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This thesis focuses on the development of two distinct sets of CRISPR-Cas tools: one for gene 

tethering and the other for logic-based transcriptional regulation. The first tool is a CRISPR-based 

gene tethering tool. The eukaryotic genome has a complex three-dimensional organization that is 

thought to play an important role in the regulation of eukaryotic genes. However, studies focused on 

direct causal effects of repositioning a gene have found changes in transcriptional activity in some, but 

not all, genomic contexts. A limiting factor for many of these studies is the use of hard-coded DNA 

binding domains in their gene repositioning tools, that require integration of a DNA binding site into 

every locus of interest. Integration of DNA limits the number of sites that can be tested and potentially 

changes the genomic context of the locus being tested. Use of CRISPR-Cas systems would enable the 

DNA integration requirement to be circumvented. To address this, I developed a CRISPR-based tool 

for tethering genes to the nuclear periphery in yeast. I benchmarked this tool against a previously 

developed Gal4-based gene tethering tool and demonstrated that both localize genes to the nuclear 

periphery. Notably, the Gal4-based gene tethering tool also demonstrated a silencing phenotype while 

the CRISPR-based tool did not. This suggests that small changes in the structure of gene positioning 
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tools can have an impact on the transcriptional effects observed. The second set of CRISPR-based 

tools I developed are for use in logic-based transcriptional regulation. Boolean-style transcriptional 

logic systems are appealing for bioengineering purposes because of their modularity and 

composability. A current limitation is a lack of tools that can operate in parallel and an inability to 

access complex, higher-order Boolean logic functions. To address this, I have developed a series of 

single-layer, orthogonal transcriptional logic gates. I demonstrate these gates operate alone and that 

the NOR and OR gates can operate in parallel. In the future, the ability to combine different single-

layer logic systems will enable the construction of complex, higher order logic functions.
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Chapter 1 | Introduction 

1.1 | Background 

1.1.1 | Genome Organization Correlates with Gene Function 

The eukaryotic genome has a complex three-dimensional organization that spans multiple hierarchical 

levels. At the kilobase scale, there are remote-enhancer interactions and looped chromatin domains 

called topologically associating domains (TADs).1–3 At the megabase scale, compact and non-compact 

chromatin compartments, known as A/B compartments, and chromosome territories (100+Mb) have 

been observed.1–3 Emerging data suggests that this complex organization plays an important role in 

the regulation of eukaryotic genes. For example, genes localized to the nuclear periphery tend to be 

repressed while genes localized to the nuclear interior tend to be active.4 Furthermore, in mammalian 

cells tissue-specific gene repositioning occurs during cellular differentiation, whereby repressed genes 

are localized to the nuclear lamina where other silenced genes reside.5 Topologically associated 

domains have also been implicated to play a role in some disease models.6,7 Contrasting with evidence 

that these structural motifs play a key role in gene regulation is the observation that degradation of 

cohesion causes loss of looping domains, but has little effect on histone modification patterns and 

gene expression.8 Thus, it remains unclear if genomic architecture is a major contributor to gene 

regulation or simply a byproduct of it.  
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1.1.2 | Pre-Existing 3D Gene Repositioning Tools 

To determine if there is a causal relationship between 3D genome organization and gene expression, 

methods are needed which enable the systematic repositioning of endogenous genes. This 

repositioning could take many forms, such as recruitment to stable structures such as the nuclear 

lamina, phase separated regions like nuclear bodies, or other genomic loci.9 Tools for repositioning 

genes require a DNA binding domain, capable of binding a gene of choice, fused to a recruitment 

domain. The recruitment domain is responsible for re-locating the bound gene to a specific subnuclear 

location. 

Conventional tools for gene repositioning relied on sequence specific DNA binding domains 

such as Gal4 or LacI.4,9–14 Since these DNA binding domains are sequence specific, these methods 

require incorporation of corresponding DNA motifs near the gene of interest. This requirement 

limited the number of genes that could be easily assayed for direct structure-function relationships. 

Additionally, modifications to the genome could have an unknown impact on the functional effects 

of gene positioning. 

For these reasons, more recent gene repositioning tools have relied on CRISPR-Cas 

technology due to its programmable nature. Nuclease deficient Cas9 (dCas9) can be used for the DNA 

binding domain and the 20bp target sequence on the guide RNA can encode for a genomic target 

site.15  By modifying this 20bp target sequence, a gene repositioning tool with a dCas9 DNA binding 

domain can be used to target many different endogenous sites individually or in tandem without 

needing to modify the genomic DNA. Examples of CRISPR-based gene repositioning tools include 

CRISPR-GO, CRISPR-PIN, CLOuD9, and LADL.9,16–19 My work has focused on the development 

of additional dCas9-based gene repositioning tools which can enable the use of multiple recruitment 

domains in tandem.  
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1.1.3 | Engineering Synthetic Transcriptional Regulatory Pathways 

In synthetic biology, we desire to develop new parts and systems which enable engineering of 

organisms for a variety of desired effects. These effects include genetically modified crops that are 

resistant to the effects of climate change or produce more nutritious foods, modified organisms for 

the bioproduction of small molecules such as pharmaceutical precursors or biofuels, engineering 

organisms or living systems for CO2 fixation, and the development of living therapeutics.20–30 

Endogenous systems function by receiving a variety of extra- and intra-cellular inputs, processing 

them, and responding. This system is akin to the function of Boolean-style logic gates. Logic gates are 

binary systems in which a combination of two or more inputs produces a set output. Biological tools 

which function as logic gates at the transcriptional level are appealing because logic gates are intended 

to be modular and composable. If such biological tools existed, engineering systems could follow a 

plug-and-play strategy. This would be an improvement over conventional methods, where systems are 

often engineered for specific transcriptional and biochemical pathways and cannot be easily 

transposed.  

 CRISPR-Cas technology lends itself to the development of adaptable genetic logic systems 

because of its programmable nature. Transcriptional logic systems have been developed that are 

capable of up and down regulating target genes by using CRISPR activation (CRISPRa) and CRISPR 

repression (CRISPRi).31–34 Most notably, CRISPRi-based NOR gates have been developed.31 NOR 

gates are a form of universal logic gate that can function as any form of logic when organized into 

circuits. Therefore, CRISPRi NOR gates could be used to build circuits that function as any form of 

genetic logic. However, even some simple logic functions require multilayered NOR circuits to be 

achieved, which can be burdensome to the cell and result in transcriptional leak.31 If multiple types of 

logic could be combined, smaller circuits could be formed to produce the same logic output. However, 

current systems are limited in their ability to perform multiple forms of logic in parallel. To address 
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this, I have developed a series of single-layered, orthogonal CRISPR-based logic functions which have 

the potential to address the compatibility issue and enable simplified circuits for complex 

transcriptional logic systems.  
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1.2 | Overview of Thesis Work 

My work has focused on developing CRISPR-Cas tools for gene repositioning and logic-based 

transcriptional regulation. These tools consist of two domains: a DNA binding domain that targets a 

gene of interest and an effector domain that induces the desired effect. The DNA binding domain in 

both instances is dCas9, a modified variant of Cas9 which can still bind DNA but has no nuclease 

activity.35 Both systems also use scaffold RNAs (scRNAs) to encode the target site and recruit the 

effector domain.36  

I first developed a CRISPR-Cas tool for gene repositioning in yeast (Chapter 2). This system 

repositioned genes to the nuclear periphery using the nuclear membrane protein Yif1. I benchmarked 

this system against a previously characterized Gal4 peripheral re-localization system and found that 

both systems comparably recruit DNA to the periphery.37 However, while Gal4 peripheral tethering 

is sufficient to induce gene silencing, Cas9-mediate tethering is not. These results suggest that subtle 

differences in the tools used for inducing structural changes can create distinct functional effects. This 

highlights one of the potential challenges present when using synthetic genome structure perturbations 

to elucidate structure-function rules in genome organization. 

Next, I developed a series of orthogonal, single-layer, CRISPR-based transcriptional logic 

gates in yeast. My system uses different combinations of RNA hairpins and RNA binding proteins to 

recruit a variety of effector domains that can produce OR, NOR, and AND transcriptional logic 

functions. This approach creates an adaptable system that allows multiple logic gates to function in 

parallel. I demonstrate the ability to induce bidirectional OR or NOR logic on a single reporter gene 

using this system. I then constructed strains with parallel NOR and OR logic gates, with each gate 

regulating a different reporter gene output. The ability to combine different single-layer logic systems 

will simplify the construction of complex, multi-layer genetic circuits and has potential applications 

for genetic pathway control in fields such as metabolic engineering and living therapeutics. 
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Chapter 2| CRISPR-Cas-Mediated Tethering Recruits the Yeast HMR Mating-

Type 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:  

Cliff, E. R.; Kirkpatrick, R. L.; Cunningham-Bryant, D.; Fernandez, B.; Harman, J. L.; Zalatan, J. G. 

CRISPR-Cas-Mediated Tethering Recruits the Yeast HMR Mating-Type Locus to the Nuclear 

Periphery but Fails to Silence Gene Expression. ACS Synth. Biol. 2021, 10 (11), 2870–2877. 

https://doi.org/10.1021/acssynbio.1c00306. Copyright 2021 American Chemical Society. 

 

2.1 | Abstract 

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 and GAL2 loci, both of which are well-characterized model systems for 

localization to the nuclear periphery. Using microscopy and gene silencing assays, we demonstrate that 

CRISPR-Cas-mediated tethering can recruit the HMR locus but does not detectably silence reporter 

gene expression. A previously reported Gal4-mediated tethering system does silence gene expression, 

and we demonstrate that the silencing effect has an unexpected dependence on the properties of the 

protein tether. The CRISPR-Cas system was unable to recruit GAL2 to the nuclear periphery. Our 

results reveal potential challenges for synthetic genome structure perturbations and suggest that 

distinct functional effects can arise from subtle structural differences in how genes are recruited to the 

periphery. 

 

https://doi.org/10.1021/acssynbio.1c00306
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2.2 | Introduction 

An emerging body of data suggests that the three-dimensional spatial organization of the genome 

plays an important role in eukaryotic gene regulation.1−4 For example, genes positioned near the 

nuclear periphery tend to be repressed, and genes positioned in the nuclear interior tend to be active.3−5 

Genes can also be dynamically repositioned upon activation or in response to extracellular signals.6−9 

In contrast, genome structures can undergo major perturbations with only modest effects on the 

transcriptome when cohesin-mediated loops are disrupted in human cells.10 Therefore, tools are 

needed that allow us to systematically probe the biological function of genome structure. Such 

methods may also enable new approaches to engineer genome functions. To this end, we have 

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

prototyped the system in yeast. 

Prior methods to reposition genes have fused well-characterized DNA binding domains 

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

in the nucleus.7,11−17 In these studies, repositioning of genes sometimes, but not always, leads to 

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

is 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 tethering systems have been developed to target and 

spatially reposition genomic sites within the nucleus.18−23 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 site. Several of these systems enable recruitment 

of genomic sites to the nuclear periphery. In human cells, fusion of dCas9 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 
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system, and localization of telomeres to the nuclear periphery resulted in cellular toxicity.18 In a 

separate study, direct fusion of dCas9 to the lamin protein Lap2β also enabled peripheral recruitment.19 

In yeast cells, fusion of dCas9 to a cohesin domain could target 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 cells.20 These findings suggest that 

CRISPR gene relocalization systems could be useful to discover relationships between gene 

positioning and cellular behavior. 

We have developed an alternative CRISPR-Cas repositioning system in yeast using RNA 

hairpins to tether effectors to the CRISPR-Cas complex. We tested this system at the yeast HMR 

locus, a well-characterized model system for position-dependent gene silencing. Gal4-mediated 

recruitment of HMR to the nuclear periphery can rescue gene silencing defects,11 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 the two systems produce similar and significant levels of recruitment. Next, we compared 

the ability of the CRISPR-Cas and Gal4 recruitment systems to modulate gene expression. We found 

that only the Gal4 system was able to detectably silence the HMR locus, but this system was 

unexpectedly sensitive to the structure of the Gal4–membrane protein fusion. Inserting a protein 

spacer between Gal4 and the nuclear membrane protein maintains recruitment but abrogates silencing. 

This result suggests that although alternative tethering strategies can be used to recruit genes to the 

periphery, silencing and other functional effects may depend on the precise structural orientation or 

biophysical properties of the recruitment machinery. We also tested the CRISPR-Cas recruitment 

system at the GAL2 locus, which is a model for dynamic repositioning in response to external 

stimuli.6,24−26 We were unable to recruit GAL2 to the nuclear periphery with the CRISPR-Cas system, 
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suggesting that not all endogenous target sites can be synthetically relocalized to the nuclear periphery. 

Collectively, our results suggest potential challenges for the broad application of synthetic gene 

repositioning tools in functional studies of peripheral tethering and as a method to engineer genome 

functions. 
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2.3 | Results 

The yeast HMR locus provided one of the earliest examples of a functional effect from synthetic 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 silenced.27 Deletion of HMR 

regulatory regions results in locus derepression,28 and silencing can be restored by synthetic 

recruitment of a Gal4 DNA binding domain fused to a transcriptional repressor.29 Gene silencing can 

also be restored by Gal4-mediated tethering of nuclear membrane proteins to HMR. This effect is 

thought to be due to repositioning of HMR to a nuclear peripheral location with high concentrations 

of silencing factors.11 

To compare the abilities of Gal4 and dCas9 to recruit HMR to the nuclear periphery in yeast, 

we constructed an HMR silencing reporter in Saccharomyces cerevisiae. Following previous 

designs,11,29 we replaced the endogenous copy of HMR with a mutant in the HMR-E regulatory region 

to derepress the locus. The mutant cassette also includes a 2X UASG site upstream of a Trp1 reporter 

(Aeb::2xUASGhmr::Trp1) (see Methods). We fused the Gal4 DBD to the nuclear membrane protein 

Yif1 (Figure 2.1) and confirmed that Gal4DBD–Yif1 expression silences the Trp1 reporter gene in a 

cell-spotting growth assay as described previously (see below and Figure 2.3).11 To determine whether 

Gal4DBD–Yif1 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 (Figure 2.2A).30 Expression of tetR–GFP allows visualization of the HMR locus. We 

expressed the mCherry–Heh2 fusion protein to label the nuclear membrane31,32 and used confocal 

microscopy to measure the position of the tetO array relative to the nuclear rim (Figure 2.2B). We 

observed a significant increase in HMR peripheral localization to 51% when Gal4DBD–Yif1 was 

expressed compared with 39% for Gal4DBD alone (Figure 2.2C). 
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To determine whether the CRISPR-Cas system can relocalize the HMR locus, we linked Yif1, 

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

through a scaffold RNA (scRNA). An scRNA is an sgRNA engineered with additional hairpin motifs 

to recruit effectors fused to an RNA binding protein (Figure 2.1).33 In this strategy, Yif1 is fused to 

the MS2 coat protein (MCP), which binds as a dimer to an MS2 hairpin on the scRNA (Figure S2.1). 

To recruit dCas9 to the HMR locus, we targeted sites adjacent to or overlapping the UASG site with 

scRNA constructs containing two MS2 RNA hairpins. We transformed individual scRNA constructs 

separately into the reporter yeast strain expressing dCas9 and MCP–Yif1. Using confocal microscopy, 

we observed significant increases in peripheral localization with the scRNA-containing strains, from 

39% to 52% at site 1 and 39% to 62% at site 2 (Figure 2.2). At both UASG-adjacent sites initially 

tested (sites 1 and 2), a single scRNA was sufficient to reposition the HMR locus. Guide RNAs with 

an off-target (OT) sequence or lacking the MS2 hairpins (−MS2) gave no significant peripheral 

recruitment, as expected. We also tested a direct dCas9–Yif1 fusion protein and observed similar 

recruitment effects (Figure S2.2). [The scientific writing here is getting a little dense, so we are going 

to have a small intermission and give the kind reader of this thesis a fun fact. Tardigrades are well 

known for their ability to survive extremely harsh environments, including the vacuum of space. What 

you perhaps did not know is that they are everywhere on earth, including the moss on the back patio 

of CHB. Now, back to the science.] 

The dCas9 and Gal4 recruitment strategies resulted in similar recruitment phenotypes (Figure 

2.2C). For both the CRISPR-Cas and Gal4 recruitment strategies, the 50–60% peripheral localization 

that we observed is comparable to the 50–80% range of values observed for endogenous and 

heterologous peripheral recruitment reported in the literature.7,32,34,35 The background peripheral 

localization for the unrecruited HMR silencing reporter in both systems was ∼40%. To our 

knowledge, these experiments are the first report of microscopy assays for peripheral localization of 
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the HMR silencing reporter. Although there are no prior literature values for the HMR silencing 

reporter, we can compare with values for unrecruited genes in other systems, which are reported to 

be ∼30%.7,32,34,35 The 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 yeast.36,37 

In addition to targeting sites relatively close the tetO array (sites 1 and 2, within 2.4 kb), we 

also tested scRNA target sites at increasing distances. We designed MS2 scRNAs to target additional 

sites located 9, 15, and 102 kb from the tetO array. For each of these sites, we did not detect statistically 

significant increases in peripheral localization (Figure 2C). These data suggest that the target site and 

microscopy reporter need to be in close physical proximity for gene relocalization to be observed. 

How these distances in base pairs translate to physical distances is uncertain. Using a previously 

described yeast chromatin polymer model (see Supporting Methods),38 we can roughly estimate that 

these sites are 57, 97, and 451 nm from the tetO array, respectively, but we lack any direct 

measurements of the distances to HMR for these specific sites. Regardless of the precise distance 

relationship, however, our data suggest that a CRISPR-Cas-based gene recruitment system can localize 

nearby genomic regions to the periphery using a single scRNA targeting a unique site in the genome. 

As the distance to the target site increases, the genomic locus of interest is less likely to be repositioned. 

To determine whether CRISPR-Cas-mediated HMR recruitment produced the same silencing 

effect on gene expression as observed with Gal4DBD–Yif1, we assessed Trp1 reporter gene 

expression using the cell-spotting growth assay. Although CRISPR-Cas-mediated tethering to Yif1 

and Gal4DBD–Yif1were indistinguishable by microscopy (Figure 2.2C), there was no detectable 

silencing at HMR with the CRISPR-Cas system (Figure 2.3). We note that our assay for gene silencing 

is based on a growth phenotype, and a modest gene silencing effect may not be detectable. 

Nevertheless, quantitative analysis of the yeast plate images showed a significant difference between 

the large growth effects observed with Gal4DBD–Yif1 and the undetectable effects with the CRISPR-
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Cas system (Figure S2.3). In addition to the two scRNA target sites used in microscopy assays, we 

tested three additional nearby target sites but did not observe detectable Trp1 silencing (Figure 2.3C). 

We also tested four additional target sites that bind to repetitive sequences in the tetO array but did 

not observe detectable Trp1 silencing (Figure S2.4). 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 binding of the 

Gal4 dimer to the UASG,39 binding of dCas9–gRNA to cognate DNA, (40,41) and binding of the 

MS2 RNA hairpin to the MCP dimer (the MCPV29IΔFG variant).42 Gal4 binds the UASG site as a 

dimer, so a 2X UASG target recruits four copies of Gal4DBD–Yif1. MCP is also a functional dimer, 

and a single 2X MS2 scRNA recruits four copies of MCP–Yif1 (Figure S2.1). 

One possible difference between the Gal4 and CRISPR-Cas systems is the presence of the 

non-covalent MS2–MCP interface in the CRISPR-Cas system. If the on/off rates for MS2–MCP 

binding are high, the CRISPR-Cas and Gal4 systems could produce similar steady-state recruitment 

to the periphery, but each individual peripheral encounter with the CRISPR-Cas system might be too 

short to initiate silencing. To test this possibility, we performed the Trp1 silencing assay with the direct 

dCas9–Yif1 fusion protein. Again, we observed recruitment to the periphery by microscopy but no 

detectable effect on growth (Figure S2.2). This result suggests that MS2–MCP dynamics are not 

responsible for the absence of detectable Trp1 silencing and that some other difference between the 

Gal4 and CRISPR-Cas systems must be responsible. 

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

cis-regulatory sites,11 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). MBP is typically used as a protein affinity tag for purification. In this 
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context we expected MBP to be an inert spacer that would extend the distance between Gal4DBD 

and Yif1 by ∼40 Å (estimated from the crystal structure of MBP).43 By microscopy, Gal4DBD–M–

Yif1 resulted in peripheral localization that was indistinguishable from Gal4DBD–Yif1 or CRISPR-

Cas recruitment (Figure 2.2C). Unlike Gal4DBD–Yif1, however, the Gal4DBD–M–Yif1 construct 

produced only a partial growth defect phenotype (Figures 2.3B and S2.3). 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. 

To further explore how the recruitment domain structure affects peripheral gene silencing, we 

designed a set of Gal4DBD–linker–Yif1 constructs with flexible peptides between Gal4 and Yif1. The 

linkers vary from 2 to 80 amino acids, corresponding to distances of approximately 8 to 41 Å 

(estimated using a wormlike chain model).44 Each of these constructs silenced the Trp1 reporter gene, 

and the observed growth defect was indistinguishable from that with the original Gal4DBD–Yif1 

construct (Figures 2.3B and S2.3). The estimated lengths of the 80 amino acid linker and MBP are 

similar (∼40 Å), suggesting that the partial growth defect phenotype observed with Gal4DBD–M–

Yif1 does not result simply from increasing the distance between Gal4 and Yif1. Biophysical 

differences between MBP and the peptide linker, such as electrostatic properties or flexibility, could 

affect how the recruitment complex diffuses within the membrane. Alternatively, Gal4DBD–M–Yif1 

might interact with the nuclear pore complex, which can activate gene expression.3 Taken together, 

these results suggest that structural or biophysical differences between different recruitment 

complexes can produce very different functional outcomes on gene expression. 

To determine whether 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-fold.6,24,45 This behavior indicates that it is 

possible to reposition GAL2 and provides a useful positive control for comparison to synthetic 
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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 (Figure 

2.4A,B). The extent of peripheral localization increased from 32% in glucose to 47% in galactose, 

comparable to previously reported results.24 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 (Figure 2.4C). We also tested a system with simultaneous expression of four scRNAs 

targeting adjacent sites at GAL2 but again observed no significant repositioning (Figure 2.4C). Thus, 

although our CRISPR-Cas recruitment system was effective at peripheral tethering of 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 yeast.20 Our system uses a different recruitment domain, Yif1, but this protein has 

been used as a LexA–Yif1 fusion to recruit other yeast genomic sites to the nuclear periphery.12 In 

principle, these precedents suggest that a CRISPR-Cas system with Yif1 should be effective at other 

genomic sites besides HMR, but our results indicate that the system may not be effective at arbitrary 

genomic loci. Synthetic recruitment at some sites could be limited by pre-existing genome structure 

that is resistant to repositioning, weak binding of the CRISPR-Cas complex due to ineffective gRNA 

target sequence, or the presence of inaccessible chromatin.46,47 Although the lack of detectable GAL2 

recruitment could arise either from the CRISPR-Cas system failing to target the locus or from binding 

but not repositioning, in either case the observed result reflects a limitation in the ability of the 

CRISPR-Cas system to reposition arbitrary genomic sites. 
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2.4 | Discussion 

In this study, we developed a programmable CRISPR-Cas system for recruiting genes to the nuclear 

periphery in yeast. Our initial experiments demonstrated that Gal4 and CRISPR-Cas tethering systems 

could recruit the HMR locus to the nuclear periphery, and the recruitment effects were 

indistinguishable by microscopy. However, the CRISPR-Cas gene tethering system was unable to 

reproduce the gene silencing effects of the Gal4-mediated system. Further, modifying the Gal4 system 

with an MBP protein between the Gal4 DBD and the Yif1 recruitment domain maintained the 

recruitment effect but substantially weakened the gene silencing effect, while variable-length flexible 

linkers between Gal4 and Yif1 maintained silencing. These results suggest that there are unresolved 

structural or biophysical differences that lead to distinct functional effects. 

It is well-established that synthetic peripheral recruitment can repress genes in yeast and 

metazoan cells.16,48 Although the underlying molecular mechanism remains unclear, several plausible 

models have been suggested. One possibility is that peripheral recruitment could sequester genes away 

from compartments in the nuclear interior where transcriptional machinery is localized and active.16 

Alternatively, peripheral recruitment could bring genes into close proximity to silencing factors that 

are already localized at the periphery.16,48 Adding to the uncertainty is the observation by several groups 

that peripheral recruitment does not always lead to silencing.14,49 

In yeast cells, several experiments support the idea that localized silencing factors are 

important for peripheral silencing. For the HMR reporter used in our experiments, localized Sir 

proteins and a cis-regulatory DNA sequence (the A site) are necessary for synthetic peripheral 

silencing.11,29 It has also been demonstrated that disruption of Sir protein localization allows silencing 

at internal genes and upregulates peripheral genes.50 Furthermore, tethering and silencing can be 

decoupled by mutations that prevent the formation of the Sir complex.12 Collectively, these findings 
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suggest that peripheral recruitment of HMR may bring the locus to a peripheral location where high 

concentrations of Sir proteins are able to bind at this site and silence the reporter. 

Both previously proposed models to explain peripheral silencing predict that repression 

should be independent of the exact method used for peripheral recruitment. For localized silencing, 

any interaction that brings a locus to the periphery should experience the same high local 

concentration of silencing factors. If the mechanism involves sequestration away from active 

compartments, removal of the locus from the active compartment should be sufficient to reduce gene 

expression. Instead, we find that switching to a CRISPR-Cas tethering system maintains tethering but 

fails to silence gene expression and that perturbing the structure of the Gal4–Yif1 tether can also 

affect gene silencing. There may be subtle differences in precise positioning, orientation, or biophysical 

properties that lead to distinct functional effects from the different tethering systems. Alternatively, 

recent work has highlighted a potential role for phase separation in the formation of 

heterochromatin,51 and it is possible that some tethering systems could interfere with physical 

partitioning into a silenced region. In either case, our results highlight an important reminder for 

synthetic biology that apparently modular systems with qualitatively similar structural properties do 

not necessarily have the same functional effects. 
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2.5 | Methods 

2.5.1 | 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 optical density at 600 

nm (OD600) of ∼0.15 and grown to OD600 = 0.3–0.5. Then 5 mL cultures were pelleted, washed in 

SD complete medium, and resuspended in 20 μL of SD complete medium. 

For galactose-induced repositioning of GAL2, cells were grown overnight in yeast peptone 

with 2% raffinose (YPRaf). Cells were resuspended in either YPD (2% glucose) or YPGal (2% 

galactose) at a starting OD600 of ∼0.15 and grown to OD600 = 0.3–0.5. Then 5 mL cultures were 

pelleted, washed in either SD (2% glucose) or SGal (2% galactose) as appropriate and resuspended in 

20 μL of the same medium. 

For microscopy, 10 μL aliquots of resuspended cells were pipetted onto agarose pads in 13 × 

1 mm silicone isolator wells (Electron Microscopy Sciences) and covered with a No. 1.5 coverslip. 

Imaging was performed using a Leica TCS SP5 II laser scanning confocal microscope with a 63× 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 was 0.98 μm. For each cell, the tetR–GFP spot was assigned to a particular z plane on 

the basis of 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 the spot was within two pixels of the nuclear periphery (i.e., 

separated by no more than one 90.1 nm pixel). Cells in which the GFP spot was assigned to the 

bottom or top slice of the nucleus were excluded from analysis.52 
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2.5.2 | Trp1 Silencing Assay 

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

SD −His as appropriate). Patches were diluted to OD600 = 0.2 in selective medium lacking Trp and 

serially diluted 1:10, resulting in the following set of serial dilutions: N/A, 1:10, 1:100, 1:1000, and 

1:10000. Then 10 μL of each dilution was spotted on selective SD plates with or without Trp. Plates 

were incubated at 30 °C and evaluated after 2 days. 
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2.8 | Figures 

 

 

Figure 2.1. Peripheral tethering with nuclear membrane fusions. Genomic sites can be physically 

repositioned by fusing a DNA binding domain to a membrane protein. The DNA binding domain 

can be a protein like Gal4, which binds a specific DNA target, or a CRISPR-Cas complex that can be 

programmed to different target sites. The CRISPR-Cas complex can be linked to a membrane protein 

via a scaffold RNA (scRNA), a modified gRNA that includes an MS2 RNA hairpin to recruit the MS2 

coat protein (MCP) fused to the membrane protein Yif1. 
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Figure 2.2. Visualization of HMR peripheral recruitment by microscopy. (A) The HMR locus was 

engineered with a 2X UASG site, a Trp1 reporter, and a tetO array. See Supporting Information for 

a complete annotated sequence. (B) Representative confocal microscopy images show the nuclear 

envelope (red), defined by an mCherry-Heh2 fusion protein, and the HMR locus (green), defined by 

tetR-GFP that binds the tetO array. (C) Peripheral recruitment was scored as described in the methods 

for yeast strains with and without recruitment systems. 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). At least 100 cells were measured for each strain. 

Exact values (recruited/total) are shown in white text with each bar. Statistical significance for a 

significant change in localization relative to a corresponding negative control was evaluated using a 2-

tailed chi-squared test (p value ≤ 0.05, indicated by *). The p values for targets 1-5, relative to the –

MS2 control, are <0.0001, <0.0001, 0.08, 0.56, and 0.94, 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 (both p values <0.0001). 
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Figure 2.3. Trp1 reporter silencing assay. (A) Peripheral recruitment of the HMR locus silences a 

Trp1 reporter gene, leading to a growth defect on media lacking Trp. See Fig 2.2A for a complete 

schematic of the HMR locus and the Trp1 reporter. (B) Gal4DBD-Yif1 expression results in a growth 

defect on –His –Trp media, as previously reported.11 Cells expressing Gal4DBD-M-Yif1, which has 
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MBP inserted between Gal4DBD and Yif1, produce a partial growth defect phenotype. Cells expressing 

Gal4DBD-linker-Yif1 constructs with flexible peptide linkers between Gal4DBD and Yif1 produce growth 

defects indistinguishable from the original Gal4DBD-Yif1 construct. The linkers vary from 2 to 80 

amino acids. See Supporting Information for sequence. The parent strain is yRK036 and Gal4 

constructs were delivered on p423 (His selection). Images are representative of three independent 

experiments (biological replicates). (C) A CRISPR-Cas complex that recruits HMR to the periphery 

does not detectably silence the Trp1 reporter gene. There is no observable yeast growth defect on –

Ura –Trp media relative to –Ura media. See Table S1 for guide RNA sequences and locations. The 

parent strain is yRK045 and 2x MS2 scRNA or –MS2 sgRNA (negative control) constructs were 

delivered on pRS316 (Ura selection). Images are representative of two independent experiments 

(biological replicates). See Fig S2.3 for a quantitative analysis of the yeast plate images. 
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Figure 2.4. Visualization of GAL2 peripheral recruitment by microscopy. (A) The GAL2 locus was 

engineered with a tetO array. See Supporting Information for a complete annotated sequence. (B) 

Growth in galactose recruits GAL2 to the nuclear periphery. (C) GAL2 was targeted with the 

CRISPR-Cas tethering system with one (site 2) or four (sites 1-4) 2X MS2 scRNAs in cells grown in 

glucose media. gRNAs lacking MS2 (-MS2) were used as negative controls. No significant recruitment 

was detected. For (B) and (C), at least 100 cells were measured for each strain. Exact values 

(recruited/total) are shown in white text with each bar. Statistical significance for a change in 

localization relative to the corresponding negative control was evaluated using a chi-squared test 

(indicated by *). The p value for growth in galactose relative to glucose is <0.0001. The p-values for 

CRISPR-Cas tethering attempts were 0.52 (site 2) and 0.17 (all four sites). 
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2.9 | Supplemental Information 

2.9.1 | 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 S2, and 

descriptions of the plasmids are in Table S3. Complete sequences for guide RNAs, effector proteins, 

and reporter genes are providing in the Supporting Information. dCas9 and MCP fusion proteins were 

expressed as described previously from constructs integrated in single copy into the yeast genome.1 

Yif1 was cloned from yeast genomic DNA. Yif1 fusion proteins used Yif1(55-314)2 fused to the C-

terminus of Gal4DBD, dCas9, or MCP. Linker sequences for variable length Gal4DBD-linker-Yif155-

314 constructs are from previous work.3 Guide RNA constructs were expressed as described 

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

terminator.1 For simultaneous expression of four unique guide RNAs, multiple guide cassettes with 

independent SNR52 promoters and SUP4 terminators were expressed from a single pRS316 plasmid.4 

All Gal4DBD constructs and derivatives were expressed from the p423 2µ plasmid. The HMR Trp1 

reporter strain (Aeb::2xUASG hmr::Trp1) at the endogenous HMR locus was constructed by 

transforming a linear DNA fragment (derived from plasmid pRK105) containing HMR-

Aeb_2xUASG_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 (GAL2) using either pSR8 (his3 marker) or pSR14 (leu2 marker) (gifts 

from Susan Gasser), using previously described methods.5 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 
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protein was derived from pGVH29 (gift from Susan Gasser).6 The mCherry-Heh2138-378 construct 

was designed following previous reports.7,8 

 

2.9.2 | Polymer Model for Distance Conversions 

To estimate spatial distances between gRNA sites spaced 9 kb, 15 kb, and 102 kb from the tetO arrays 

(Fig 2A, see Table S1 for precise distances in base pairs), we used a previously described flexible 

polymer model.6 We used a persistence length (Lp) of 197 nm and a linear mass density (c) of 144 

bp/nm. 
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2.9.3 | Supplemental Figures 

 

 

Figure S2.1. Gal4 and MCP are functional dimers. (A) The Gal4 DBD binds the UASG site as a 

dimer.9 A 2X UASG site recruits four copies of Gal4-Yif1. (B) MCP binds to MS2 as a dimer.10 A 

2x MS2 scRNA that targets a single site recruits 4 copies of MCP-Yif1. 
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Figure S2.2. (A) A direct dCas9-Yif1 fusion protein recruits the HMR locus to the periphery in yeast. 

With dCas9-Yif1 and a gRNA targeting HMR site 1 (Table S2.1), peripheral recruitment significantly 

increases compared to a strain with an off-target (OT) gRNA. Recruitment at the same target site 

mediated by a 2xMS2 scRNA and MCP-Yif1 (Fig 2.2C) is shown on the same plot for comparison. 

Peripheral recruitment was scored as described in the methods for yeast strains with and without 

recruitment systems. Exact values (recruited/total) are shown in white text with each bar. Statistical 

significance for a significant change in localization relative to a corresponding negative control was 

evaluated using a 2-tailed chi-squared test (p value ≤ 0.05, indicated by *). The p value for dCas9-Yif1 

recruitment is 0.05, and the p value for MCP-Yif1 recruitment is <0.0001. (B) dCas9-Yif1 does not 

silence the Trp1 reporter gene. There is no detectable yeast growth defect on –Ura –Trp media relative 

to –Ura media. See Table S2.1 and Fig 2.2A for guide RNA sequences and locations. The parent strain 

is yRK121. sgRNA constructs (no MS2 hairpin) were delivered on pRS316 (Ura selection). Images in 

(B) are representative of three independent experiments (biological replicates). The parent strain for 

all dCas9-Yif1 strains in (A) and (B) is yRK121 and sgRNA was delivered on pRS316 (Ura selection). 

The parent strain for the dCas9/MCP-Yif1 strain in (A) is yRK124 and 2x MS2 scRNA was delivered 

on pRS316 (Ura selection) 
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Figure S2.3. Quantitative analysis of yeast growth assays for Trp1 reporter silencing. (A) Plots of spot 

intensity (arbitrary units) versus spot position for Gal4-Yif1 constructs (main text Fig 3B). Spot 

positions 1-5 correspond to the 1:10 serial dilution spots (1, 1:10, 1:100, 1:1000, and 1:10000). Spot 

intensities were obtained using in-house image analysis software 

(https://github.com/jharman25/bioimage_quant). Values are mean ± s.d for three replicates. Small 

negative values for some high dilution points are obtained when little to no cells are present and the 

background and sample image intensities are similar. (B) Plots of spot intensity (arbitrary units) versus 

spot position for CRISPR-Cas complexes (main text Fig 2.3C). Individual values are shown for two 

replicates. The lines correspond to the average of the two replicates. In (A) and (B), the bar plots on 

the right shows the growth selection normalized to the growth control. Normalized values for spots 

with large dilution factors were omitted from the bar plot; these values are subject to large errors when 

very few cells are present. 
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Figure S2.4. Trp1 reporter silencing assay with dCas9/MCP-Yif1 targeting repeat sites in the tetO 

array at HMR (see schematic in Fig 2.2A). There is no detectable Trp1 silencing phenotype (i.e. no 

observable yeast growth defect on –Ura –Trp media relative to –Ura media). The parent strain is 

yRK124, and 2x MS2 scRNA or –MS2 sgRNA (negative control) constructs were delivered on pRS316 

(Ura selection). Images are representative of two independent experiments (biological replicates). 

 

See Table S1 for guide RNA sequences. The tetO1 and tetO2 sites target the minimal tetO sequence, 

which has ~60 repeats in the tetO array. The yRK124 yeast strain used in this experiment also contains 

a tetR-GFP protein that may compete with the CRISPR complex for DNA binding. The tetX1 and 

tetX2 sites target intervening sequences between the minimal tetO repeat that may not compete with 

tetR-GFP. The tetO1 site has been validated previously in yeast CRISPRa assays to activate a 

fluorescent reporter gene.1 
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2.9.4 | Supplemental Tables 

Table S2.1. gRNA target sites 

sgRNA 

targeta 

DNA Sequence Locationb 

HMR_1 ATTATATTGCAAAAACTCGA ChrIII, -2496 (partially overlaps UASG) 

HMR_2 GGACAGTCCTCCGTCGACGG ChrIII, -2472 (within UASG) 

HMR_3 TATTCTCCAAAACAATAATA ChrIII, -8602 

HMR_4 AATTCGAATAAGATAAACAG ChrIII, -15223 

HMR_5 AAAGGGTTTATATCCGAAGG ChrIII, -102058 

HMR_6 GGAGGACTGTCCTCCGTCGA ChrIII, -2439 (within UASG) 

HMR_7 TCATGTACTAAACTAAAATC ChrIII, -2414 

HMR_8 AGAATAAGCGCAGGTACTCC ChrIII, -2341 

   

W17 GAAGTCAGTTGACAGAGTCG Synthetic target site, used for off-target(OT) 

control in Fig 2 & Fig S2 

   

tetO1 ACTTTTCTCTATCACTGATA tetO array, 60 target sites 

tetO2 TCTCTATCACTGATAGGGAG tetO array, 60 target sites 

tetX1 GTCAAGATCCGGAATCCACG tetO array, ~9 target sites 

tetX2 TAAACTCGAGTGAAGACCAA tetO array, ~10 target sites 

   

GAL2_1 CACATCACCAGACTTATCTC ChrXII, +25 

GAL2_2 TGAGAATGTTCGAACGATCC ChrXII, +129 

GAL2_3 AAATAAGTCAGGTACTTGCC ChrXII, +61 

GAL2_4 CGTCATTTAGGTCTAAAGTC ChrXII, +382 
a For HMR and GAL2 target sites, see schematics in Figures 2 & 4 and complete reporter sequences 

below. For the HMR_6 site 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. For the sites targeting 

sequences within the tetO array, the number of target sites was estimated assuming 60 repeats of the 

pSR8 tetO array (see Supporting Methods). The tetO1 and tetO2 sites target the minimal 60X tetO 

repeat. The tetX1 and tetX2 sites target intervening sequences that periodically vary between the tetO 

repeats, so the total number of these sites is less than the number of tetO repeats. 
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Table S2.2. Yeast strains 

Strain Description Genotype 

SO992 W303 derivative MATa ura3 leu2 trp1 his3 can1R ade 

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

yRK045 HMR reporter/dCas9/MCP-Yif1 
SO992 Aeb:: 2x UASG hmr::Trp1 Leu2::pTdh dCas9  

His3::pAdh MCP-Yif1 

   

yRK113a 
yRK036/tetO-array(HMR)/ 

tetR-GFP/mCherry-Heh2 

SO992 Aeb:: 2x UASG hmr::Trp1 TetO(60x)_LEU2   

HO::pUra3 TetR-GFP_hphR  mfa2::pTef1 mCherry-

Heh2_KanMX 

yRK119 
yRK036/tetO-array(HMR)/ 

tetR-GFP/mCherry-Heh2 

SO992 Aeb:: 2x UASG hmr::Trp1 TetO HIS3 (60x) 

 HO::pUra3 TetR-GFP_hphR mfa2::pTef1 mCherry-

Heh2_KanMX 

yRK121b yRK119/dCas9-Yif1 

SO992 Aeb:: 2x UASG hmr::Trp1 TetO HIS3 (60x)  

HO::pUra3 TetR-GFP_hphR mfa2::pTef1 mCherry-

Heh2_KanMX Leu2::pTdh dCas9-Yif1 

yRK124c yRK119/dCas9/MCP-Yif1 

SO992 Aeb:: 2x UASG hmr::Trp1 TetO HIS3 (60x)  

HO::pUra3 TetR-GFP_hphR mfa2::pTef1 mCherry-

Heh2_KanMX Leu2::pTdh dCas9 pAdh MCP-Yif1 

   

yEC059d 
mCherry-Heh2/tetR-GFP/tetO-

array(GAL2)/dCas9/MCP-Yif1 

S0992 mfa2::pTef1 mCherry Heh2 Kan HO::TetR-

GFP_hphR Gal2::TetO(60x)_His3 LEU2::pTdh dCas9 

pAdh MCP-Yif1 
a yRK113 used pRS14 (Leu selection) to deliver the tetO array and is the parent for all Gal4-derivative 

strains in Fig 2. 
b yRK121 used pRS8 (His selection) to deliver the tetO array and is the parent for all dCas9-Yif1 

tethering strains at HMR in Fig S2. 
c yRK124 used pRS8 (His selection) to deliver the tetO array and is the parent for all dCas9/MCP-

Yif1 tethering strains at HMR in Fig 2, S2, & S4. 
d yEC059 used pRS8 (His selection) to deliver the tetO array and is the parent strain for all GAL2 

recruitment strains in Fig 4. 

pSR8 and pSR14 are described in Rohner et al., 2008.5 

 

 

 

 

 

 

 

 

 

 

 



56 
 

Table S2.3. Yeast protein expression plasmids 

Plasmida Parent Vectorb Marker Promoter Gene Terminator 

pJZC518 pNH605 leu2 pTdh3 dCas9 C. alb. Adh1 

pRK071 pNH603 his3 pTdh3 dCas9-Yif155-314 C. alb. Adh1 

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

      

pRK067 p423 his3 pAdh Gal4DBD-Yif155-314 cyc 

pEC096 p423 his3 pAdh Gal4DBD cyc 

pRK144 p423 his3 pAdh 
Gal4DBD-MBP-Yif155-

314 

cyc 

pEC101 p423 his3 pAdh Gal4DBD-2x-Yif1 cyc 

pEC102 p423 his3 pAdh Gal4DBD-4x-Yif1 cyc 

pEC103 p423 his3 pAdh Gal4DBD-8x-Yif1 cyc 

pEC104 p423 his3 pAdh Gal4DBD-14x-Yif1 cyc 

pEC105 p423 his3 pAdh Gal4DBD-28x-Yif1 cyc 

pEC106 p423 his3 pAdh Gal4DBD-52x-Yif1 cyc 

pEC107 p423 his3 pAdh Gal4DBD-80x-Yif1 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.1 In the pEC101-107 series of plasmids, the number in the “Gene” column (2x, 

4x, 8x…) refers to the length of the flexible amino acid linker. 

b The pNH600 series of yeast single copy integration vectors has been described previously.11 
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2.9.5 | Supplemental Sequences 

2.9.5.1 | Guide RNA Sequence Designs 

sgRNA and scRNA sequences were constructed as described previously.1 Alternative target sites 

were cloned with standard PCR methods. 

 

Parent sgRNA 

ATTATATTGCAAAAACTCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAAC

TTGAAAAAGTGGCACCGAGTCGGTGGTGCTTTTTTTGTTTTTTATGTCT 

 

2x MS2 scRNA 

ATTATATTGCAAAAACTCGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTT

ATCAACTTGAAAAAGTGGCACCGAGTCGGTGCgggagcACATGAGGATCACCCATGTgccacga

gcgACATGAGGATCACCCATGTcgctcgtgttcccTTTTTTTGTTTTTTATGTCT 

 

Annotations: 20 base target site (HMR_1), 2x MS2, SUP4 terminator 

 

2.9.5.2 | Effector Protein Sequences 

>MCPV29I∆FG-Yif155-314 

MPKKKRKVGSMASNFTQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQNRKYTIKVEVPK

GAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAANSGIYGSAGMGGFPFQDPRGSMAFQLGQSAFS

NFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPD

MYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFV

PLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQN

VLMWLMG 

 

> Gal4DBD-Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAPEFGG

FPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNW

QRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLID

SKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSIS

KSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

> Gal4DBD-M-Yif155-314 (M = maltose binding protein, MBP, followed by 3x HA) 
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MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAPEFMK

IEEGKLVIWINGDKGYNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAATGDGPDIIFWAHDRFGGYAQSGLLAE

ITPDKAFQDKLYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPNPPKTWEEIPALDKELKAKGKSALMFNLQEPY

FTWPLIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTFLVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGPWAW

SNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSAGINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLGAVALKSYEE

ELAKDPRIAATMENAQKGEIMPNIPQMSAFWYAVRTAVINAASGRQTVDEALKDAQTNSSSNNNNNNNNNNLGIEGR

ISTSQFGSGYPYDVPDYAGSGYPYDVPDYAGSGYPYDVPDYAGSGKFGGFPFQDPRGSMAFQLGQSAFSNFIGQDNF

NQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGL

VTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLL

TNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-2x-Yif155-314 (2x = 2 amino acid linker) 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAGTGGF

PFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNWQ

RIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLIDS

KIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISK

STVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-4x-Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAASGGTG

GFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKN

WQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLI

DSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSI

SKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-8x-Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAATSGGS

GGTGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLN

GTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGL

YLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDI

HVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-14x- Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAGGSGG

SGGGTGGPGGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLI

LVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLL

ILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSG

AEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 
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>Gal4DBD-28x- Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAGTGIR

SGGAGSGGTGSGGNGSGGSPRPGGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYF

QVSTRYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYY

KLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVF

LLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-52x-Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAGTGIR

SGGAGSGGTGSGGNGSGGTGSGGAGSGGTGSGGNGSGGTGSGSPRPGGGFPFQDPRGSMAFQLGQSAFSNFIGQDNF

NQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGL

VTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLL

TNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

>Gal4DBD-80x- Yif155-314 

MKLLSSIEQACDICRLKKLKCSKEKPKCAKCLKNNWECRYSPKTKRSPLTRAHLTEVESRLERLEQLFLLIFPREDL

DMILKMDSLQDIKALLTGLFVQDNVNKDAVTDRLASVETDMPLTLRQHRISATSSSEESSNKGQRQLTVSAAGTGIR

SGGAGSGGTGSGGNGSGGTGSGGAGSGGTGSGGNGSGGTGSGGAGSGGTGSGGAGSGGTGSGGNGSGGTGSPRPGGG

FPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVINKLKLILVPFLNGTKNW

QRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFVCLDLLILKLGLYLLID

SKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNLLSRSGAEDDDIHVSIS

KSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

> dCas9-Yif155-314 

MLEDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLR

LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQL

PGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDIL

RVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKM

DGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS

RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKP

AFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENED

ILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR

NFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQ

TTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQS

FLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLV

ETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIK

KYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK

GRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGK

SKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPS

KYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAE
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NIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDEASDPKKKRKVDPKKK

RKVDPKKKRKVAGSGGFPFQDPRGSMAFQLGQSAFSNFIGQDNFNQFQETVNKATANAAGSQQISTYFQVSTRYVIN

KLKLILVPFLNGTKNWQRIMDSGNFLPPRDDVNSPDMYMPIMGLVTYILIWNTQQGLKGSFNPEDLYYKLSSTLAFV

CLDLLILKLGLYLLIDSKIPSFSLVELLCYVGYKFVPLILAQLLTNVTMPFNLNILIKFYLFIAFGVFLLRSVKFNL

LSRSGAEDDDIHVSISKSTVKKCNYFLFVYGFIWQNVLMWLMG 

 

2.9.5.3 | HMR reporter sequence 

The HMR reporter sequence (Fig 2A & S2) was designed following a previously described silencing 

reporter (HMR Aeb, with the E and B sites removed)2,12 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 III. 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.2,12 

 

We integrated a tetO array approximately 2.4 kb downstream of the 2xUASG site, which allows direct 

visualization of the locus with tetO-GFP. The original reporter described in the literature contains a 

3X UASG repeat,2,12 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 2), similar to 

that described for the 3X UASG reporter.2 

 

Annotations12,14,15: HMR-E (Aeb), UASG, Trp1 (5’utr-ORF-utr-3’), HMR-I 

ctagtacttaaaaaaactgtagtttcagtgcaaaaaagttttaacattacgtatcttgtaccctttttattgcatatagaaaggtc

aaataatccttcacatcatgaaatataagctaaatcgcatttcttttcgtccacatttgcaaacaaaacttttcaataataatttt

ataaatagtatcaatatatatatatatatttatttgtttactttttctatcagtgttttcaattttttattaaacaatgtttgatt

ttttcaatcgcaatttaatacctaaatataaaaaatgttattatattgcaaaaaCTCGACGGAGGACAGTCCTCCGTCGACGGAGG

ACAGTCCTCCGTCGAGaatatttgaaagcaatagatcatgtactaaactaaaatcagggaaattaagactccttttgaagtaatac

ctattacttactaatacgtttgagaataagcgcaggtactcctggtttttgttaaaattacaaatttatacttagcattacgaaga

ttctcgattccgaaaaacaaaaattttatcgtcatatacaaatctagggtcgaaaaaagaaaaggagagggccaagagggagggca

ttggtgactattgagcacgtgagtatacgtgattaagcacacaaaggcagcttggagtATGTCTGTTATTAATTTCACAGGTAGTT

CTGGTCCATTGGTGAAAGTTTGCGGCTTGCAGAGCACAGAGGCCGCAGAATGTGCTCTAGATTCCGATGCTGACTTGCTGGGTATT

ATATGTGTGCCCAATAGAAAGAGAACAATTGACCCGGTTATTGCAAGGAAAATTTCAAGTCTTGTAAAAGCATATAAAAATAGTTC

AGGCACTCCGAAATACTTGGTTGGCGTGTTTCGTAATCAACCTAAGGAGGATGTTTTGGCTCTGGTCAATGATTACGGCATTGATA

TCGTCCAACTGCATGGAGATGAGTCGTGGCAAGAATACCAAGAGTTCCTCGGTTTGCCAGTTATTAAAAGACTCGTATTTCCAAAA

GACTGCAACATACTACTCAGTGCAGCTTCACAGAAACCTCATTCGTTTATTCCCTTGTTTGATTCAGAAGCAGGTGGGACAGGTGA

ACTTTTGGATTGGAACTCGATTTCTGACTGGGTTGGAAGGCAAGAGAGCCCCGAAAGCTTACATTTTATGTTAGCTGGTGGACTGA

CGCCAGAAAATGTTGGTGATGCGCTTAGATTAAATGGCGTTATTGGTGTTGATGTAAGCGGAGGTGTGGAGACAAATGGTGTAAAA

GACTCTAACAAAATAGCAAATTTCGTCAAAAATGCTAAGAAATAGgttattactgagtagtatttatttaagtattgtttgtgcac

ttgcctgcaggccttttgaaaagcaagcataaaaaataaattcgttttcaatgattaaaatagcatagtcgggtttttcttttagt

ttcagctttccgcaacagtataattttataaaccctggttttggttttgtagagtggttgacgaataattatgctgaagtacgtgg

tgacggatattgggaagatgtgtttgtacatttggccttatagagtgtggtcgtggcggaggttgtttatctttcgagtactgaat

gttgtcagtatagctatcctatttgaaactccccatcgtcttgctcttgttctcaatgtttgtttatatactcatatttctatgtg

tttatacaattgctattgtttatataatgtagtgacattttctcttaatcttatactaatttctatgacatttatataagaagaga

cttatgatcaacataattttgcaaactttgagagaaatatgtctttctactgcgataaagttattatttagattacatgtcaccaa
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cattttcgtatatggcgatataaatttatcatgttttggtatgataatttaatttttaaaaaaacaaatttaattgacctcattaa

ttaatatttattaatacctttaatgttgaggtaaatagctattttctctcttcttttcctttagttggaatttgcacaagaaaatg

tttttccacacactttagcgttttttcctaaatgttggaataaaaaacaactatcatctatcaaCTAGTAGTCACACTACCAATGT

GTTATCATTATACTGTGTTAAACAATGACATAAGGTATGAAAATTTGTCAACGAAGTTAGAGAAAGCTGGATGCAAGGATTGATAA

TGTGGTAGGAAAATGAAACATATAACGGAATGAGGAATAATCGTAATATCAGTATATAGAAATATAGATTCCCTTTTGAGGATTCC

TATATCCTCGAGGAGAACTTCTAGTATATTCTATATACCTAATATTATTACTTTTATCTACAATGCAACCCCACAATAATATAAAA

ATTCACCAATTCCGCATCTGCAGATTACTTTCCTAAATTTGCATATAGAATTGTCAAGCGCAAATCCGACGTCGATTCCGCGGCGG

ATGGGTCATTCTAGGTCATTCTACCAATTTTATTTGAGACCAGGTTTATTCAACCGGTAACATAGAAATATTCATACAATTAAGCT

TCTATGGCCAAGTTGGTAAGGCGCCACACTAGTAATGTGGAGATCATCGGTTCAAATCCGATTGGAAGCATTTTTTATCACGTTAT

TCGGTGACACCCAGGTTGCCGCCGCGTTCGCGTCCATCGTCATCTGAAAAATAATGAATATTAATGGACCTTGTGCCCCATAAAGG

TTCCATGTTCCATAAGTCTTCAATAATACTTTTGTATATTA[tetO_array_integration_site]ACCGTTATTCGGAGAT

CTCTTACGGCTTATGATTTTCTTTACATTCCAGGCCGCCTTTTG 
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2.9.5.3 | GAL2 Sequence 

The GAL2 (Chr XII) tetO array was designed with the array integrated 290 bases downstream of the 

Gal2 ORF, which allows direct visualization of the locus with tetO-GFP (Fig S2). 

 

Annotation: Gal2 (ORF) 

AATAGTAATAGTTAAGTAAACACAAGATTAACATAATAAAAAAAATAATTCTTTCATAATGGCAGTTGAGGAGAACAATATGCCTG

TTGTTTCACAGCAACCCCAAGCTGGTGAAGACGTGATCTCTTCACTCAGTAAAGATTCCCATTTAAGCGCACAATCTCAAAAGTAT

TCTAATGATGAATTGAAAGCCGGTGAGTCAGGGTCTGAAGGCTCCCAAAGTGTTCCTATAGAGATACCCAAGAAGCCCATGTCTGA

ATATGTTACCGTTTCCTTGCTTTGTTTGTGTGTTGCCTTCGGCGGCTTCATGTTTGGCTGGGATACCGGTACTATTTCTGGGTTTG

TTGTCCAAACAGACTTTTTGAGAAGGTTTGGTATGAAACATAAGGATGGTACCCACTATTTGTCAAACGTCAGAACAGGTTTAATC

GTCGCCATTTTCAATATTGGCTGTGCCTTTGGTGGTATTATACTTTCCAAAGGTGGAGATATGTATGGCCGTAAAAAGGGTCTTTC

GATTGTCGTCTCGGTTTATATAGTTGGTATTATCATTCAAATTGCCTCTATCAACAAGTGGTACCAATATTTCATTGGTAGAATCA

TATCTGGTTTGGGTGTCGGCGGCATCGCCGTCTTATGTCCTATGTTGATCTCTGAAATTGCTCCAAAGCACTTGAGAGGCACACTA

GTTTCTTGTTATCAGCTGATGATTACTGCAGGTATCTTTTTGGGCTACTGTACTAATTACGGTACAAAGAGCTATTCGAACTCAGT

TCAATGGAGAGTTCCATTAGGGCTATGTTTCGCTTGGTCATTATTTATGATTGGCGCTTTGACGTTAGTTCCTGAATCCCCACGTT

ATTTATGTGAGGTGAATAAGGTAGAAGACGCCAAGCGTTCCATTGCTAAGTCTAACAAGGTGTCACCAGAGGATCCTGCCGTCCAG

GCAGAGTTAGATCTGATCATGGCCGGTATAGAAGCTGAAAAACTGGCTGGCAATGCGTCCTGGGGGGAATTATTTTCCACCAAGAC

CAAAGTATTTCAACGTTTGTTGATGGGTGTGTTTGTTCAAATGTTCCAACAATTAACCGGTAACAATTATTTTTTCTACTACGGTA

CCGTTATTTTCAAGTCAGTTGGCCTGGATGATTCCTTTGAAACATCCATTGTCATTGGTGTAGTCAACTTTGCCTCCACTTTCTTT

AGTTTGTGGACTGTCGAAAACTTGGGACATCGTAAATGTTTACTTTTGGGCGCTGCCACTATGATGGCTTGTATGGTCATCTACGC

CTCTGTTGGTGTTACTAGATTATATCCTCACGGTAAAAGCCAGCCATCTTCTAAAGGTGCCGGTAACTGTATGATTGTCTTTACCT

GTTTTTATATTTTCTGTTATGCCACAACCTGGGCGCCAGTTGCCTGGGTCATCACAGCAGAATCATTCCCACTGAGAGTCAAGTCG

AAATGTATGGCGTTGGCCTCTGCTTCCAATTGGGTATGGGGGTTCTTGATTGCATTTTTCACCCCATTCATCACATCTGCCATTAA

CTTCTACTACGGTTATGTCTTCATGGGCTGTTTGGTTGCCATGTTTTTTTATGTCTTTTTCTTTGTTCCAGAAACTAAAGGCCTAT

CGTTAGAAGAAATTCAAGAATTATGGGAAGAAGGTGTTTTACCTTGGAAATCTGAAGGCTGGATTCCTTCATCCAGAAGAGGTAAT

AATTACGATTTAGAGGATTTACAACATGACGACAAACCGTGGTACAAGGCCATGCTAGAATAATGCGTTTGAAGTGAGACGCTCCA

TCATCTCTCTTAATTTTTCATGACTGACGTTTTTTCTTCATTTTAATTATCATAGTATTTGTTTGAAAAAAAAAAAAAAAAATTTC

CCTTATCAATGATATCCTTACGATTATATAAATTCCTTACCTAAACCTATTATTTGTGTACATATATCAGAGTATTATTACATATA

TAACCTTTTTCTCTAAAACAGGAAAAAAAAAAGAAAACGATAACATGCTCTGCCATCCTTTGTTCACCGAGCAAAATTAAAAACGC

AAAATGAAT[tetO_array_integration_site]TGTCCCTATGAAATTATTAAAGGACCACATCACCAGACTTATCTCTGG

GGGGTCCTCTAGAAAATAAGTCAGGTACTTGCCTGGACTTTCTTCCAGTTGAATTCCTGAGCTAACATACAATTAATGGAGTGAGA

ATGTTCGAACGATCCAGGAGTTGCTTTTTTCAGTCATTTGTTTATCAGTGTAACAAGCATTTCCTTTATTTCTTTTATATCAACCT

GCAACCTATTAATATTCAATTCAACGTCTCGGAGCTTTTCTCGTACCGTTTTACCATCATCCATTTCCATGCTAACTAATTCTGAG

ATTACGATTACATATTGTCTCAGTTCTGGTTCATCAATGGCTGATAAAACTTTCATTACATTTTGGAAAAAATCTTCGTCATTTAG

GTCTAAAGTCAGGATTTGGTTCCTTATAGACTCTCTACGATCTTTTTTCAAGTTTTTTTCTGAAGAAATATGTCCATTTTCATTAG

TGACAGCGGTAGAGTCCTCTTCCGCTCGAACCAAACTATCACTGCCGGTGTTTTCCTCTCGAAAGGGTTTGTCTTTACCAATGGAA

AGACGCCCGTCTTCTGCGCTTTCATATAATTTGACAGTGGCTATATTGAACTGTTCTTGCAAATCGCCAGTTTTGGCATCCCCTAC

CCAACCTTTTTCATGCAATTCCTTTCCTTGAGTGACCC 
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Chapter 3| Orthogonal Single-Layer CRISPR-Based AND, OR, and NOR 

Gates for Genetic Logic Circuits 

This manuscript is in preparation. The authors are as follows: Cliff, E. R., Roggenbaum, M., Kibler, 

R., Kirkpatrick, R. L., Baker, D., Zalatan, J.G. 

 

3.1 | Abstract 

CRISPR-Cas transcriptional regulators have the potential to generate sophisticated, multi-layer genetic 

circuits. However, current systems are restricted in the number and variety of genetic logic gates that 

can be used in a single cell. We have devised an approach to construct orthogonal single-layer NOR, 

OR, and AND logic functions in Saccharomyces cerevisiae. Our system uses CRISPR-Cas complexes 

with scaffold RNAs to recruit different effector proteins. This approach creates an adaptable system 

that allows multiple logic gates to function in parallel. We constructed strains with the logic gates NOR 

and OR operating in parallel, where each gate regulates a different reporter gene output. We further 

demonstrated that the NOR and OR gates can be used for dual-modulation of a single reporter. The 

ability to combine different systems and simplify the construction of basic genetic logic operations 

will enable complex, multi-layer genetic circuits. 
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3.2 | Introduction 

Endogenous biological systems function by receiving inputs from the environment and executing 

various cellular changes in response. Synthetic systems that mimic these functions would advance the 

development of engineered organisms for applications such as metabolic engineering, therapeutic 

cells, environmental biosensors, and diagnostics.1–5 Sophisticated information processing tasks will 

require the ability to sense, process, and integrate multiple inputs. This goal could be achieved with 

Boolean-style genetic logic systems, binary systems where different combinations of inputs produce a 

set output. In principle, logic gates are advantageous because they are modular and composable. In 

practice, these properties are difficult to achieve in biological systems. To address this challenge, we 

have developed a set of orthogonal, single-layer genetic logic gates that can be used independently or 

composed into genetic circuits in yeast.  

A variety of approaches have been used to construct logic circuits in biological systems.6–11 

Recently, CRISPR-Cas transcriptional regulatory systems have emerged as an ideal choice because 

they can target endogenous genes without the need for genetic modification. Most notably, a system 

of CRISPRi repression has been used to create genetic NOR gates.8 NOR gates can theoretically be 

used to compose any logic operation.  However, with this method, multiple layers of genetic NOR 

gates are required to achieve other types of logic functions. In practice, the more layers present in a 

genetic circuit, the more transcriptional leak is observed.8 It is therefore challenging to implement 

higher-order Boolean-style genetic logic systems due to the extensive, multilayered circuits that would 

be required to produce them. Due to effects such as transcriptional leakage or retroactivity, a large 

enough circuit would eventually no longer function as intended.8,12 Biological circuit performance 

could be improved if, instead of composing logic operations with multi-layered NOR gates, we 

developed alternative ways to access the same function in a single layer. For example, NOR gates 

function by recruiting repressors and require at least two layers to produce an output in an activated 
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state. Logic functions such as OR and AND, which produce an activated output, could be constructed 

in a single layer if we could construct circuits with gene activators instead of repressors. Finally, if we 

could recruit different effectors to different locations simultaneously and without crosstalk, we could 

construct parallel circuits using either activators or repressors. However, current systems are not 

compatible with other forms of CRISPR-based logic due to a reliance on dCas9-fusion proteins. 

To address this challenge, we have developed a series of single-layer, CRISPR logic gates in 

yeast (Figure 3.1). We used scaffold RNAs (scRNAs), which encode both the gene target and effector 

domain that is recruited.13 This approach allows for simultaneous and independent control of multiple 

genes using CRISPRi and CRISPRa in parallel. First, we used designed NOR and OR gates that utilize 

scRNAs to induce CRISPRi and CRISPRa effects. For the NOR gate, an RNA binding protein fused 

to the repressive domain Mxi1 binds a scaffold RNA and represses the reporter (Figure 3.2). For the 

OR gate, an RNA binding protein fused to the activation domain VP64 binds the scaffold RNA and 

induces activation of a reporter gene (Figure 3.2).  

Next, we built a single-layer AND gate that combines protein switches with CRISPRa.14 This 

system utilizes Co-LOCKR, a switch that conditionally recruits a transcriptional effector when two 

catalytically-inactive CRISPR-Cas complexes bind at adjacent sites in the promoter. The presence of 

two input scRNAs triggers binding of two CRISPR-Cas complexes and recruitment of the 

transcriptional coactivator VP64, leading to activation of the output gene (Figure 3.3). We demonstrate 

that this single-layer system performs comparably to previously-described multi-layer genetic circuits 

constructed from interconnected CRISPRi NOR gates.8 

Finally, we combined these single layer logic gates to construct a reporter strain where the 

NOR and OR gates affect the same or different reporter genes independently. Overall, we have 

constructed orthogonal single-layer NOR, OR, and AND logic functions in yeast. By employing 
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scaffold RNAs to encode both genomic location and function, we create an adaptable and modular 

system that allows multiple forms of logic to be used in tandem. The ability to combine different 

single-layer logic systems will simplify the construction of complex, multi-layer genetic circuits and 

has potential applications for genetic pathway control in fields such as metabolic engineering and living 

therapeutics.  

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

3.3 | Results 

3.3.1 | NOR and OR Gates 

To design CRISPR-based transcriptional gates that are compatible with a variety of genetic logic 

functions, we utilized scaffold RNAs (scRNAs).13 scRNAs are modified gRNAs that have one or more 

additional hairpins appended to the 3’ end of the gRNA. The 3’ hairpins can recruit RNA binding 

proteins (RBPs) fused to an effector domain. The scRNA also includes the 20 bp target sequence to 

recruit the CRISPR-Cas complex to a specific genomic location. We used three different orthogonal 

RNA hairpin and RBP combinations: MS2:MCP, PP7:PCP, and com:COM. Each scRNA can encode 

a genomic location and one of three different effector domains to perform distinct logic operations. 

This approach allows more than one logic function to be used in the same cell at the same time. 

To create a NOR gate using RNA-mediated recruitment, we fused the repressive domain Mxi1 

to the RNA binding protein COM.8,15 We used a 1x com scRNA to recruit Mxi1 to the promoter 

region of a constitutively-active output gene. NOR logic is encoded by using two adjacent scRNA 

target sites in the promoter, so recruitment of either or both scRNAs represses transcription (Figure 

3.2A). To test the function of the logic gate, we used a fluorescent Venus reporter protein driven by 

a pGRR promoter as the output gene and measured expression levels using flow cytometry.  We 

constructed four separate yeast strains containing neither scRNA (0,0), either scRNA (0,1 or 1,0), or 

both scRNAs (1,1). The three OFF conditions (0,1; 1,0; and 1,1) showed significant repression of the 

reporter, with relative expression levels of 0.07, 0.12, and 0.04, respectively, compared to the (0,0) ON 

condition (Figure 3.2B).  

To construct an OR gate that utilizes RNA-mediated recruitment, we fused the transcriptional 

activator VP64 to the RNA binding protein MCP, as described previously.13 We used a 1x MS2 scRNA 

to recruit VP64 to the promoter region of a weakly-expressed output gene. Similar to the NOR gate, 
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OR logic is encoded by using two adjacent scRNA target sites in the promoter, so recruitment of 

either or both scRNAs activates transcription (Figure 3.2C). As expected, fluorescent reporter 

expression was low in the OFF (0,0) condition when no scRNAs are expressed. A significant increase 

in fluorescence was observed in each of the three ON conditions (1,0; 0,1, and 1,1). However, the 

extent of gene activation varied between the three ON conditions. Notably, the (1,1) condition, where 

both scRNAs are expressed, had a significantly higher fluorescent signal than either condition where 

only one scRNA was expressed (1,0 or 0,1) (Figure 3.2D). CRISPRa systems with increasing numbers 

of activators are known to increase gene expression, and increased expression from the (1,1) condition 

was also observed in a previously-described genetic OR gate using T7 activator systems.9,13,16 Thus, 

instead of the desired digital output where each ON condition produces the same output level, this 

OR gate implementation behaves in a more analog fashion with a range of output levels produced by 

different ON conditions. While this analog behavior could be useful for some applications, when 

constructing multi-layer genetic circuits we expect that digital outputs will produce more predictable 

behavior.8 Therefore, we tested alternative design strategies to construct an OR gate with a binary, 

digital output behavior. 

To construct a digital OR gate with the same output levels for all ON conditions, we targeted 

scRNAs to overlapping sites in the promoter (Figure 3.2E). This approach ensures that in the (1,1) 

condition with both scRNAs expressed, only one CRISPR-Cas complex will be able to bind the 

promoter, producing an output level similar to the (1,0) or (0,1) conditions. A conceptually similar 

approach has been used previously for gene repression in E. coli.17 When we tested the OR gate with 

overlapping scRNA target sites, we observed similar activation levels across all three ON conditions 

(1,0; 0,1; and 1,1), with a ~40-fold increase compared to the off state (Figure 3.2F). There was no 

statistically significant difference between the three ON states. 
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3.3.2 | AND and NAND Gates 

Previously, we developed a CRISPR-based co-localization dependent protein switch based on the co-

LOCKR system..14 This system only recruits the effector if two CRISPR-Cas complexes are bound to 

adjacent genomic sites. In principle, this system can operate as a transcriptional AND gate. The co-

LOCKR system relies on colocalization of key and cage proteins to switch the cage into the “open” 

state. When the cage is in the open state, a peptide sequence in the latch is free to bind its partner. In 

the original system, a Bim peptide was caged within the latch and could be bound by its protein binding 

partner, Bcl2, when in the open state.14,18 To improve the versatility of our AND gate, we desired a 

system that would enable the orthogonal recruitment of more than one effector domain. To achieve 

this goal, we modified the system to use a caged P3 and free P4 SYNZIP heterodimer pair and tested 

for AND functionality.19,20 To achieve co-localization of the co-LOCKR components, the cage and 

key are fused to RNA binding proteins to create the fusion proteins COM-cage and PCP-key. A 1x 

com scRNA recruits COM-cage to the J4 target site and a 2x PP7 scRNA recruits four PCP-key fusion 

proteins to the J5 target site. To enable this system to activate gene expression, we fused the free 

SYNZIP coiled-coil peptide to the transcriptional activator VP64 (Figure 3.3A). When both scRNAs 

are expressed, the co-LOCKR components co-localize and switch to the open state, allowing the two 

SYNZIP coiled-coil peptides to bind and recruit VP64 to the promoter.  

The performance of the co-LOCKR AND gate was determined using flow cytometry 

measurements of a Venus reporter. For the input condition (1,1), where scRNAs for the cage and key 

are expressed, there is significant activation over the three OFF conditions (0,0; 1,0; and 0,1) (Figure 

3.3B). The co-LOCKR AND gate does exhibit some leaky expression in the (0,1) and (1,0) conditions 

(7-fold and 4-fold, respectively), which is still small compared to the ~35-fold expression in the (1,1) 

condition. This leakiness when only one component is recruited to the promoter region is likely due 

to co-localization independent binding of free key or cage components to open the switch.14   
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To determine if the co-LOCKR system could function as a NAND gate, we exchanged the 

SYNZIP-VP64 activator fusion for a SYNZIP-Mxi1 repressor fusion (Supplemental Figure 3.1A). 

The promoter region of the Venus reporter was replaced with a pGRR promoter variant, which 

constitutively expressed the reporter.8 A NAND gate should repress the output only if both inputs 

are present (1,1). Contrary to expectations, the co-LOCKR NAND gate significantly repressed the 

reporter in all conditions except (0,0) (Supplemental Figure 3.1B). The relative expression of the 

reporter compared to the (0,0) condition was 0.3-fold, 0.25-fold, and 0.08-fold in the (0,1), (1,0), and 

(1,1) conditions, respectively.  

We hypothesized that the repression seen in the single-input conditions (0,1) and (1,0) could 

be due to CRISPRi repression effects from dCas9 binding. To test this theory, we recruited dCas9, 

but not the co-LOCKR components, by replacing the scRNAs with gRNAs lacking the 3’ recruitment 

hairpins (Supplemental Figure 3.1C). Once again, we saw significant repression of the reporter in all 

conditions except (0,0) (Supplemental Figure 3.1D), indicating that CRISPRi is a major source of leaky 

repression for the NAND gate. However, there is still a contribution from co-localization dependent 

recruitment of MxiI, as the (1,1) condition showed significantly more repression when an scRNA was 

present (0.08-fold expression) compared to when a gRNA was present (0.22-fold expression). Thus, 

while the co-LOCKR system is capable of producing an effective AND gate for activation, repression 

using co-LOCKR gives an output that is closer to an analog system. 

3.3.3 | Parallel Logic 

Our scRNA-based strategy for effector recruitment should allow NOR, OR, and AND gates to be 

used to simultaneously modulate genes without interfering with one another. To test this possibility, 

we combined multiple logic gates in a single strain. To monitor two gates independently, we used 

Venus and mCherry fluorescent reporter genes. The expression of each reporter was manipulated by 
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one of two logic gates that were incorporated into the cell. To ensure that there was no crosstalk 

between the two gates in the strain, each gate used a unique set of scRNA hairpins and RNA binding 

proteins for the recruitment of their respective effector domains (Figure 3.4A). 

We first tested parallel NOR and OR logic gates. The NOR gate regulated the expression of 

the mCherry reporter and utilized scRNAs with a single com hairpin to bind a COM-Mxi1 fusion 

protein. The OR gate regulated the Venus reporter and used scRNAs with a single MS2 hairpin to 

bind two MCP-VP64 fusion proteins. We tested the four input conditions for each gate independently 

and observed that both gates regulated the intended reporter gene with the expected output pattern, 

and with no significant influence on the other gate (Figure 3.4B). We then implemented the (1,1) 

condition for both gates (1,1,1,1), demonstrating that the two reporters could operate in parallel 

without altering the behavior of the other (Figure 3.4B). 

Future work will test implementations of parallel AND/NOR and AND/OR combinations. 

The success of the NOR/OR parallel logic system strongly suggests that these combinations should 

also function effectively as parallel, independent, and orthogonal circuits. 

3.3.4 | Dual Modulation of a Single Output 

We further demonstrated that the NOR and OR gates can be applied to act on a single output gene. 

We constructed a strain with a Venus reporter driven by a pGRR promoter with moderate 

transcriptional activity (Figure 3.5A). When the output gene was targeted with scRNAs that recruit 

NOR gate effectors, we observed expression decrease to 0.13-, 0.10-, and 0.05-fold in our three OFF 

conditions relative to the no input condition (Figure 3.5B). We then targeted the same output gene 

with scRNAs that recruit OR gate effectors and observed expression increase to ~3-fold in the three 

ON conditions relative to the no input condition (Figure 3.5B). Together, these gates allow for dual-

modulation of a single output gene. While this dual-modulate gate departs from the binary logic gates 
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we have implemented throughout the majority of this work, in doing so we are able to access more 

transcriptional states for a single gene. The flexibility this approach provides could be a useful feature 

in a biological context.21 
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3.4 | Discussion 

In this study, we developed and validated a series of single-layer, orthogonal transcriptional logic gates. 

A crucial component of the design for the single-layer NOR, OR, and AND, and gates was the use of 

orthogonal RNA hairpins to recruit the effector domains of each gate. This design element enabled 

their use in parallel. We have demonstrated that the NOR and OR gates can act in an orthogonal 

manner to affect the transcription of a shared reporter or two independent reporters.   

One outstanding challenge is the creation of complex transcriptional logic functions. 

Theoretically, transcriptional NOR circuits, which can be composed into any other Boolean logic 

operation, could be used implement any desired function. However, these circuits can be large and 

multi-layered.8 Increasing the number of layers in a circuit increases the likelihood of problems such 

as retroactivity, transcriptional leakage, increased cellular burden, and incorrect level-matching.8,12,22  

The orthogonal, single-layer circuits developed in this work could allow for the creation of 

sophisticated logic with fewer layers. For example, a 3-input AND gate constructed of NOR gates 

would require six gates. Using the single-layer AND gate in this paper, a 3-input AND gate could be 

assembled using a two-gate circuit. Importantly, the orthogonal nature of our approach should allow 

for the creation of circuits comprised of multiple logic types. To illustrate this point, we can compare 

the creation of NAND logic using NOR gates alone or by combining multiple logic types. The NOR 

circuit for NAND logic requires four-layers.8 Using the single-layer AND and NOR gates developed 

in this work, a small AND-NOT circuit could be created that functions as a NAND gate. The single-

layer, orthogonal gates described here provide a toolkit for the development of complex circuits or 

the implementation of multiple logic systems simultaneously which could overcome potential 

challenges inherent to complex biological circuit construction.  
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Altogether, our results provide an expanded toolkit of transcriptional logic gates in eukaryotic 

systems and offers the potential for the development of novel and more complex genetic logic 

operations in the future.   
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3.5 | Methods 

3.5.1 | 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. Scaffold and 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. 

3.5.2 | Reporter Gene Design 

The pJ1-Venus reporter gene is as previously described (Kirkpatrick, 2020). The pGRRmod1-Venus 

reporter is a modified version of the previously described pGRRi,j-GFP reporter (Gander, 2017). The 

J4 and J5 gRNA target sequences and PAM sites were inserted 172 and 209 bp upstream of the TSS, 

respectively. There is a 14 bp gap between the J4 and J5 target sequences. This target site spacing 

ensures optimal performance of the co-LOCKR system.14 GFP was replaced with Venus. Complete 

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

3.5.3 | Flow Cytometry 

After transformation of guide RNA plasmids, yeast strains were grown overnight at 30 °C in minimal 

media (SD complete, SD – Ura, SD – His, or SD – Ura – His). Overnight cultures were diluted 1:25 

and grown for an additional 3–4 h. Fluorescent protein expression levels were measured with an 

Attune NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific). To select single yeast cells, we 

applied a gate using the SSC-A versus FSC-A plot. Median fluorescence values were recorded from 
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the gated populations. Values reported in the plots are means ± SD of the median fluorescence values 

for at least three measurements (biological replicates). 
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3.8 | Figures 

 

Figure 3.1. Scaffold RNA-mediated recruitment of effector domains enables the creation of 

orthogonal, single-layer NOR, OR, and AND transcriptional logic gates. 
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Figure 3.2. NOR and OR gates (A) For a transcriptional NOR gate, we used two 1x com scRNAs 

that bind the J4 and J5 target sites in the pGRR promoter. Each scRNA recruits one COM-Mxi1 

fusion protein. Expression of one or both scRNAs recruits a CRISPR-Cas complex with Mxi1 to the 

promoter region to repress the output gene. (B) A truth table for a NOR gate is shown on the left and 

gene expression data are shown on the right. For a transcriptional logic gate truth table, the value 0 

denotes low transcriptional activity. The value 1 denotes high transcriptional activity. An input value 

of 1 indicates the presence of an scRNA targeting the promoter. The output is expression of a Venus 

fluorescent reporter gene. When there is an input of 1 for either scRNA, the reporter gene is repressed 

and the fluorescent signal is significantly reduced (N=3, ** denotes a p value of <0.01). (C) To create 
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a transcriptional OR gate, we used two 1x MS2 scRNAs that bind the J4 and J5 target sites in the J1 

promoter. Each MS2 hairpin recruits two MCP-VP64 fusion proteins.13 Expression of one or both 

scRNAs causes a CRISPR complex recruiting VP64 to bind the promoter region and induce 

expression of the output gene. (D) A truth table for an OR gate is shown on the left and gene 

expression data are shown on the right. An input value of 1 indicates the presence of an scRNA 

targeting the promoter. When either scRNA is present, the output gene is activated. The activation is 

graded, with fold-activations of 49-fold, 96-fold, and 157-fold for inputs (1,0), (0,1), and (1,1) 

respectively (N=3, *** denotes a p value of <0.001). (E) To create a transcriptional OR gate with a 

binary output, we targeted 1x MS2 scRNAs to the overlapping J5 and J6 target sites in the promoter. 

Expression of one or both scRNAs causes a CRISPR complex recruiting VP64 to bind the promoter 

region and induce expression of the output gene. (F) A truth table for an OR gate is shown on the left 

and gene expression data are shown on the right. When there is an input of 1 for either scRNA, the 

output gene is activated and the fluorescent signal increases significantly. The activation is binary, with 

fold-activation of 35-fold, 39-fold, and 39-fold for inputs (1,0), (0,1), and (1,1) respectively. There was 

no statistically significant difference between the three ON states. (N=3, *** denotes a p value of 

<0.001)  
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Figure 3.3. co-LOCKR AND Gate (A) The co-LOCKR system relies on colocalization of the key 

and cage to switch the cage into the “open” state. When the switch is in the open state, a SYNZIP 

peptide sequence in the latch is free to bind its SYNZIP binding partner fused to the VP64 

transcriptional activator. To achieve co-localization of the LOCKR components, the cage and key are 

fused to RNA binding proteins to create the fusion proteins COM-cage and PCP-key. A 1x com 

scRNA recruits COM-cage to the J4 target site and a 2x PP7 scRNA recruits four PCP-key fusion 

proteins to the J5 target site. (B) A truth table for an AND gate is shown on the left and gene 

expression data are shown on the right. For a transcriptional logic gate, the value 0 denotes low 

transcriptional activity. The value 1 denotes high transcriptional activity. The inputs are expression of 

the scRNAs responsible for recruitment of the cage and key co-LOCKR components. The output is 

expression of a Venus reporter gene. When only one scRNA is expressed, as in the (0,1) and (1,0) 

conditions, co-localization of the co-LOCKR components is not achieved and transcription of the 

Venus reporter remains low. When both scRNAs are expressed (Input (1,1)), co-localization of the 

LOCKR components allows for recruitment of VP64 and activation of the Venus reporter. (N=3, *** 

denotes a p value of <0.001)  
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Figure 3.4. Parallel Logic (A) A strain containing the components for NOR and OR logic and two 

reporters was built. The NOR gate targeted an mCherry reporter driven by the pGRR promoter. The 

OR gate targeted a Venus reporter driven by the J1 promoter. (B) A truth table for the parallel logic 

system is provided on the left with expected outputs for the mCherry and Venus reporters. Plotted 

on the right are the mean fluorescent values measured for mCherry and Venus in each condition. The 

mean fluorescent values match the NOR and OR gate expected output patterns. Results from the 

final input condition (1,1,1,1) demonstrate that the NOR and OR gates can function simultaneously 

in parallel. (N=6, *** denotes a p value of <0.001, ** denotes a p value of <0.01, n.s. is the abbreviation 

for “not significant”) 
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Figure 3.5. Dual Modulation of a Single Output (A) A strain containing a Venus reporter driven 

by the pGRR promoter and the components for NOR and OR logic was built. When scRNAs that 

target the J4 and J5 sites and have 1x com hairpins are expressed (inputs A and B), the NOR gate is 

triggered and repression of the reporter occurs. When scRNAs targeting the same sites and have 1x 

MS2 hairpins are expressed (inputs C and D), the OR gate is triggered and activation of the reporter 

occurs. (B) A truth table for the dual-modulation system is provided on the left. Plotted on the right 

are the mean fluorescent values measured for Venus in each condition. Since this system represses 
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and activates a single reporter, expected output values were categorized as low, medium, and high. 

The scRNA input values remain 0 and 1. (N=3, *** denotes a p value of <0.001) 
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3.9 | Supplemental Information 

3.9.1 | Supplementary Figures 

 

Supplemental Figure 3.1. co-LOCKR NAND gate (A) For the co-LOCKR NAND gate, the 

SYNZIP coiled-coil peptide is fused to the transcriptional repressor, Mxi1. When both scRNAs are 

expressed, co-localization of the LOCKR components enables recruitment of Mxi1 and repression of 

the Venus reporter. (B) A truth table for the NAND gate is provided on the left. Plotted on the right 

are the mean fluorescent values measured for Venus in each condition. For a transcriptional logic gate, 

the value 0 denotes low transcriptional activity. The value 1 denotes high transcriptional activity. The 

inputs are expression of the scRNAs responsible for recruitment of the cage and key co-LOCKR 

components. The output is expression of a Venus reporter gene. When only one scRNA is expressed, 

as in the (0,1) and (1,0) conditions, co-localization of the co-LOCKR components is not achieved and 

transcription of the Venus reporter is expected to remain high. However, in the (0,1) and (1,0) 

conditions, a significant decrease in fluorescence is observed When both scRNAs are expressed (Input 

(1,1)), co-localization of the LOCKR components allows for recruitment of Mxi1 and complete 

repression of the Venus reporter. (N=3, *** denotes a p value of <0.001) (C) To determine if the 

repression observed in the (0,1) and (1,0) conditions was due to a CRISPRi effect, we expressed 

sgRNAs lacking the additional 3’ hairpins included in the scRNAs. By expressing sgRNAs, we are 

recruiting only the dCas9 protein and not recruiting the co-LOCKR components. (D) The inputs for 

the sgRNAs is shown on the left. On the right is the observed output of the Venus reporter. Significant 
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repression of the Venus reporter is observed in all conditions where there is one or more inputs of 1. 

(N=3, *** denotes a p value of <0.001, ** denotes a p value of <0.01)  

 

3.9.2 | Supplementary Tables 

Supplementary Table S3.1 Yeast Strains 

Strain Genotype 
Logic 

Gate(s) 
Figure 

SO992 W303 MATa ura3 leu2 trp1 his3 can1R ade N/A n/a 

yEC234 

S0992 LEU2::pTdh_dCas9  Trp1::pJ1_VENUS  
HO::p76_PCPdFG_short44aa 
HIS3::ptef1_COM_P3_LOCKRa_asym_2  
mfa2::pADH_NLS_P4_VP64 

AND 3.3 

yEC293 

S0992 LEU2::pTdh_dCas9  
HO::p76_PCPdFG_short44aa HygB 
HIS3::ptef1_COM_P3_LOCKRa_asym_2  
mfa2::pADH_NLS_P4_Mxi1  
Trp1::pGRRmod1_VENUS 

NAND Supplemental 3.1 

yEC404 
S0992 LEU2::pTdh_dCas9  Trp1::pJ1_VENUS  
HIS3::pADH1 MCP-VP64 

OR 3.2 

yEC484 
S0992 LEU2::pTdh_dCas9  mfa2::pADH_COM-Mxi1  
Trp1::pGRRmod1_VENUS 

NOR 3.2 

yEC557 
S0992 LEU2::pTdh_dCas9  mfa2::pADH_COM-Mxi1  
HIS3::pADH_MCP-VP64  TRP1::pGRRmod1_VENUS 

OR, 
NOR 

3.5 

yEC627 
S0992 LEU2::pTdh_dCas9  mfa2::pADH_COM-Mxi1  
HIS3::pADH_MCP-VP64  TRP1::pJ1_VENUS  
HO::pGRR_r5r7_mCherry 

OR, 
NOR 

3.4 

 

Supplementary Table S3.2 Yeast protein expression plasmids 

Plasmid 
Parent 
Vector 

Marker Promoter Gene 
Used for yeast 

strain 

pJZC518 pNH605 leu2 pTdh3 dCas9-2xNLS 
234, 293, 404, 484, 

557, 627 

pJZC522 pNH603 his3 pADH MCP-VP64 404, 557, 627 

pEC112 pJW609 kanMX pADH COM-Mxi1 484, 557, 627 

pEC114 pJW609 kanMX pADH P4-Mxi1 293 

pEC118 pNH604 trp1 pGRRmod1 Venus 293, 484 

pEC213 pJW607 hphMX pGRR_r5r7 mCherry 627 

pKL006 pJW607 hphMX pAdh1 CLkey44-PCP 234, 293 

pRK271 pNH604 trp1 pJ1 Venus 234, 404, 627 

pRK388 pNH603 his3 pTef1 
COM_P3_LOCKRa 

_asym 2 
234, 293 

pRK398 pJW609 kanMX pADH P4-VP64 234 
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Supplementary Table S3.3 Guide RNA expression plasmids 

Plasmid 
Parent 
Vector 

Target 
Site 

sgRNA/scRNA 
Design 

Target Sequence Figure 

pEC123 pRS319 J4 1xMS2 CGGTGTCCTGCGGTTACCAA 
3.2, 3.4, 

3.5 

pEC125 pRS319 J4 N/A CGGTGTCCTGCGGTTACCAA S3.1 

pEC126 pRS319 J5 N/A AGGTCGCCCGTGGTGGCCCA S3.1 

pEC127 pRS319 
1. J4 
2. J5 

1. N/A 
2. N/A 

1. CGGTGTCCTGCGGTTACCAA 
2. AGGTCGCCCGTGGTGGCCCA 

S3.1 

pEC128 pRS319 J5 1XMS2 AGGTCGCCCGTGGTGGCCCA 3.2, 3.5 

pEC132 pRS319 J5 1XCOM AGGTCGCCCGTGGTGGCCCA 3.2, 3.5 

pEC133 pRS319 
1. J4 
2. J5 

1. 1XCOM 
2. 1XCOM 

1. CGGTGTCCTGCGGTTACCAA 
2. AGGTCGCCCGTGGTGGCCCA 

3.2, 3.5 

pEC134 pRS319 n/a N/A n/a 

3.2, 3.3, 
3.4, 3.5, 

S3.1 

pEC158 pRS319 J6 1XMS2 TGGTGGCCCATGGTCACCAT 3.2 

pEC169 pRS319 r7 1XCOM CTTTACGTATAGGTTTAGAG 3.4 

pEC174 pRS319 
1. J5 
2. J6 

1. 1XMS2 
2. 1XMS2 

1. AGGTCGCCCGTGGTGGCCCA 
2. TGGTGGCCCATGGTCACCAT 

3.2, 3.4 

pEC200 pRS319 r5 1XCOM GAAGTCAGTTGACAGAGTCG 3.4 

pEC201 pRS319 
1. r5 
2. r7 

1. 1XCOM 
2. 1XCOM 

1. GAAGTCAGTTGACAGAGTCG 
2. CTTTACGTATAGGTTTAGAG 

3.4 

pEC208 pRS319 
1. J4 
2. J5 

1. 1XMS2 
2. 1XMS2 

1. CGGTGTCCTGCGGTTACCAA 
2. AGGTCGCCCGTGGTGGCCCA 

3.2, 3.5 

pEC217 pRS319 

1. J5 
2. J6 
3. r5 
4. r7 

1. 1XMS2 
2. 1XMS2 
3. 1XCOM 
4. 1XCOM 

1. CGGTGTCCTGCGGTTACCAA 
2. AGGTCGCCCGTGGTGGCCCA 
3. GAAGTCAGTTGACAGAGTCG 
4. CTTTACGTATAGGTTTAGAG 

3.4 

pKL013 pRS319 
1. J4 
2. J5 

1. 1XCOM 
2. 2XPP7 

1. CGGTGTCCTGCGGTTACCAA 
2. AGGTCGCCCGTGGTGGCCCA 

3.3, S3.1 

pKL016 pRS319 J4 1XCOM CGGTGTCCTGCGGTTACCAA 
3.3, 3.5, 

S3.1 

pKL018 pRS319 J5 2XPP7 AGGTCGCCCGTGGTGGCCCA 3.3, S3.1 

 

 

 

 

 

3.9.3 | Supplementary Sequences 

pJ1 - Venus Sequence 
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pJ1, J5 target sequence, J4 target sequence, pTET01, Venus 

GCCTACGGTATCCACCGGAGACCTATGGCAGCCTCCGGCCGCCATAGGACACCTTTGGTTGCCAAGGGTG

ACCTATGGTGACCATGGGCCACCACGGGCGACCTCAGGTATCCTGCGGTGTCCTGCGGTTACCAAAGGCG

TCCTTTGGGTTCCACCGGATACCTCCGGAAAGTGAAAGTCGAGCTCGGTACCCTATGGCATGCATGTGCT

CTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAGGTCCTTTG

TAGCATAAATTACTATACTTCTATAGACACGCAAACACAAATACACACACTAAATTACCCGGATCAATTC

GGGATGCTCGAGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGATGGTG

ATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTGACCTT

AAAATTGATTTGTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTAGGTTATGGT

TTGCAATGTTTTGCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCCAGAAG

GTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTCAAGTT

TGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGGTGGTAACATTTTA

GGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCACTGCTGACAAACAAAAGAATGGTA

TCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGTGGTGTTCAATTAGCTGACCATTATCAACA

AAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCTATCAATCTGCCTTA

TCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTATTACCC

ATGGTATGGATGAATTGTACAAATAA 

 

pGRRmod1-Venus Sequence 

UAS, pGRR, J5 target sequence, J4 target sequence, TATA box, Venus 

AGTTTATCATTATCAATACTCGCCATTTCAAAGAATACGTAAATAATTAATAGTAGTGATTTTCCTAACT

TTATTTAGTCAAAAAATTAGCCTTTTAATTCTGCTGTAACCCGTACATGCCCAAAATAGGGGGCGGGTTA

CACAGAATATATAACATCGTAGGTGTCTGGGTGAACAGTTTATTCCTGGCATCCACTAAATATAATGGAG

CCCGCTTTTTAAGCTGGCATCCAGAAAAAAAAAGAATCCCAGCACCAAAATATTGTTTTCTTCACCAACC

ATCAGTTCATAGGTCCATTCTCTTAGCGCAACTACAGAGAACAGGGGCACAAACAGGCAAAAAACGGGCA

CAACCTCAATGGAGTGATGCAACCTGCCTGGAGTAAATGATGACACAAGGCAATTGACCCACGCATGTAT

CTATCTCATTTTCTTACACCTTCTATTACCTTCTGCTCTCTCTGATTTGGAAAAAGCTGAAAAAAAAGGT

TGAAACCAGTTCCCTGAAATTATTCCCCTACTTGACTAATAAGTAAATTCCTGCAGCCATGGGCCACCAC

GGGCGACCTCCCGGGTACTGTATCGGTGTCCTGCGGTTACCAAAGGCATGCATGTGCTCTGTATGTATAT

AAAACTCTTGTTTTCTTCTTTTCTCTAAATATTCTTTCCTTATACATTAGGACCTTTGCAGCATAAATTA

CTATACTTCTATAGACACACAAACACAAATACACACACTAATCTAGATATTGGATTCTAGAACTAGTGGA

TCTACAAAATGCTCGAGTCTAAAGGTGAAGAATTATTCACTGGTGTTGTCCCAATTTTGGTTGAATTAGA

TGGTGATGTTAATGGTCACAAATTTTCTGTCTCCGGTGAAGGTGAAGGTGATGCTACTTACGGTAAATTG

ACCTTAAAATTGATTTGTACTACTGGTAAATTGCCAGTTCCATGGCCAACCTTAGTCACTACTTTAGGTT

ATGGTTTGCAATGTTTTGCTAGATACCCAGATCATATGAAACAACATGACTTTTTCAAGTCTGCCATGCC

AGAAGGTTATGTTCAAGAAAGAACTATTTTTTTCAAAGATGACGGTAACTACAAGACCAGAGCTGAAGTC

AAGTTTGAAGGTGATACCTTAGTTAATAGAATCGAATTAAAAGGTATTGATTTTAAAGAAGGTGGTAACA

TTTTAGGTCACAAATTGGAATACAACTATAACTCTCACAATGTTTACATCACTGCTGACAAACAAAAGAA

TGGTATCAAAGCTAACTTCAAAATTAGACACAACATTGAAGATGGTGGTGTTCAATTAGCTGACCATTAT

CAACAAAATACTCCAATTGGTGATGGTCCAGTCTTGTTACCAGACAACCATTACTTATCCTATCAATCTG

CCTTATCCAAAGATCCAAACGAAAAGAGAGACCACATGGTCTTGTTAGAATTTGTTACTGCTGCTGGTAT

TACCCATGGTATGGATGAATTGTACAAATAA 
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pGRR_r5r7 - mCherry Sequence 

UAS, pGRR, r7 target sequence, r5 target sequence, TATA box, mCherry 

AGTTTATCATTATCAATACTCGCCATTTCAAAGAATACGTAAATAATTAATAGTAGTGATTTTC

CTAACTTTATTTAGTCAAAAAATTAGCCTTTTAATTCTGCTGTAACCCGTACATGCCCAAAATA

GGGGGCGGGTTACACAGAATATATAACATCGTAGGTGTCTGGGTGAACAGTTTATTCCTGGCAT

CCACTAAATATAATGGAGCCCGCTTTTTAAGCTGGCATCCAGAAAAAAAAAGAATCCCAGCACC

AAAATATTGTTTTCTTCACCAACCATCAGTTCATAGGTCCATTCTCTTAGCGCAACTACAGAGA

ACAGGGGCACAAACAGGCAAAAAACGGGCACAACCTCAATGGAGTGATGCAACCTGCCTGGAGT

AAATGATGACACAAGGCAATTGACCCACGCATGTATCTATCTCATTTTCTTACACCTTCTATTA

CCTTCTGCTCTCTCTGATTTGGAAAAAGCTGAAAAAAAAGGTTGAAACCAGTTCCCTGAAATTA

TTCCCCTACTTGACTAATAAGTAAATTCCTGCAGCCCGGGTACTGTATCTTTACGTATAGGTTT

AGAGTGGCATGCATGTGCTCTGTATGTATATAAAACTCTTGTTTTCTTCTTTTCTCTAAATATT

CTTTCCTCGACTCTGTCAACTGACTTCGCATAAATTACTATACTTCTATAGACACACAAACACA

AATACACACACTAATCTAGATATTGGATTCTAGAACTAGTGGATCTACAAAATGGTTAGCAAAG

GCGAGGAAGATAACATGGCTATAATCAAAGAGTTTATGAGATTCAAAGTACACATGGAGGGTTC

AGTGAATGGTCATGAATTTGAAATTGAAGGCGAAGGCGAGGGCAGACCTTACGAAGGAACTCAA

ACAGCAAAACTTAAGGTAACAAAAGGTGGTCCTCTGCCATTCGCCTGGGACATTCTCAGTCCAC

AATTCATGTACGGTTCTAAAGCGTACGTCAAACATCCAGCAGACATTCCAGATTACTTGAAATT

GTCTTTTCCAGAAGGCTTTAAGTGGGAAAGAGTTATGAACTTCGAGGATGGAGGGGTTGTGACC

GTTACGCAAGATTCCTCTTTACAAGATGGTGAGTTTATCTACAAGGTCAAATTAAGGGGGACTA

ATTTTCCTTCAGACGGGCCAGTCATGCAGAAAAAGACTATGGGATGGGAAGCCTCTTCAGAGAG

AATGTATCCTGAAGATGGCGCTCTAAAAGGAGAAATCAAGCAAAGATTGAAGTTAAAGGACGGA

GGTCATTATGATGCAGAAGTAAAAACAACCTATAAAGCTAAAAAGCCAGTTCAACTTCCTGGTG

CCTACAATGTTAACATCAAGCTAGACATTACATCCCATAATGAAGATTACACTATAGTGGAACA

GTATGAACGTGCTGAAGGTAGACACAGTACAGGTGGTATGGATGAACTGTACAAGTAA 

 

Protein Sequences 

COM-Cage with SYNZIP P3 coiled-coil peptide in latch 

COM, Nuclear localization sequence, linker, CAGE, P3 SYNZIP, latch 

PKKKRKVGSMKSIRCKNCNKLLFKADSFDHIEIRCPRCKRHIIMLNACEHPTEKHCGKREKITH

SDETVRYGSGSGSKEAAKKLQDLNIELARKLLEASTKLQRLNIRLAEALLEAIARLQELNLELV

YLAVELTDPKRIRDEIKEVKDKSKEIIRRAEKEIDDAAKESKKILEEARKAIRDAAEESRKILE

EGSGSGSDALDELQKLNLELAKLLLKAIAETQDLNLRAAKAFLEAAAKLQELNIRAVELLVKLT

DPATIRRALEHAKRRSKEIIDEAERAIRAAKRESERIIEEARRLIEKAKEESERIIREGSGSGD

PDIKKLQDLNIELARELLRAHAQLQRLNLELLRELLRALAQLQELNLDLLRLASELTEIQQLEE

EIAQLEQKNAALKEKNQALKYEAAAASEKISREAERLAREAAAASEKISRE 

 

PCP-key 
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Nuclear localization sequence, CL44_KEY, linker, PCP 

 

PKKKRKVGSGSDEARKAIARVKRESKRIVEDAERLIREAAAASEKISREAERLIRGSGMSKTIV

LSVGEATRTLTEIQSTADRQIFEEKVGPLVGRLRLTASLRQNGAKTAYRVNLKLDQADVVDSGL

PKVRYTQVWSHDVTIVANSTEASRKSLYDLTKSLVATSQVEDLVVNLVPLGR 

 

P4-VP64 fusion 

Nuclear localization sequence, P4, linker, VP64 

PKKKRKVKIAQLKQKIQALKQENQQLEEENAALEYGSGRADALDDFDLDMLGSDALDDFDLDML

GSDALDDFDLDMLGSDALDDFDLDMLIN 

 

P4-Mxi1 fusion 

Nuclear localization sequence, P4, linker, Mxi1 

PKKKRKVKIAQLKQKIQALKQENQQLEEENAALEYGSMINVQRLLEAAEFLERRERECEHGYAS

SFPSMPSPR 

 

COM-Mxi1 

Nuclear localization sequence, COM, linker, Mxi1 

PKKKRKVGSMKSIRCKNCNKLLFKADSFDHIEIRCPRCKRHIIMLNACEHPTEKHCGKREKITH

SDETVRYGSMINVQRLLEAAEFLERRERECEHGYASSFPSMPSPR 

 

MCP-VP64 

Nuclear localization sequence, MCP, linker, VP64 

PKKKRKVGSMASNFTQFVLVDNGGTGDVTVAPSNFANGIAEWISSNSRSQAYKVTCSVRQSSAQ

NRKYTIKVEVPKGAWRSYLNMELTIPIFATNSDCELIVKAMQGLLKDGNPIPSAIAANSGIYGS

GRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLIN 


