FYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFS

KESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFE

KNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEK
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LKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTL

TNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDEGADPKKKRKVDPKKK

RKVGSGSGSELARKLLEASTKLQRLNIRLAEALLEAIARLQELNLELVYLAVELTDPKRIRDEIKEVKDKS

KEIIRRAEKEIDDAAKESEKILEEAREAISGSGSELAKLLLKAIAETQDLNLRAAKAFLEAAAKLQELNIRA

VELLVKLTDPATIREALEHAKRRSKEIIDEAERAIRAAKRESERIIEEARRLIEKGSGSGSELARELLRAH

AQLQRLNLELLRELLRALAQLQELNLDLLRLASELTDEIWIAQELRRIGDEFNAYYADAERLIREAAAAS

EKISREAERLIR 

 

dCpf1 fused to key 

 

> NLS-linker-CLkey44-dLbCpf1-NLS 

MLEPKKKRKVGSGPGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRGSGSGSKLE

KFTNCYSLSKTLRFKAIPVGKTQENIDNKRLLVEDEKRAEDYKGVKKLLDRYYLSFINDVLHSIKLKNLN

NYISLFRKKTRTEKENKELENLEINLRKEIAKAFKGNEGYKSLFKKDIIETILPEFLDDKDEIALVNSFNGF

TTAFTGFFDNRENMFSEEAKSTSIAFRCINENLTRYISNMDIFEKVDAIFDKHEVQEIKEKILNSDYDVED

FFEGEFFNFVLTQEGIDVYNAIIGGFVTESGEKIKGLNEYINLYNQKTKQKLPKFKPLYKQVLSDRESLS

FYGEGYTSDEEVLEVFRNTLNKNSEIFSSIKKLEKLFKNFDEYSSAGIFVKNGPAISTISKDIFGEWNVIR

DKWNAEYDDIHLKKKAVVTEKYEDDRRKSFKKIGSFSLEQLQEYADADLSVVEKLKEIIIQKVDEIYKVY

GSSEKLFDADFVLEKSLKKNDAVVAIMKDLLDSVKSFENYIKAFFGEGKETNRDESFYGDFVLAYDILL

KVDHIYDAIRNYVTQKPYSKDKFKLYFQNPQFMGGWDKDKETDYRATILRYGSKYYLAIMDKKYAKCL

QKIDKDDVNGNYEKINYKLLPGPNKMLPKVFFSKKWMAYYNPSEDIQKIYKNGTFKKGDMFNLNDCH

KLIDFFKDSISRYPKWSNAYDFNFSETEKYKDIAGFYREVEEQGYKVSFESASKKEVDKLVEEGKLYM

FQIYNKDFSDKSHGTPNLHTMYFKLLFDENNHGQIRLSGGAELFMRRASLKKEELVVHPANSPIANKN

PDNPKKTTTLSYDVYKDKRFSEDQYELHIPIAINKCPKNIFKINTEVRVLLKHDDNPYVIGIARGERNLLY

IVVVDGKGNIVEQYSLNEIINNFNGIRIKTDYHSLLDKKEKERFEARQNWTSIENIKELKAGYISQVVHKI

CELVEKYDAVIALEDLNSGFKNSRVKVEKQVYQKFEKMLIDKLNYMVDKKSNPCATGGALKGYQITNK

FESFKSMSTQNGFIFYIPAWLTSKIDPSTGFVNLLKTKYTSIADSKKFISSFDRIMYVPEEDLFEFALDYK

NFSRTDADYIKKWKLYSYGNRIRIFRNPKKNNVFDWEEVCLTSAYKELFNKYGINYQQGDIRALLCEQ

SDKAFYSSFMALMSLMLQMRNSITGRTDVDFLISPVKNSDGIFYDSRNYEAQENAILPKNADANGAYN

IARKVLWAIGQFKKAEDEKLDKVKIAISNKEWLEYAQTSVKHASKRPAATKKAGQAKKKK 
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Chapter 3 | CRISPR-Cas-mediated tethering recruits the yeast HMR locus to 

the nuclear periphery but fails to silence gene expression 

The work in this chapter was published and reprinted with permission from the journal of initial 

publication (License Number: 4574981073453): 

Fontana, J., Dong, C., Ham, J. Y., Zalatan, J. G. & Carothers, J. M. Regulated Expression of sgRNAs 

Tunes CRISPRi in E. coli. Biotechnology Journal 13, 1800069 (2018). Copyright © 2018 John Wiley & 

Sons, Inc. 

 

3.1 | Abstract 

The physical organization of the genome plays a central role in biological processes ranging from cell 

division to gene regulation. To investigate the relationship between genome structure and function, we 

have developed a programmable CRISPR-Cas system for nuclear peripheral recruitment in yeast. We 

benchmarked this system at the HMR locus, a paradigm for recruitment-mediated silencing. Prior 

studies demonstrate that Gal4-mediated tethering to the nuclear periphery can silence a reporter gene 

at the HMR locus. Using microscopy and gene silencing assays, we demonstrate that CRISPR-Cas-

mediated tethering can recruit the HMR locus but does not silence reporter gene expression. Additional 

control experiments with Gal4-mediated tethering shows that the silencing phenotype has an 

unexpected dependence on the structure of the protein tether. Next, we targeted the CRISPR-Cas 

recruitment system at different distances relative to the HMR locus and found that extent of recruitment 

depends on the distance between the gRNA target site and the target locus. Finally, we targeted the 

CRISPR-Cas recruitment system to the Gal2 locus, a model for inducible nuclear peripheral recruitment, 

and observed no detectable repositioning. These data suggest potential limitations for CRISPR-Cas-

based peripheral recruitment and recruitment-mediated silencing in yeast. 
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3.2 | Introduction 

An emerging body of data suggests that the 3D spatial organization of the genome plays an important 

role in eukaryotic gene regulation1-4. For example, genes positioned near the nuclear periphery tend to 

be repressed, and genes positioned in the nuclear interior tend to be active3,4. While genome 

organization is often conserved between cell types and organisms, there is significant variability that 

may reflect key functional differences5. Further support for the possibility that genome organization 

plays an important regulatory role comes from the observation that genes can be dynamically 

repositioned in response to extracellular signals6-7. To probe the biological function of genome structure, 

we have developed a programmable CRISPR-Cas system to relocalize genes to the nuclear periphery 

in yeast. 

 Prior methods to reposition genes have fused well characterized DNA binding domains (DBD), 

such as Gal4, to a recruitment domain protein that directs the tethered gene to specific sites in the 

nucleus7-12. In these studies, repositioning genes sometimes, but not always, leads to predictable 

changes in gene expression. The number of sites that have been studied with this approach has been 

relatively limited, in part because DBDs typically recognize specific DNA sequences and these motifs 

must be engineered into each genomic site of interest.  

 To address this challenge, CRISPR-Cas genome repositioning systems have been developed to 

target and spatially reposition genes within the nucleus. Because CRISPR-Cas targeting is 

programmable, such systems enable recruitment of endogenous genes and bypass the need for site 

specific gene modification of the recruitment target site13,14. In human cells, dCas9 fusion to a 

chemically-inducible dimerization domain allowed inducible recruitment to the nuclear envelope and 

other subnuclear sites. Reporter and endogenous gene expression could be perturbed by nuclear 

repositioning with this system, and localization of telomers to the nuclear periphery resulted in cellular 

toxicity13. In yeast cells, dCas9 fusion to a cohesin domain enabled targeting to a dockerin fused to a 

nuclear membrane protein. This system successfully recruited multiple endogenous loci to the nuclear 

periphery and was able to affect plasmid segregation to daughter cells14. These findings suggest that 

CRISPR gene relocalization systems will be useful to discover relationships between gene positioning 

and cellular behavior. 

 In parallel to the methods described above, we developed an alternative CRISPR-Cas 

repositioning system in yeast and tested it at the HMR locus, a well-characterized model system for 
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gene silencing. Gal4-mediated recruitment of HMR to the nuclear periphery can rescue silencing 

defects8 and we assessed whether a CRISPR-Cas-mediated recruitment strategy would have the same 

functional effects. Using a nuclear membrane protein as the recruitment domain, we targeted either the 

CRISPR-Cas system or the Gal4 system to the HMR locus and measured nuclear peripheral 

relocalization by microscopy. We found that both systems produce similar, significant levels of 

recruitment. Next, we compared the ability of CRISPR-Cas and Gal4 recruitment systems to modulate 

gene expression, and found that Gal4, but not dCas9 based recruitment, is sufficient to silence the HMR 

locus. The Gal4-mediated silencing phenotype was sensitive to the structure of the Gal4-membrane 

protein fusion. Inserting a protein spacer between Gal4 and the nuclear periphery maintains recruitment 

but abrogates silencing, suggesting alternative tethering strategies can recruit genes to the periphery 

but silencing effects may depend on precise structural rules. We also tested the CRISPR-Cas 

recruitment system at the Gal2 locus, which is a model for dynamic repositioning in response to external 

stimuli6,15,16. We were unable to recruit Gal2 to the nuclear periphery with the CRISPR-Cas system, 

suggesting that not all endogenous target sites can be synthetically relocalized to the nuclear periphery.  

 

3.3 | Results and discussion 

3.3.1 | Gal4 can recruit the HMR locus to the nuclear periphery but fails to silence gene expression 

The yeast HMR locus provided one of the earliest examples of a functional effect from gene 

repositioning, making it an ideal model system to prototype a new repositioning system. HMR contains 

a backup copy of yeast mating type sequences and is natively silenced17. Deletion of HMR regulatory 

regions results in locus de-repression18, and silencing can be restored by synthetically tethering 

silencing factors using the Gal4 DNA binding domain19. Notably, Gal4-mediated tethering of nuclear 

membrane proteins to HMR can also restore gene silencing, likely due to the presence of high 

concentrations of silencing factors at the nuclear periphery8. 

To compare the ability of Gal4 or dCas9 to recruit HMR to the nuclear periphery in yeast, we 

constructed an HMR silencing reporter in S. cerevisiae, following previous designs8,19. We replaced the 

endogenous copy of HMR with a mutant in the HMR-E regulatory region containing a 2xUASG site 

upstream of a Trp1 reporter (Aeb::HMR) (see Supplemental Methods). We fused the Gal4 DBD to the 

nuclear membrane protein Yif1 and confirmed that Gal4DBD-Yif1 expression silences the Trp1 reporter 

gene in a cell-spotting growth assay, as described previously8 (Fig 3.2). To determine if Gal4DBD-Yif1 
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physically repositions HMR to the nuclear periphery, which was not previously assessed, we further 

engineered the silencing reporter strain with a tetO array 2.4 kb downstream of the UASG site. 

Expression of tetR-GFP in this strain can be used to visualize the position of the HMR locus20, and we 

confirmed that this modified reporter still silenced Gal4DBD-Yif1 expression (Fig. S3.1). We expressed 

the mCherry-Heh2 fusion protein21,22 to label the nuclear membrane, and used confocal microsopy to 

measure colocalization of the tetO array to the nuclear rim. We observed a significant change in 

peripheral localization when Gal4DBD-Yif1 was expressed compared to the parental, increasing from 39% 

to 56% (Fig 3.2B). 

 

3.3.2 | CRISPR-Cas can the recruit the HMR locus to the nuclear periphery 

To determine if the CRISPR-Cas system can relocalize the HMR locus, we physically linked the 

CRISPR-Cas complex to Yif1, the same nuclear membrane protein used in the Gal4 tethering strategy. 

We linked Yif1 to the CRISPR-Cas complex through scaffold RNAs (scRNAs), which are sgRNAs 

engineered with additional hairpin motifs to recruit effectors fused to RNA binding proteins23-26 (Fig 3.1). 

In this strategy, Yif1 is fused to an RNA binding protein, which engages directly with the scRNA. To 

target dCas9 to the HMR locus, we designed two guide RNA target sites adjacent to or overlapping the 

UASG site and cloned these sites into an scRNA construct with two MS2 RNA hairpins (Table S1). We 

transformed each individual scRNA construct separately into the reporter yeast strain expressing dCas9 

and an MS2 coat protein (MCP) fusion to the N-terminus of Yif1 (MCP-Yif1), which binds the MS2 

hairpins as a dimer. Using confocal microscopy, we observed a significant increase in peripheral 

localization with the scRNA-containing strains (Fig 3.2C). Guide RNAs with an off-target (OT) sequence 

or lacking the MS2 hairpins (–MS2) gave no significant peripheral recruitment, as expected. 

 Both dCas9 and Gal4 recruitment strategies resulted in similar recruitment phenotypes (Fig 3.2). 

For both the CRISPR-Cas and the Gal4 recruitment strategies, the 50-60% peripheral localization that 

we observe is comparable to the 50-80% range of values observed for endogenous and heterologous 

peripheral recruitment reported in the literature7,22,27,28. The background peripheral localization for the 

unrecruited HMR silencing reporter was ~40%, which is modestly larger than the 30% peripheral 

localization values reported for unrecruited genes in other systems. This larger background for the HMR 

reporter may be due to its proximity to the ChrIII telomere, as telomeres are endogenously localized to 

the periphery in yeast29,30. 
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 In addition to targeting sites relatively close the tetO array (2.4 kb), we also tested gRNA target 

sites at increasing distances. We designed MS2 scRNAs to target additional sites 9 kb, 15 kb, and 102 

kb from the tetO array. For each of these sites, we did not detect statistically significant increases in 

peripheral localization (Fig 3.2C). These data suggest that the target site and microscopy reporter need 

to be in close physical proximity to observe gene relocalization. How these distances in base pairs 

translate to physical distances is uncertain. Using a base pair to distance conversion derived from 

microscopy data of 130 nm/bp31, we can roughly estimate that these sites are 56 nm, 96 nm, and 450 

nm respectively from the tetO array, but we lack any direct measurements of the distances for these 

specific sites to HMR. Regardless of the precise distance relationship, however, our data suggest that 

a CRISPR-Cas-based gene recruitment system can localize adjacent genomic regions to the periphery 

using a single scRNA targeting a unique site in the genome. 

 

3.3.3 | Peripheral recruitment is not sufficient to silence reporter gene expression 

To determine if CRISPR-Cas-mediated HMR recruitment produced the same silencing effect on gene 

expression as observed with Gal4-Yif1, we assessed Trp1 reporter gene expression using the cell-

spotting growth assay. Although CRISPR-Cas-mediated tethering to Yif1 and Gal4DBD-Yif1 was 

indistinguishable by microscopy (Fig 3.2), there was no detectable silencing at HMR with the CRISPR-

Cas system (Fig 3.3). In addition to the two scRNA target sites used in microscopy assays (Fig 3.2), we 

tested 3 additional nearby target sites but saw no Trp silencing with any of these scRNAs. There are no 

immediately obvious distinguishing features of the CRISPR-Cas and Gal4 systems that could explain 

their distinct behaviors. The affinities of the recruitment interactions are all relatively similar, in the range 

of ~10-9 M, for Gal4 dimer binding to the UASG
32, dCas9-gRNA binding to cognate DNA33,34, and the 

MS2 RNA hairpin for the MCP dimer (the MCPV29I∆FG variant)35. 

 Gal4DBD-Yif1-mediated silencing at HMR is known to require the presence of endogenous cis-

regulatory sites8, and it is possible that the precise structural arrangement of the Gal4DBD-Yif1 fusion 

protein relative to these sites or other associated regulatory factors might be important for silencing. To 

test this possibility, we inserted maltose binding protein (MBP) between Gal4DBD and Yif1 (Gal4DBD-M-

Yif1), which we estimate extends the distance between Gal4DBD and Yif1 by ~40 Å based on the crystal 

structure of MBP36. By microscopy, Gal4DBD-M-Yif1 resulted in peripheral localization that was 

indistinguishable from Gal4DBD-Yif1 or CRISPR mediated recruitment (Fig 3.2B, 3.2C). Unlike Gal4DBD-
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Yif1, however, the Gal4DBD-M-Yif1 construct produced only a partial silencing phenotype (Fig 3.3). This 

observation suggests that, at least at the HMR locus in yeast, peripheral gene silencing may depend 

on the precise structure of the recruitment machinery. 

 Reporter gene expression can be silenced indirect by Gal4 fusion to Yif1 and directly by Gal4 

fusions to silencing factor proteins8,19. To determine if this behavior is an idiosyncratic feature of Yif1 

mediated perinuclear silencing or a more general property, we assessed the ability of dCas9 to silence 

Aeb::HMR by recruiting the Sir1 silencing protein. First, we tethered Sir1 to the Aeb::HMR Trp1 reporter 

by expressing Gal4DBD-Sir1 and found significant gene silencing, consistent with previous observations 

(Fig S3.2). To assess if CRISPR-Cas mediated Sir1 is able to silence the Trp1 reporter, we targeted 

Sir1 to Aeb::HMR Trp1 reporter using the CRISPR-Cas complex and observed no gene silencing (Fig 

S3.2). Thus, Gal4, but not dCas9, mediated recruitment of both Sir1 and Yif1 is sufficient to confer gene 

silencing at the Aeb::HMR reporter. 

 

3.3.4 | The CRISPR-Cas system does not recruit the Gal2 locus to the nuclear periphery 

To determine if CRISPR-Cas-mediated recruitment is effective at other sites in the genome, we targeted 

the GAL2 locus. In response to galactose, yeast cells localize GAL2 to the nuclear pore complex and 

activate GAL2 expression by ~20-fold6,15,37. This behavior indicates that it is possible to reposition GAL2 

and provides a useful positive control for comparison to synthetic recruitment strategies. We 

constructed a reporter strain with a tetO array at the GAL2 locus to visualize its position and confirmed 

that galactose induction recruits GAL2 to the periphery. The extent of peripheral localization increased 

from 32% in glucose to 47% in galactose, comparable to previously reported results15 (Fig 3.4B). When 

we used a Yif1-tethered scRNA to target the CRISPR-Cas system to GAL2, however, we did not detect 

significant repositioning to the nuclear periphery (Fig 3.4C). We also tested a system with simultaneous 

expression of four scRNAs targeting adjacent sites at GAL2, but again observed no detectable 

repositioning (Fig 3.4B). Thus, although our CRISPR-Cas recruitment system was effective at HMR, we 

were unable to detect repositioning at a different site in the yeast genome. This behavior is in contrast 

with an alternative recruitment system, CRISPR-PIN, which was able to effectively recruit multiple 

distinct endogenous loci in yeast14. 

3.4 | Conclusions 

Recently, it has been reported that dCas9 can be used form DNA loops and relocalize genes to the 
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nuclear periphery in a variety of cell types. Prior results in yeast suggest that dCas9 can recruit an 

engineered target site to the nuclear periphery in budding yeast using single sgRNAs. In principal, such 

tools could offer the ability to use both targeted hypothesis-driven probes at individual loci and unbiased 

screens that span a region of interest or the entire genome. In this study, we highlight the challenges of 

discovery-based CRISPR-mediated re-localization assays in yeast. First, we find that we can recruit the 

silencing-defective HMR locus, but not the endogenous Gal2 gene to the nuclear periphery in yeast. 

Second, HMR mediated silencing is obtainable when Gal4-Yif1, but not Gal4-MBP-Yif1 or CRISPR-Cas 

Yif1 is used, suggesting significant context rules for peripheral-mediated silencing. These observations 

suggest potential limitations for CRISPR-Cas based re-localization experiments in yeast.  
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3.9 | Figures 

 

Figure 3.1 CRISPR-Cas based gene relocalization  

The CRISPR-Cas system recruits DNA sites to subnuclear compartments. A programmable CRISPR-

Cas DNA binding complex is physically linked to an effector protein recruitment domain (RD) via a 

scaffold RNA (scRNA), a modified gRNA that includes additional RNA hairpins to recruit RNA binding 

modules. RDs can be nuclear envelope proteins, lamins, nucleoporins, or other proteins that localize 

to specific sites in the nucleus. 
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Figure 3.2 Subnuclear recruitment in yeast 

A) A 2x MS2 scRNA recruits the MCP dimer. Each MCP monomer is fused to Yif1, a nuclear membrane 

protein. The CRISPR-Cas complex targets sites at the HMR locus, which has been engineered to 

include a tetO-GFP array. TetR-GFP binds to the array and defines the position of the HMR locus, and 

an mCherry-Heh2 fusion protein defines the nuclear envelope. Representative confocal microscopy 

images show the nuclear envelope, defined by an mCherry-Heh2 fusion protein, and the HMR locus, 
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defined by a tetR-GFP protein that binds the tetO-GFP array. 

B) Peripheral recruitment (scored as described in the methods) for yeast strains with and without 

recruitment systems. CRISPR-Cas results in a significant increase in peripheral localization when 

targeted to the HMR locus with a single scRNA target site. The parent yeast strain (yRK119) is 

indistinguishable from negative control strains with an off-target scRNA (OT, see Table S1) or a gRNA 

lacking the MS2 recruitment hairpins (–MS2). The p values for targets 1-5, relative to the –MS2 control, 

are 0.03, 0.002, 0.05, 0.006, and 0.06, respectively. Gal4DBD-Yif1 and Gal4DBD-M-Yif1 (containing MBP 

between Gal4DBD and Yif1) also show significant peripheral recruitment relative to a strain containing 

only Gal4DBD (p values 0.01 and 0.0009, respectively). Values reported are the mean ± SD for three 

measurements (technical replicates). Each measurement was performed with 30 cells. Statistical 

significance for increased recruitment relative to a corresponding negative control (indicated by *) was 

evaluated using a one-sided unpaired t-test with a cutoff p ≤ 0.05. 

 

 

 

 

 

 

 

 



57 
 

 

Figure 3.3 Trp reporter assay for gene silencing at HMR in yeast 

A) Peripheral recruitment of the HMR locus silences a Trp1 reporter gene, leading to a growth defect 

on media lacking Trp. Consistent with published reports8, Gal4DBD-Yif1 expression results in a growth 

defect on –His –Trp media. Cells expressing Gal4DBD-M-Yif1, which has MBP inserted between Gal4DBD 

and Yif1, produces in a partial silencing phenotype. The parent strain is yRK036 and Gal4 constructs 

are delivered on p423 (His selection). 

B) The CRISPR-Cas recruitment system, which we verified recruits HMR to the periphery using sites 1 

and 2, does not silence the Trp1 reporter gene. There is no detectable growth defect on –Ura –Trp 

media. The parent strain is yRK045, and 2x MS2 scRNA or –MS2 sgRNA constructs are delivered on 

pRS316 (Ura selection). 

For A) and B), images are representative of three independent experiments (biological replicates). 
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Figure 3.4 CRISPR-Cas targeting to the Gal2 locus results in no gene recruitment 

A) Schematic of localization reporter at the Gal2 locus. B) Growth of yeast in different carbon sources 

results in differential recruitment to the nuclear periphery. C) Targeting of the CRISPR-Cas system to 

the Gal2 locus using either 1 sgRNA, or 4 sgRNAs is insufficient to recruit the Gal2 locus to the 

nuclear periphery. 

 

3.10 | Supplementary information  

3.10.1 | Supplementary tables 

Supplementary Table S3.1 gRNA target sites in yeast  

sgRNA targeta DNA Sequence Locationb 

HMR_1 ATTATATTGCAAAAACTCGA ChrIII, -2496 (partially overlaps 

UASG) 

HMR_2 GGACAGTCCTCCGTCGACGG ChrIII, -2472 (within UASG) 

HMR_6 GGAGGACTGTCCTCCGTCGA ChrIII, -2439 (within UASG) 

HMR_7 TCATGTACTAAACTAAAATC ChrIII, -2414 

HMR_8 AGAATAAGCGCAGGTACTCC ChrIII, -2341 

HMR_3 TATTCTCCAAAACAATAATA ChrIII, 286640 - 286621 
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HMR_4 AATTCGAATAAGATAAACAG ChrIII, 280020 - 280039 

 

 

HMR_5 AAAGGGTTTATATCCGAAGG ChrIII, 193185 - 193204 

 

   

W17 GAAGTCAGTTGACAGAGTCG Synthetic target site, used for off-

target(OT) control in Fig 3.2 and 3.3 

   

GAL2_1 CACATCACCAGACTTATCTC ChrXII, +45, 292251-292271 

GAL2_2 TGAGAATGTTCGAACGATCC ChrXII, +149, 292355-292375 

GAL2_3 AAATAAGTCAGGTACTTGCC ChrXII, +81, 292287-292307 

GAL2_4 CGTCATTTAGGTCTAAAGTC ChrXII, +402, 292608-292628 

a For HMR target sites, see complete HMR reporter sequence in Supplemental Methods. For HMR3 

there are two repeats of the 20 base sequence in the UASG, but only one of these repeats has an 

appropriately positioned PAM.  

b Location numbers given for HMR and GAL2 sites are the distance from the 5’ end (PAM distal) of the 

guide sequence to the integration sites for their respective tetO arrays (see Supplemental Methods). 

 

Supplementary Table S3.2 Yeast strains  

Strain Description Genotype 

SO992 W303 derivative MATa ura3 leu2 trp1 his3 can1R ade 

yRK036 HMR reporter SO992 HMR::2x UASG Aeb Trp1 

yRK045 HMR reporter/dCas9/MCP-Yif1 yRK036 Leu2::pTdh dCas9 His3::pAdh MCP-Yif1 

   

yRK113a 

yRK036/tetO-array(HMR)/ 

tetR-GFP/mCherry-Heh2 

yRK036 HMR:: pRS14 TetO LEU2 (60x) HO::pUra3 TetR-

GFP_hphR mfa2::pTef1 mCherry-Heh2_KanMX 

yRK119b 

yRK036/tetO-array(HMR)/ 

tetR-GFP/mCherry-Heh2 

yRK036 HMR::pRS8 TetO HIS3 (60x) HO::pUra3 TetR-

GFP_hphR mfa2::pTef1 mCherry-Heh2_KanMX 

yRK124 yRK119/dCas9/MCP-Yif1 yRK119 Leu2::pTdh dCas9 pAdh MCP-Yif1 
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yEC059d 

mCherry-Heh2/tetR-GFP/tetO-

array(GAL2)/dCas9/MCP-Yif1 

S0992 Mfa2:: pTef1 mCherry Heh2 Kan HO:: pUra3 

TetR-GFP HygB, HIS3:: TetO at GAL2, LEU2::pTdh 

dCas9 pAdh MCP Yif1 

a yRK113 used Leu selection to deliver the tetO array and is the parent for all Gal4-derivative strains 

in Fig 3.2. 

b yRK119 used His selection to deliver the tetO array and is the parent for all CRISPR recruitment 

strains at HMR in Fig 3.2. 

c cSLQ.Sc003 has been described previously.4,6 

d yEC059 used His selection to deliver the tetO array and is the parent strain for all GAL2 recruitment 

strains 

 

Supplementary Table S3.3 Yeast protein expression plasmids  

Plasmida Parent 

Vectorb 

Marker Promoter Gene Terminator 

pJZC518 pNH605 leu2 pTdh3 dCas9 C. alb. Adh1 

pRK076 pNH603 His3 pAdh MCP-Yif155-314 C. alb. Adh1 

      

pRK067 p423 his3 pAdh 
Gal4DBD-Yif155-

314 

cyc 

pRK069 p423 his3 pAdh Gal4DBD cyc 

pRK144 p423 his3 pAdh 
Gal4DBD-MBP-

Yif155-314 

cyc 

      

pRK149 pJW607 hphR pUra3 TetR-GFP C. alb. Adh1 

pRK160 pJW609 KanMX pTef1 
mCherry-

Heh2138-378 

C. alb. Adh1 

      

pRK159 pNH605 leu2 
1) pTdh3 

2) pAdh 

1) dCas9 

2) MCP-Yif155-

314 

1) C. alb. Adh1 

2) C. alb. Adh1 

a pJZC518 for dCas9 expression and the general strategy for delivering MCP-effector proteins, either 

on separate integrating plasmids or together with dCas9 on a single integration cassette, have been 

described previously.4,7 

b The pNH600 series of yeast single copy integration vectors has been described previously.8-10 
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Supplementary Table S3.4 PCR primers used in this study 

Location Forward Oligo Reverse Oligo 

HMR 
CAAAAGGCGGCCTGGAATGTAAAGAAAA

TCATAAGCCGTAAGAGATCTCCGAATAA

CGGTAGCGGATGCCGGGAGCAGAC 

ACCTTGTGCCCCATAAAGGTTCCATGTTCCAT

AAGTCTTCAATAATACTTTTGTATATTAGTGA

GCTGATACCGCTCGCC 

 

Gal2 
AACGATAACATGCTCTGCCATCCTTTGT

TCACCGAGCAAAATTAAAAACGCAAAAT

GAATAGCGGATGCCGGGAGCAGAC 

CTAGAGGACCCCCCAGAGATAAGTCTGGTGAT

GTGGTCCTTTAATAATTTCATAGGGACAGTGA

GCTGATACCGCTCGCC 

3.10.2 | Supplementary figures 

 

Supplementary Figure S3.1 Lac array insertion does not perturb recruitment mediated gene 

silencing 

Peripheral recruitment of the HMR locus silences a Trp1 reporter gene in a strain containing the lac 

array, leading to a growth defect on media lacking Trp. Consistent with the same reporter without an 

integrated array, Gal4DBD-Yif1 expression results in a growth defect on –His –Trp media. Cells 

expressing Gal4DBD-M-Yif1, which has MBP inserted between Gal4DBD and Yif1, produces in a partial 

silencing phenotype. The parent strain is yRK113 and Gal4 constructs are delivered on p423 (His 

selection). 
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Supplementary Figure S3.2 CRISPR mediated recruitment of Sir1 results in no gene silencing 

A) Recruitment of Gal4-Sir1 to the Aeb::HMR Trp reporter leads to a growth defect on media lacking 

Trp, indicating gene silencing. B) Recruitment of Sir1 using the CRISPR system to a Trp reporter does 

not result in a growth defect on media lacking Trp, indicating no gene silencing. The parent strain is 

yRK036 and Gal4 constructs are delivered on p423 (His selection). For CRISPR experiments, the 

parent strain is yRK046 and guide constructs are delivered on p316 (Ura selection).   

3.10.3 | Supplemental methods 

Yeast strain construction and manipulation 

Yeast (S. cerevisiae) transformations were performed with the standard lithium acetate method. The 

parent haploid yeast strain for reporter gene experiments was SO992 (W303; MATa ura3 leu2 trp1 his3). 

Complete descriptions of all yeast strains generated in this work are provided in Table S3, and 

descriptions of the plasmids are in Table S4. dCas9 and MCP fusion proteins were expressed as 

described previously from constructs integrated in single copy into the yeast genome.4 Yif1 and Nup84 

were cloned from yeast genomic DNA. Yif1 fusion proteins used Yif1(55-314),1 fused to the C-terminus 

of Gal4DBD, dCas9, or MCP. For Nup84, the C-terminus was fused to the N-terminus of MCP or TetR, 
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following the design of the Nup84-LexA fusion.2 Guide RNA constructs were expressed as described 

previously from the pRS316 CEN/ARS plasmid (ura3 marker) with the SNR52 promoter and SUP4 

terminator.4 All Gal4DBD constructs and derivatives were expressed from the p423 2µ plasmid. The HMR 

Trp reporter sequence at the endogenous HMR locus was constructed by transforming a linear DNA 

fragment containing HMR-E_UASG_Trp1 with >280 bases of flanking homology and selecting on SD –

Trp plates. Integration of the full reporter cassette was verified by colony PCR. TetO arrays were 

integrated at ChrIII (HMR) and ChrXII using either pRS8 (his3 marker) or pRS14 (leu2 marker) (gifts 

from Susan Gasser), using previously described methods (Table S5).6 Based on plasmid sizes, we 

estimate that our TetO arrays contained ~60-80 tetO repeats. The tetR-GFP and mCherry-Heh2138-378 

fusion proteins were integrated in single copy in the yeast genome. The expression cassette for the 

tetR-GFP protein was derived from pGVH29 (gift from Susan Gasser).7 The mCherry-Heh2138-378 

construct was designed following previous reports.8,10 

 

Trp Silencing Assay 

After transformations, yeast strains were grown overnight at 30 C in selective media (SD –Ura or SD 

–His as appropriate). Cultures were diluted to OD600 0.2 in selective media lacking Trp and serially 

diluted (1:10). 10 L of each dilution was spotted on selective SD plates with or without Trp. Plates were 

incubated at 30 C and evaluated after 2 days. 

 

Flow Cytometry 

After transformations, yeast strains were grown overnight at 30 C in selective media (SD –Ura or SD 

–His). Overnight cultures were diluted 1:25 and grown for an additional 4 hours. Fluorescent protein 

expression levels were measured with a MACSQuant flow cytometer (Miltenyi Biotec). 

 

Yeast Microscopy 

After transformations, yeast strains were grown overnight at 30 C on selective plates (SD –Ura or SD 

–His) or YPD (parent strain). Cells were resuspended in YPD at a starting OD600 ~0.15 and grown to 

OD600 0.3-0.5. 5 mL cultures were pelleted, washed in synthetic complete media (SCM), and 

resuspended in 100 µL SCM. 10 µL of these cells were pipetted onto agarose pads in 13 x 1 mm silicone 

isolator wells (Electron Microscopy Sciences) and covered with a No. 1.5 coverslip. Imaging was 
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performed using a Leica TCS SP5 II laser scanning confocal microscope with a 63x oil immersion 

objective. The pixel size was 90.1 nm and the z-step size was 0.21 µm. The optical thickness of each 

slice is 0.98 µm. For each cell, the tetR-GFP spot was assigned to a particular z-plane based on its 

maximum intensity. In that z-plane, we defined the nuclear periphery as the pixel corresponding to the 

center of the Heh2-mCherry peak along the radial axis. GFP spots were classified as “peripheral” if the 

center of spot was within two pixels of the nuclear periphery (i.e. separated by no more than one pixel). 

Cells in which the GFP spot was assigned to the bottom or top slice of the nucleus were excluded from 

analysis.11 >150 cells were analyzed per experiment.  

 

3.10.4 | gRNA, effector protein, and HMR reporter sequence 

Guide RNA Sequence Designs 

sgRNA and scRNA sequences were constructed as described previously.4Alternative target sites for 

yeast (Table S1) or human (Table S2) cells were cloned with standard PCR methods.  

 

 

Yeast sequences 

 

Parent sgRNA 

ATTATATTGCAAAAACTCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT

CAACTTGAAAAAGTGGCACCGAGTCGGTGGTGCTTTTTTTGTTTTTTATGTCT 

 

2x MS2 scRNA 

ATTATATTGCAAAAACTCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTAT

CAACTTGAAAAAGTGGCACCGAGTCGGTGCgggagcACATGAGGATCACCCATGTgccacgagcgA

CATGAGGATCACCCATGTcgctcgtgttcccTTTTTTTGTTTTTTATGTCT 

Annotations: 20 base target site (HMR1), 2x MS2, SUP4 terminator 

Effector Protein Sequences 

 

>MCPV29I∆FG-Yif155-314 

MPKKKRKVGSMASNFTQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQNRKYT
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IKVEVPKGAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAANSGIYGSAGMGGFPFQDP

RGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKN

WQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILK

LGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLL

SRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

> Gal4DBD-Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLL

IFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKG

QRQLTVSAAPEFGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVST

RYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPED

LYYKLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIK

FYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

> Gal4DBD-M-Yif155-314 (M = maltose binding protein, MBP, 3x HA) 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLL

IFPREDLDMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKG

QRQLTVSAAPEFMKIEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGP

DIIFWAHDRFGGYAQSGLLAEITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPK

TWEEIPALDKELKAKGKSALMFNLQEPYFTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVD

LIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGIN

AASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEEELAKDPRIAATMENAQKGEIMPNIPQMS

AFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGRISTSQFGSGYPYDVPDYAGSG

YPYDVPDYAGSGYPYDVPDYAGSGKFGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANA

AGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIW

NTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLL

TNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNV

LMWLMG 

 

HMR reporter sequence (pRK105 integration plasmid) 

The HMR reporter sequence (Fig. 3.2A & S3.2) was designed following a previously described silencing 
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reporter (Aeb)1,12 that contains a binding site for Gal4 (the UASG or upstream activating sequence)13 

within the HMR-E region and a downstream Trp1 reporter gene integrated at the endogenous HMR locus 

in S. cerevisiae chromosome 3. Genes at the HMR locus are normally silenced, but the UASG insertion 

disrupts endogenous regulatory sites to allow gene expression. The Gal4DBD binds at the UASG, and 

Gal4DBD fusion proteins can rescue the silencing phenotype by directly recruiting silencing factors or by 

recruiting the HMR locus to the nuclear periphery.1,12 

 

In our reporter, we integrated a lacO array approximately 2.4 kb downstream of the UASG site, which allows direct 

visualization of the locus with lacI-GFP. The original reporter described in the literature contains a 3X UASG 

repeat, while our reporter contains a 2X UASG repeat. In functional silencing assays, the 2X UASG reporter 

construct was effectively silenced by Gal4DBD-Yif1 expression (Fig S3.3), similar to that described for the 3X 

UASG reporter.1 

 

Annotations12,14,15: HMR-E (Aeb), UASG, Trp1 (5’utr-ORF-utr-3’), HMR-I 

ctagtacttaaaaaaactgtagtttcagtgcaaaaaagttttaacattacgtatcttgtaccctttttattgcatatagaaag

gtcaaataatccttcacatcatgaaatataagctaaatcgcatttcttttcgtccacatttgcaaacaaaacttttcaataat

aattttataaatagtatcaatatatatatatatatttatttgtttactttttctatcagtgttttcaattttttattaaacaa

tgtttgattttttcaatcgcaatttaatacctaaatataaaaaatgttattatattgcaaaaaCTCGACGGAGGACAGTCCTC

CGTCGACGGAGGACAGTCCTCCGTCGAGaatatttgaaagcaatagatcatgtactaaactaaaatcagggaaattaagactc

cttttgaagtaatacctattacttactaatacgtttgagaataagcgcaggtactcctggtttttgttaaaattacaaattta

tacttagcattacgaagattctcgattccgaaaaacaaaaattttatcgtcatatacaaatctagggtcgaaaaaagaaaagg

agagggccaagagggagggcattggtgactattgagcacgtgagtatacgtgattaagcacacaaaggcagcttggagtaTGT

CTGTTATTAATTTCACAGGTAGTTCTGGTCCATTGGTGAAAGTTTGCGGCTTGCAGAGCACAGAGGCCGCAGAATGTGCTCTA

GATTCCGATGCTGACTTGCTGGGTATTATATGTGTGCCCAATAGAAAGAGAACAATTGACCCGGTTATTGCAAGGAAAATTTC

AAGTCTTGTAAAAGCATATAAAAATAGTTCAGGCACTCCGAAATACTTGGTTGGCGTGTTTCGTAATCAACCTAAGGAGGATG

TTTTGGCTCTGGTCAATGATTACGGCATTGATATCGTCCAACTGCATGGAGATGAGTCGTGGCAAGAATACCAAGAGTTCCTC

GGTTTGCCAGTTATTAAAAGACTCGTATTTCCAAAAGACTGCAACATACTACTCAGTGCAGCTTCACAGAAACCTCATTCGTT

TATTCCCTTGTTTGATTCAGAAGCAGGTGGGACAGGTGAACTTTTGGATTGGAACTCGATTTCTGACTGGGTTGGAAGGCAAG

AGAGCCCCGAAAGCTTACATTTTATGTTAGCTGGTGGACTGACGCCAGAAAATGTTGGTGATGCGCTTAGATTAAATGGCGTT

ATTGGTGTTGATGTAAGCGGAGGTGTGGAGACAAATGGTGTAAAAGACTCTAACAAAATAGCAAATTTCGTCAAAAATGCTAA

GAAATAGgttattactgagtagtatttatttaagtattgtttgtgcacttgcctgcaggccttttgaaaagcaagcataaaaa

ataaattcgttttcaatgattaaaatagcatagtcgggtttttcttttagtttcagctttccgcaacagtataattttataaa
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ccctggttttggttttgtagagtggttgacgaataattatgctgaagtacgtggtgacggatattgggaagatgtgtttgtac

atttggccttatagagtgtggtcgtggcggaggttgtttatctttcgagtactgaatgttgtcagtatagctatcctatttga

aactccccatcgtcttgctcttgttctcaatgtttgtttatatactcatatttctatgtgtttatacaattgctattgtttat

ataatgtagtgacattttctcttaatcttatactaatttctatgacatttatataagaagagacttatgatcaacataatttt

gcaaactttgagagaaatatgtctttctactgcgataaagttattatttagattacatgtcaccaacattttcgtatatggcg

atataaatttatcatgttttggtatgataatttaatttttaaaaaaacaaatttaattgacctcattaattaatatttattaa

tacctttaatgttgaggtaaatagctattttctctcttcttttcctttagttggaatttgcacaagaaaatgtttttccacac

actttagcgttttttcctaaatgttggaataaaaaacaactatcatctatcaaCTAGTAGTCACACTACCAATGTGTTATCAT

TATACTGTGTTAAACAATGACATAAGGTATGAAAATTTGTCAACGAAGTTAGAGAAAGCTGGATGCAAGGATTGATAATGTGG

TAGGAAAATGAAACATATAACGGAATGAGGAATAATCGTAATATCAGTATATAGAAATATAGATTCCCTTTTGAGGATTCCTA

TATCCTCGAGGAGAACTTCTAGTATATTCTATATACCTAATATTATTACTTTTATCTACAATGCAACCCCACAATAATATAAA

AATTCACCAATTCCGCATCTGCAGATTACTTTCCTAAATTTGCATATAGAATTGTCAAGCGCAAATCCGACGTCGATTCCGCG

GCGGATGGGTCATTCTAGGTCATTCTACCAATTTTATTTGAGACCAGGTTTATTCAACCGGTAACATAGAAATATTCATACAA

TTAAGCTTCTATGGCCAAGTTGGTAAGGCGCCACACTAGTAATGTGGAGATCATCGGTTCAAATCCGATTGGAAGCATTTTTT

ATCACGTTATTCGGTGACACCCAGGTTGCCGCCGCGTTCGCGTCCATCGTCATCTGAAAAATAATGAATATTAATGGACCTTG

TGCCCCATAAAGGTTCCATGTTCCATAAGTCTTCAATAATACTTTTGTATATTA[tetO_array_integration_site]

ACCGTTATTCGGAGATCTCTTACGGCTTATGATTTTCTTTACATTCCAGGCCGCCTTTTG 

 

HMR-E (Aeb), W17, Trp1 (5’utr-ORF-utr-3’), HMR-I 

 

ctagtacttaaaaaaactgtagtttcagtgcaaaaaagttttaacattacgtatcttgtaccctttttattgcatatagaaag

gtcaaataatccttcacatcatgaaatataagctaaatcgcatttcttttcgtccacatttgcaaacaaaacttttcaataat

aattttataaatagtatcaatatatatatatatatttatttgtttactttttctatcagtgttttcaattttttattaaacaa

tgtttgattttttcaatcgcaatttaatacctaaatataaaaaatgttattatattgcaaaaaCTCGACGGAGGACAGTCCTC

CGTCGACGGAGGACAGTCCTCCGTCGAGaatatttgaaagcaatagatcatgtactaaactaaaatcagggaaattaagactc

cttttgaagtaatacctattacttactaatacgtttgagaataagcgcaggtactcctggtttttgttaaaattacaaattta

tacttagcattacgaagattctcgattccgaaaaacaaaaattttatcgtcatatacaaatctagggtcgaaaaaagaaaagg

agagggccaagagggagggcattggtgactattgagcacgtgagtatacgtgattaagcacacaaaggcagcttggagtaTGT

CTGTTATTAATTTCACAGGTAGTTCTGGTCCATTGGTGAAAGTTTGCGGCTTGCAGAGCACAGAGGCCGCAGAATGTGCTCTA

GATTCCGATGCTGACTTGCTGGGTATTATATGTGTGCCCAATAGAAAGAGAACAATTGACCCGGTTATTGCAAGGAAAATTTC

AAGTCTTGTAAAAGCATATAAAAATAGTTCAGGCACTCCGAAATACTTGGTTGGCGTGTTTCGTAATCAACCTAAGGAGGATG

TTTTGGCTCTGGTCAATGATTACGGCATTGATATCGTCCAACTGCATGGAGATGAGTCGTGGCAAGAATACCAAGAGTTCCTC

GGTTTGCCAGTTATTAAAAGACTCGTATTTCCAAAAGACTGCAACATACTACTCAGTGCAGCTTCACAGAAACCTCATTCGTT

TATTCCCTTGTTTGATTCAGAAGCAGGTGGGACAGGTGAACTTTTGGATTGGAACTCGATTTCTGACTGGGTTGGAAGGCAAG
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AGAGCCCCGAAAGCTTACATTTTATGTTAGCTGGTGGACTGACGCCAGAAAATGTTGGTGATGCGCTTAGATTAAATGGCGTT

ATTGGTGTTGATGTAAGCGGAGGTGTGGAGACAAATGGTGTAAAAGACTCTAACAAAATAGCAAATTTCGTCAAAAATGCTAA

GAAATAGgttattactgagtagtatttatttaagtattgtttgtgcacttgcctgcaggccttttgaaaagcaagcataaaaa

ataaattcgttttcaatgattaaaatagcatagtcgggtttttcttttagtttcagctttccgcaacagtataattttataaa

ccctggttttggttttgtagagtggttgacgaataattatgctgaagtacgtggtgacggatattgggaagatgtgtttgtac

atttggccttatagagtgtggtcgtggcggaggttgtttatctttcgagtactgaatgttgtcagtatagctatcctatttga

aactccccatcgtcttgctcttgttctcaatgtttgtttatatactcatatttctatgtgtttatacaattgctattgtttat

ataatgtagtgacattttctcttaatcttatactaatttctatgacatttatataagaagagacttatgatcaacataatttt

gcaaactttgagagaaatatgtctttctactgcgataaagttattatttagattacatgtcaccaacattttcgtatatggcg

atataaatttatcatgttttggtatgataatttaatttttaaaaaaacaaatttaattgacctcattaattaatatttattaa

tacctttaatgttgaggtaaatagctattttctctcttcttttcctttagttggaatttgcacaagaaaatgtttttccacac

actttagcgttttttcctaaatgttggaataaaaaacaactatcatctatcaaCTAGTAGTCACACTACCAATGTGTTATCAT

TATACTGTGTTAAACAATGACATAAGGTATGAAAATTTGTCAACGAAGTTAGAGAAAGCTGGATGCAAGGATTGATAATGTGG

TAGGAAAATGAAACATATAACGGAATGAGGAATAATCGTAATATCAGTATATAGAAATATAGATTCCCTTTTGAGGATTCCTA

TATCCTCGAGGAGAACTTCTAGTATATTCTATATACCTAATATTATTACTTTTATCTACAATGCAACCCCACAATAATATAAA

AATTCACCAATTCCGCATCTGCAGATTACTTTCCTAAATTTGCATATAGAATTGTCAAGCGCAAATCCGACGTCGATTCCGCG

GCGGATGGGTCATTCTAGGTCATTCTACCAATTTTATTTGAGACCAGGTTTATTCAACCGGTAACATAGAAATATTCATACAA

TTAAGCTTCTATGGCCAAGTTGGTAAGGCGCCACACTAGTAATGTGGAGATCATCGGTTCAAATCCGATTGGAAGCATTTTTT

ATCACGTTATTCGGTGACACCCAGGTTGCCGCCGCGTTCGCGTCCATCGTCATCTGAAAAATAATGAATATTAATGGACCTTG

TGCCCCATAAAGGTTCCATGTTCCATAAGTCTTCAATAATACTTTTGTATATTA[tetO_array_integration_site]

ACCGTTATTCGGAGATCTCTTACGGCTTATGATTTTCTTTACATTCCAGGCCGCCTTTTG 

 

Annotation: GAL2 (ORF) 

 

AATAGTAATAGTTAAGTAAACACAAGATTAACATAATAAAAAAAATAATTCTTTCATAATGGCAGTTGAGGAGAACAATATGC

CTGTTGTTTCACAGCAACCCCAAGCTGGTGAAGACGTGATCTCTTCACTCAGTAAAGATTCCCATTTAAGCGCACAATCTCAA

AAGTATTCTAATGATGAATTGAAAGCCGGTGAGTCAGGGTCTGAAGGCTCCCAAAGTGTTCCTATAGAGATACCCAAGAAGCC

CATGTCTGAATATGTTACCGTTTCCTTGCTTTGTTTGTGTGTTGCCTTCGGCGGCTTCATGTTTGGCTGGGATACCGGTACTA

TTTCTGGGTTTGTTGTCCAAACAGACTTTTTGAGAAGGTTTGGTATGAAACATAAGGATGGTACCCACTATTTGTCAAACGTC

AGAACAGGTTTAATCGTCGCCATTTTCAATATTGGCTGTGCCTTTGGTGGTATTATACTTTCCAAAGGTGGAGATATGTATGG

CCGTAAAAAGGGTCTTTCGATTGTCGTCTCGGTTTATATAGTTGGTATTATCATTCAAATTGCCTCTATCAACAAGTGGTACC

AATATTTCATTGGTAGAATCATATCTGGTTTGGGTGTCGGCGGCATCGCCGTCTTATGTCCTATGTTGATCTCTGAAATTGCT

CCAAAGCACTTGAGAGGCACACTAGTTTCTTGTTATCAGCTGATGATTACTGCAGGTATCTTTTTGGGCTACTGTACTAATTA

CGGTACAAAGAGCTATTCGAACTCAGTTCAATGGAGAGTTCCATTAGGGCTATGTTTCGCTTGGTCATTATTTATGATTGGCG
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CTTTGACGTTAGTTCCTGAATCCCCACGTTATTTATGTGAGGTGAATAAGGTAGAAGACGCCAAGCGTTCCATTGCTAAGTCT

AACAAGGTGTCACCAGAGGATCCTGCCGTCCAGGCAGAGTTAGATCTGATCATGGCCGGTATAGAAGCTGAAAAACTGGCTGG

CAATGCGTCCTGGGGGGAATTATTTTCCACCAAGACCAAAGTATTTCAACGTTTGTTGATGGGTGTGTTTGTTCAAATGTTCC

AACAATTAACCGGTAACAATTATTTTTTCTACTACGGTACCGTTATTTTCAAGTCAGTTGGCCTGGATGATTCCTTTGAAACA

TCCATTGTCATTGGTGTAGTCAACTTTGCCTCCACTTTCTTTAGTTTGTGGACTGTCGAAAACTTGGGACATCGTAAATGTTT

ACTTTTGGGCGCTGCCACTATGATGGCTTGTATGGTCATCTACGCCTCTGTTGGTGTTACTAGATTATATCCTCACGGTAAAA

GCCAGCCATCTTCTAAAGGTGCCGGTAACTGTATGATTGTCTTTACCTGTTTTTATATTTTCTGTTATGCCACAACCTGGGCG

CCAGTTGCCTGGGTCATCACAGCAGAATCATTCCCACTGAGAGTCAAGTCGAAATGTATGGCGTTGGCCTCTGCTTCCAATTG

GGTATGGGGGTTCTTGATTGCATTTTTCACCCCATTCATCACATCTGCCATTAACTTCTACTACGGTTATGTCTTCATGGGCT

GTTTGGTTGCCATGTTTTTTTATGTCTTTTTCTTTGTTCCAGAAACTAAAGGCCTATCGTTAGAAGAAATTCAAGAATTATGG

GAAGAAGGTGTTTTACCTTGGAAATCTGAAGGCTGGATTCCTTCATCCAGAAGAGGTAATAATTACGATTTAGAGGATTTACA

ACATGACGACAAACCGTGGTACAAGGCCATGCTAGAATAATGCGTTTGAAGTGAGACGCTCCATCATCTCTCTTAATTTTTCA

TGACTGACGTTTTTTCTTCATTTTAATTATCATAGTATTTGTTTGAAAAAAAAAAAAAAAAATTTCCCTTATCAATGATATCC

TTACGATTATATAAATTCCTTACCTAAACCTATTATTTGTGTACATATATCAGAGTATTATTACATATATAACCTTTTTCTCT

AAAACAGGAAAAAAAAAAGAAAACGATAACATGCTCTGCCATCCTTTGTTCACCGAGCAAAATTAAAAACGCAAAATGAAT[t

etO_array_integration_site]TGTCCCTATGAAATTATTAAAGGACCACATCACCAGACTTATCTCTGGGGGGTCCT

CTAGAAAATAAGTCAGGTACTTGCCTGGACTTTCTTCCAGTTGAATTCCTGAGCTAACATACAATTAATGGAGTGAGA 
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