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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 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 silence reporter gene
expression. A previously reported Gal4-mediated tethering system does silence gene expression,
and we demonstrate that the silencing phenotype has an unexpected dependence on the structure
of the protein tether. The CRISPR-Cas system was unable to recruit GAL?2 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.
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Introduction

An emerging body of data suggests that the 3D spatial organization of the genome plays
an important role in eukaryotic gene regulation.!** For example, genes positioned near the nuclear
periphery tend to be repressed, and genes positioned in the nuclear interior tend to be active.®®
Further support for the possibility that genome organization plays an important regulatory role
comes from the observation that genes can be dynamically repositioned upon activation or in
response to extracellular signals.® In contrast, genome structures can undergo major perturbations
with only modest effect on the transcriptome when cohesion-mediated loops are disrupted in
human cells.’® Therefore, tools are needed which allow us to systematically probe the biological
function of genome structure. 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
(DBD), such as Gal4, to a recruitment domain protein that directs the tethered gene to specific
sites in the nucleus.”*" In these studies, repositioning genes sometimes, but not always, leads to
predictable changes in gene expression. The number of sites that have been studied with this
approach has been relatively limited, in part because DBDs typically recognize specific DNA
sequences and these motifs must be engineered into each genomic site of interest.

To address this challenge, CRISPR-Cas tethering systems have been developed to target
and spatially reposition genomic sites within the nucleus.'®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, dCas9 fusion to a
chemically-inducible dimerization domain allowed inducible recruitment to the nuclear envelope
and other subnuclear sites. Reporter and endogenous gene expression could be perturbed by
nuclear repositioning with this system, and localization of telomeres to the nuclear periphery
resulted in cellular toxicity.*® In a separate study, direct fusion of dCas9 to the lamin protein Lap23
also enabled peripheral recruitment.!® In yeast cells, dCas9 fusion 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.?® These findings suggest that CRISPR gene relocalization systems could be useful to

discover relationships between gene positioning and cellular behavior.
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In parallel to the methods described above, we developed an alternative CRISPR-Cas
repositioning system in yeast and tested it at the HMR locus, a well-characterized model system
for position-dependent gene silencing. Gal4-mediated recruitment of HMR to the nuclear periphery
can rescue gene silencing defects,*! and we assessed whether a CRISPR-Cas-mediated recruitment
strategy would have the same functional effects. Using a nuclear membrane protein as the
recruitment domain, we targeted either the CRISPR-Cas system or the Gal4 system to the HMR
locus and measured nuclear peripheral relocalization by microscopy. We found that both systems
produce similar, significant levels of recruitment. Next, we compared the ability of CRISPR-Cas
and Gal4 recruitment systems to modulate gene expression. We found that only the Gal4 system
was able to 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. We also tested the CRISPR-
Cas recruitment system at the GAL2 locus, which is a model for dynamic repositioning in response
to external stimuli.®2426 We were unable to recruit GAL2 to the nuclear periphery with the
CRISPR-Cas system, suggesting that not all endogenous target sites can be synthetically

relocalized to the nuclear periphery.
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Results
Gal4 can recruit the HMR locus to the nuclear periphery and silence gene expression

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.?’
Deletion of HMR regulatory regions results in locus de-repression,?® and silencing can be restored
by synthetically recruiting a Gal4 DNA binding domain fused to a transcriptional repressor.?° 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.!!

To compare the ability of Gal4 or dCas9 to recruit HMR to the nuclear periphery in yeast,
we constructed an HMR silencing reporter in S. cerevisiae. Following previous designs,'?° we
replaced the endogenous copy of HMR with a mutant in the HMR-E regulatory region to de-repress
the locus. The mutant cassette also includes a 2xUASc site upstream of a Trpl reporter
(Aeb::2xUASe hmr::Trpl) (see Methods). We fused the Gal4 DBD to the nuclear membrane
protein Yifl (Fig 1) and confirmed that Gal4pep-Yifl expression silences the Trpl reporter gene
in a cell-spotting growth assay, as described previously (see below & Fig 3).1! To determine if
Galdpsp-Yifl 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 (Fig 2A).%° Expression of tetR-GFP allows visualization of the HMR locus. We
expressed the mCherry-Heh2 fusion protein to label the nuclear membrane,3'*? and used confocal
microscopy to measure the position of the tetO array relative to the nuclear rim (Fig 2B). We
observed a significant change in HMR peripheral localization when Gal4pep-Yifl was expressed

compared to Gal4psp alone, increasing from 39% to 51% (Fig 2C).

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

To determine if the CRISPR-Cas system can relocalize the HMR locus, we physically
linked the CRISPR-Cas complex to Yifl, the same nuclear membrane protein used in the Gal4
tethering strategy. We linked Yifl to the CRISPR-Cas complex through a scaffold RNA (scRNA),
which is an sgRNA engineered with additional hairpin motifs to recruit effectors fused to an RNA
binding protein (Fig 1).33-% In this strategy, Yifl is fused to the MS2 coat protein (MCP), which
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binds as a dimer to an MS2 hairpin on the scRNA (Fig S1). 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-Yifl. Using confocal microscopy, we observed a
significant increase in peripheral localization with the sScRNA-containing strains (Fig 2). At both
UASc-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-Yifl fusion
protein and observed similar recruitment effects (Fig S2).

Both dCas9 and Gal4 recruitment strategies resulted in similar recruitment phenotypes (Fig
2C). For both the CRISPR-Cas and the Gal4 recruitment strategies, the 50-60% peripheral
localization that we observe is comparable to the 50-80% range of values observed for endogenous
and heterologous peripheral recruitment reported in the literature.”323738 The background
peripheral localization for the unrecruited HMR silencing reporter was ~40%, which is modestly
larger than the 30% peripheral localization values reported for unrecruited genes in other systems.
This larger background for the HMR reporter may be due to its proximity to the Chrlll telomere,
as telomeres are endogenously localized to the periphery in yeast.3%4°

In addition to targeting sites relatively close the tetO array (sites 1 and 2, within 2.4 kb),
we also tested sSCRNA target sites at increasing distances. We designed MS2 scRNAs to target
additional sites 9 kb, 15 kb, and 102 kb from the tetO array. For each of these sites, we did not
detect statistically significant increases in peripheral localization (Fig 2C). These data suggest that
the target site and microscopy reporter need to be in close physical proximity to observe gene
relocalization. How these distances in base pairs translate to physical distances is uncertain. Using
a previously described yeast chromatin polymer model with a linear mass density of 144 nm/bp,**
we can roughly estimate that these sites are 57 nm, 97 nm, and 451 nm respectively from the tetO
array, 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.
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Peripheral recruitment is not sufficient to silence reporter gene expression

To determine if CRISPR-Cas-mediated HMR recruitment produced the same silencing
effect on gene expression as observed with Gal4-Yifl, we assessed Trpl reporter gene expression
using the cell-spotting growth assay. Although CRISPR-Cas-mediated tethering to Yifl and
Galdpsp-Yiflwere indistinguishable by microscopy (Fig 2C), there was no detectable silencing at
HMR with the CRISPR-Cas system (Fig 3). In addition to the two sSCRNA target sites used in
microscopy assays, we tested three additional nearby target sites but did not observe Trp silencing
with any of these sites (Fig 3C). 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-° M, for Gal4 dimer binding
to the UASG,*? dCas9-gRNA binding to cognate DNA,*344 and the MS2 RNA hairpin for the MCP
dimer (the MCPv29arG Vvariant).* Gal4 binds the UASG site as a dimer, so a 2X UASg target
recruits four copies of Gal4-Yifl. MCP is also a functional dimer, and a single 2x MS2 scRNA
recruits four copies of MCP-Yifl (Fig S1).

Gal4pep-Yifl-mediated silencing at HMR is known to require the presence of endogenous
cis-regulatory sites,** and it is possible that the precise structural arrangement of the Gal4pgp-Yifl
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 Gal4psp
and Yifl (Galdosp-M-Yifl). MBP is typically used as a protein affinity tag for purification. In this
context we expect MBP to be an inert spacer that extends the distance between Gal4psp and Yifl
by ~40 A (estimated from the crystal structure of MBP).% By microscopy, Gal4pspo-M-Yifl
resulted in peripheral localization that was indistinguishable from Gal4pep-Yifl or CRISPR-Cas
recruitment (Fig 2C). Unlike Gal4psp-Yifl, however, the Gal4psp-M-Yifl construct produced
only a partial silencing phenotype (Fig 3B). 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.

The CRISPR-Cas system does not recruit the GAL2 locus to the nuclear periphery
To determine if CRISPR-Cas-mediated recruitment is effective at other sites in the genome,
we targeted the GAL2 locus. In response to galactose, yeast cells localize GAL?2 to the nuclear pore

complex and activate GAL2 expression by ~20-fold.5244" This behavior indicates that it is possible
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to reposition GAL2 and provides a useful positive control for comparison to synthetic recruitment
strategies. We constructed a reporter strain with a tetO array at the GAL2 locus to visualize its
position and confirmed that galactose induction recruits GAL2 to the periphery (Fig 4A, B). The
extent of peripheral localization increased from 32% in glucose to 47% in galactose, comparable
to previously reported results.?* When we used a Yifl-tethered sScRNA to target the CRISPR-Cas
system to GAL2, however, we did not detect significant repositioning to the nuclear periphery (Fig
4C). We also tested a system with simultaneous expression of four SCRNAs targeting adjacent sites
at GAL2, but again observed no significant repositioning (Fig 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.?® Our system uses a different recruitment domain, Yif1, but this protein
has been used as a LexA-Yifl fusion to recruit other yeast genomic sites to the nuclear periphery.*?
In principle, these precedents suggest that a CRISPR-Cas system with Yifl 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.*84°
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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 Yifl recruitment domain
maintained the recruitment effect but substantially weakened the gene silencing phenotype. These
results suggest that, while these systems produce indistinguishable peripheral recruitment at the
resolution of our microscopy assay, there are unresolved structural differences that lead to distinct
functional effects.

It is well established that synthetic peripheral recruitment can repress genes in yeast and
metazoan cells.’850 Although the underlying molecular mechanism remains unclear, several
plausible models have been suggested. One possibility is that peripheral recruitment brings genes
into close proximity to silencing factors that are already localized at the periphery.160
Alternatively, peripheral recruitment could sequester genes away from compartments in the
nuclear interior where transcriptional machinery is localized and active.'® Adding to the
uncertainty is the observation by several groups that peripheral recruitment does not always lead
to silencing.145!

In yeast cells, several experiments support the idea that localized silencing factors are
important for peripheral silencing. Localized Sir proteins are necessary for synthetic peripheral
silencing in yeast, and disrupting Sir protein localization allows silencing at internal genes.!:5?
Further, tethering and silencing can be decoupled by mutations that prevent formation of the Sir
complex.? In the HMR reporter used in our experiments, a cis-regulatory DNA sequence (the A
site) is necessary for silencing by synthetic peripheral recruitment.'?° 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 models to explain peripheral silencing, localized silencing factors or sequestration
from active compartments, predict that repression should be independent of the exact method used
for peripheral recruitment. Instead, we find that perturbing the structure of the Gal4-Yifl tether,

or switching to a CRISPR-Cas tethering system, maintains tethering but fails to silence gene
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expression. There may be subtle differences in precise positioning or orientation 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,>® 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
systems which appear to be modular and have similar physical properties do not necessarily have

the same functional effects.
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Methods
Yeast Strain Construction and Manipulation

Yeast (S. cerevisiae) transformations were performed with the standard lithium acetate
method. The parent haploid yeast strain for reporter gene experiments was SO992 (W303; MATa
ura3 leu2 trpl 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.® Yifl was cloned from yeast genomic DNA. Yifl fusion proteins used
Yif1(55-314)* fused to the C-terminus of Gal4pep, dCas9, or MCP. Guide RNA constructs were
expressed as described previously from the pRS316 CEN/ARS plasmid (ura3 marker) with the
SNR52 promoter and SUP4 terminator.2® 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.>* All Gal4pep constructs and derivatives were expressed from the
p423 2| plasmid. The HMR Trpl reporter strain (Aeb::2xUASc hmr::Trpl) at the endogenous
HMR locus was constructed by transforming a linear DNA fragment (derived from plasmid
pRK105) containing HMR-Aeb_2xUASc_Trpl 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 Chrlll (HMR) and ChrXI1 (GAL2) using either pSR8 (his3 marker)
or pSR14 (leu2 marker) (gifts from Susan Gasser), using previously described methods.*® Based
on plasmid sizes, we estimate that our TetO arrays contained ~60-80 tetO repeats. The tetR-GFP
and mCherry-Heh213s-378 fusion proteins were integrated in single copy in the yeast genome. The
expression cassette for the tetR-GFP protein was derived from pGVH29 (gift from Susan

Gasser).*! The mCherry-Heh213s-37s construct was designed following previous reports.31:?

Trpl 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 ODeoo 0.2 in selective media lacking Trp
and serially diluted 1:10 to result in the following set of serial dilutions: N/A, 1:10, 1:100, 1:1000,
1:10000. 10 pL 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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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 ODsoo ~0.15
and grown to ODsoo 0.3-0.5. 5 mL cultures were pelleted, washed in SD complete media, and
resuspended in 20 uL SD complete.

For galactose-induced repositioning of GAL2, cells were grown overnight in YPRaf (yeast
peptone with 2% raffinose). Cells were resuspended in either YPD (2% glucose) or YPGal (2%
galactose) at a starting ODeoo ~0.15 and grown to ODsoo 0.3-0.5. 5 mL cultures were then pelleted,
washed in either SD (2% glucose) or SGal (2% galactose) as appropriate and resuspended in 20
ML of the same media.

For microscopy, 10 pL of resuspended cells were pipetted onto agarose pads in 13 x 1 mm
silicone isolator wells (Electron Microscopy Sciences) and covered with a No. 1.5 coverslip.
Imaging was performed using a Leica TCS SP5 |1 laser scanning confocal microscope with a 63x
oil immersion objective. The pixel size was 90.1 nm and the z-step size was 0.21 um. The optical
thickness of each slice is 0.98 um. For each cell, the tetR-GFP spot was assigned to a particular z-
plane based on its maximum intensity. In that z-plane, we defined the nuclear periphery as the
pixel corresponding to the center of the Heh2-mCherry peak along the radial axis. GFP spots were
classified as “peripheral” if the center of spot was within two pixels of the nuclear periphery (i.e.
separated by no more than one 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.>
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Figure 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 Yifl.
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Figure 2. Visualization of HMR peripheral recruitment by microscopy. (A) The HMR locus was
engineered with a 2X UASG site, a Trpl 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. Galdpep-Yifl and Gal4psp-M-Yifl (containing MBP between Gal4psp and Yifl)
also show significant peripheral recruitment relative to a strain containing only Gal4psp (both p
values <0.0001).

19


https://doi.org/10.1101/2021.04.30.442211
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.04.30.442211; this version posted May 1, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A A nuclear
recruitment periphery
silences Trp1

HMR
locus
TRP1 reporters_
B Gal4 tethering
-His -Trp -His
Empty vector , ® ¥
Gal4
Gal4-Yif1
Gal4-M-Yif1
C CRISPR-Cas tethering
-Ura -Trp -Ura
site 1
2
6 |+MS2
7
8
site 1 7]
2
6 |-MS2
7
8
1:10 serial
dgilutions T — —

Figure 3. Trpl reporter silencing assay. (A) Peripheral recruitment of the HMR locus silences a
Trpl reporter gene, leading to a growth defect on media lacking Trp. See Fig 2A for a complete
schematic of the HMR locus and the Trp1l reporter. (B) Gal4psp-Yifl expression results in a growth
defect on —His —Trp media, as previously reported.** Cells expressing Gal4pep-M-Yifl, which has
MBP inserted between Gal4psp and Yifl, produce a partial silencing phenotype. The parent strain
is yRK036 and Gal4 constructs were delivered on p423 (His selection). (C) A CRISPR-Cas
complex that recruits HMR to the periphery does not silence the Trpl reporter gene. There is no
detectable growth defect on —Ura —Trp media. See Table S1 for guide RNA sequences and
locations. The parent strain is yRKO045, and 2x MS2 scRNA or —-MS2 sgRNA (negative control)
constructs were delivered on pRS316 (Ura selection). Images in (B) and (C) are representative of

three independent experiments (biological replicates).
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Figure 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. 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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