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ABSTRACT Defense against viruses and other mobile genetic elements (MGEs) is
important in many organisms. The CRISPR-Cas systems found in bacteria and archaea
constitute adaptive immune systems that can acquire the ability to target previously
unrecognized MGEs. No CRISPR-Cas system is found to occur naturally in eukaryotic
cells, but here, we demonstrate interference by a type I-E CRISPR-Cas system from
Escherichia coli introduced in Saccharomyces cerevisiae. The designed CRISPR arrays
are expressed and processed properly in S. cerevisiae. Targeted plasmids display
reduced transformation efficiency, indicative of DNA cleavage.

IMPORTANCE Genetic inactivation of viruses and other MGEs is an important tool
with application in both research and therapy. Gene editing using, e.g., Cas9-based
systems, can be used to inactivate MGEs in eukaryotes by introducing specific muta-
tions. However, type I-E systems processively degrade the target which allows for
inactivation without detailed knowledge of gene function. A reconstituted CRISPR-
Cas system in S. cerevisiae can also function as a basic research platform for testing
the role of various factors in the interference process.
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iruses and other mobile genetic elements (MGEs) are potential threats to most
studied cellular organisms, by acting as predators or by reducing fitness. In
response, organisms have evolved multiple defense strategies, which are grouped
largely into innate and adaptive systems. Innate systems are characterized by being
activated by certain preset features of infection. An adaptive system, on the other
hand, can learn to detect previously unrecognized pathogens. For a long time, the ver-
tebrate adaptive immune system was the only known example of an adaptive system,
but the clustered regularly interspaced short palindromic repeats (CRISPR)-Cas systems
of archaea and bacteria have been demonstrated to be bona fide adaptive immune Editor Geraldine Butler, University College
systems (1). All studied CRISPR-Cas systems are based on short DNA or RNA sequences Dublin
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RNA (sgRNA). The break can be repaired by homology-directed repair (HDR) or error-
prone nonhomologous end joining (NHEJ) (2). In the case of viruses, if a gene is
repaired by the error-prone NHEJ, it may be inactivated, resulting in an inability of the
virus to proliferate, as demonstrated for, e.g., HIV-1 (5). However, this approach
requires a thorough understanding of virus biology, as randomly targeting a virus
gene does not guarantee reduced proliferation.

In this study, we take advantage of the properties of the type I-E CRISPR-Cas system to
test its ability to function as an anti-MGE system in eukaryotes that do not require under-
standing of target gene function. Type I-E is a class 1 CRISPR Cas system that includes
Cascade, Cas3, and the CRISPR locus. Cascade is a multisubunit protein-RNA complex, and
Cascade from Escherichia coli consists of five different proteins, namely, Cse1, Cse2, Cas7,
Cas5, and Cas6e (in 1, 1, 6, 1, and 2 copies, respectively) and 1 61-nucleotide (nt) crRNA
molecule (6) The target of Cascade is recognized by the variable spacer sequence in the
crRNA (7) and the presence of a protospacer adjacent motif (PAM) in the target (8). Once
a target is identified, the Cas3 effector is recruited to degrade the target (9). Unlike the
DNA-targeting class 2 effectors, such as Cas9 and Cas12, which perform blunt (10) and
staggered double-stranded cut (11), respectively, Cas3 is an endonuclease which destroys
the target in a processive manner (9). Type | CRISPR-Cas systems have been used in
human cells to introduce large genomic deletions at specific locations (12-14), and by
using Cascade-Fokl-fusions, gene editing has been achieved (13). The processive DNA
degradation by Cas3 could also make the system highly suitable in applied use for remov-
ing virus genomes, as repair that restores virus function is less likely to occur. Since the
effect should be the same irrespective of target gene function, Cascade-Cas3 could also
be used against poorly characterized viruses. Establishment of a type I-E system in
Saccharomyces cerevisiae is also beneficial for basic research, as it allows one to test the
role of different factors on CRISPR-Cas immunity in a convenient model system, inde-
pendent of their original genetic background.

As a proof of concept, we adapted the type I-E system from E. coli for use as a pro-
grammable anti-MGE system in Saccharomyces cerevisiae, which was chosen for its role
as a eukaryotic model system. We use plasmids as targets, which allow a comparison
with similar experiments in bacterial systems (10, 15-17). As a eukaryotic organism, S.
cerevisiae does not contain any natural CRISPR-Cas system, and it also lacks RNA inter-
ference (RNAI) systems (18). Several viruses of S. cerevisiae are known but none studied
have an extracellular stage and mostly spread thorough cell-cell contacts. Certain
genetic features may protect S. cerevisiae cells from a specific virus, but there are no
known general immune systems (19).

RESULTS

Design and reconstitution of the type I-E CRISPR-Cas system in S. cerevisiae.
Our basic system for expressing Cascade, Cas3, and crRNA in S. cerevisiae was different
plasmids from the pRSGal series, where each produced one of the components
(Fig. 1A), but we also designed several alternative systems (Fig. 1B to D). pCascade,
expressing Cascade proteins, had three cassettes with different cas genes under the
control of bidirectional Gal promoters. The cassettes were separated by a S. cerevisiae
CYC1 terminator to prevent formation of antisense transcripts.

For the production of targeting crRNA, pCRISPR was constructed by inserting a
CRISPR array containing four copies of the J3 spacer (4xJ3) (20) under the control of a
Gal promoter, with a CYC1 terminator preventing read-through.

For the expression of the Cas3 nuclease, we designed pCas3 by cloning E. coli cas3
under a Gal promoter. An alternative version of the plasmid, pCas3-Cse1, carried a nat-
urally occurring cas3-csel fusion (9) (Fig. 1B). Coexpression of this plasmid with
pCascade would result in incorporation of the Cas3-Csel fusion in a subset of the
Cascade complexes. To test the effect of different crRNAs, we combined a CRISPR with
two alternative spacers, namely, J1 and J2, with Cas3 or Cas3-Cse1 fusion to generate
pCRISPR+Cas3 and pCRISPR+Cas3-Cse1, respectively.
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FIG 1 (A to D) The different variants of the type I-E CRISPR-Cas system used for expression in S. cerevisiae.

Two different target plasmids were designed. pTargetHigh carried a phage Lambda
J gene fragment containing the PAMs and protospacers for J1, J2, and J3 (see Table S1
in the supplemental material) on a high copy vector. pTargetLow carried the same J
fragment on a low copy backbone. Original vectors lacking the J fragment were used
as nontargeted controls.

Processing of crRNA in S. cerevisiae. To test the function of crRNA processing in
yeast, we analyzed the formation of crRNA in S. cerevisiae W303 after expression of
pCascade, pCas3, and pCRISPR was induced by addition of galactose. The analysis was
performed by Northern blotting with a radioactively labeled probe complementary to
the J3 spacer. The amount of crRNA produced was assayed 2, 4, and 5 h after induc-
tion, and crRNA was detected at all time points. The assay demonstrates formation of a
61-nt RNA species, equal in size to crRNA produced in Escherichia coli (Fig. 2A).

Interference by CRISPR-Cas in S. cerevisiae. The functionality of Cascade-Cas3 in-
terference was assessed by comparing transformation efficiency of a plasmid targeted
by the CRISPR-Cas system with that of the same plasmid lacking the target fragment.
Transformations were done routinely at 240 min after the induction of cas and CRISPR
expression. Using pCas3, pCascade, and pCRISPR in S. cerevisiae W303, a 47% decrease
in transformation efficiency of pTargetHigh was observed (Fig. 2B). Tests with a 150-
min induction produced in similar results (see Fig. S1 in the supplemental material). An
analysis of interference with or without induction demonstrated interference under
both conditions (see Fig. S2 in the supplemental material), indicating that basal expres-
sion from the Gal promoter was sufficient to achieve activity. We used a Cas3-Csel
fusion construct to test if colocalization of Cascade and Cas3 improved interference,
and we indeed observed further (73.5%) reduction in the transformation efficiency of
pTargetHigh in S. cerevisiae W303 (Fig. 2C). Control experiments demonstrated that
transformation efficiency of the targeted plasmid was on average lower than that of
the nontargeted plasmid also when interference could not occur, i.e., when Cas3-Csel,
Cascade, and/or CRISPR was absent; however, the difference in transformation efficiency
was largest, and only statistically significant, in interference-competent cells (Fig. 3, pri-
mary data available in Table S2 in the supplemental material). To ensure that activity was
not limited to a single experimental condition, we tested two different versions of our
Cascade-Cas3 system on a different target, namely, a plasmid with a low copy number
carrying different target sequences. Expression of pCRISPR+Cas3 or pCRISPR+Cas3-Cse1
together with pCascade in S. cerevisiae BY418 resulted in 88.6% and 88.7% reduction in
transformation efficiency of pTargetLow, respectively (Fig. 2D and E).

Effect of interference. Interference assays demonstrated that CRISPR-Cas targeting
reduced transformation efficiency but transformants were still observed on selective
plates. These transformants could be carrying target plasmids that had not been
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FIG 2 (A) Analysis of crRNA by Northern blotting. Samples of S. cerevisiae W303 carrying pCascade,
PCRISPR, and pCas3 were taken at indicated time points after the induction of cas genes and CRISPR
array expression. RNA from an E. coli strain active for interference was used as the positive control. (B to
E) Analysis of CRISPR-Cas interference with plasmids in different S. cerevisiae strains with indicated
CRISPR-Cas expression system. Transformation was performed with either with a plasmid containing a
target sequence (T) or the nontargeted parent plasmid (NT). The S. cerevisiae strain, target plasmid, and
system for CRISPR-Cas expression used are indicated above the graphs. Data in B to E are a summary of
three independent biological replicates normalized so that the relative level of transformation by the
nontarget plasmid is equal in the different panels. Error bars indicate one standard deviation. A
statistically significant reduction of transformation by T compared to NT as determined by Mann-Whitney
U test is indicated by an asterisk (P < 0.05).

cleaved by Cascade-Cas3, plasmids that had been cleaved but subsequently been
repaired, or plasmids that had acquired escape mutations in the region targeted by
CRISPR-Cas. NHEJ repair or the presence of different escape mutations would result in
target sequence heterogeneity in the population of transformed target plasmids. To
determine sequence heterogeneity in the transformed target plasmids, we performed
the Surveyor assay, in which Surveyor nuclease cleaves the heterogeneous DNA with
high specificity at the 3’ side of any mismatch site in both DNA strands, including all
base substitutions and insertion/deletions. This mismatch cleavage assay has been
used frequently to detect substitutions and indels in target DNA cut by Cas nuclease
(12, 21). This assay is based on the principle that DNA with mismatched bases formed
by denaturing and reannealing DNA strands with sequence differences would be
detected and cleaved by the surveyor nuclease.

The target region of pTargetHigh was amplified by PCR and analyzed by the Surveyor
assay. Sequence heterogeneity at the J3 target site would result in two cleavage
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FIG 3 Analysis of CRISPR-Cas interference in S. cerevisiae with complete immune system (A) or when missing CRISPR (B), Cas3 (C),
Cascade (D), Cascade and CRISPR (E), or Cas3 and CRISPR (F). Transformation efficiency was determined by comparing transformation
efficiency of targeted (T) with nontargeted (NT) pTargetHigh plasmids. Data are a summary of multiple independent biological
replicates (A, n = 4; B, 3; C, 3; D, 5; E, 3; F, 3) normalized so that the relative level of transformation by the nontarget plasmid is equal
in the different panels. Error bars indicate one standard deviation. A statistically significant reduction of transformation by T

compared with NT as determined by the Kruskal-Wallis chi-square test is indicated by an asterisk (P = 0.05).

fragments, which are both about 160 to 170 bp. No such cleavage products could be
detected in strains expressing pCRISPR, pCascade, and pCas3-Csel, similar to interfer-
ence-negative-control strains (see Fig. S3 in the supplemental material). Moreover, we
amplified and sequenced the target region in 20 independent survivor transformants
with target-specific primers (DR003 and DR004). No heterogeneity in PAM and the proto-
spacer sequence was observed (see Fig. S4 in the supplemental material). Overall, this
finding suggests that the plasmid in transformants did not contain any escape mutations
in the J region.

DISCUSSION

We demonstrate successful reconstitution of bacterial type I-E CRISPR-Cas interfer-
ence in the eukaryote S. cerevisiae. We detect accurate processing of crRNA by
Northern blotting and, importantly, a reduction of target plasmid transformation rate
compared with a nontargeted control plasmid. We could not detect sequence hetero-
geneity in target plasmids recovered from transformed cells. We do not rule out that
rare events of sequence heterogeneity are present, but the results demonstrate that
the level of interference observed was due to the activity of Cascade-Cas3 and not by
various levels of escape mutations in the target. The lack of observable sequence het-
erogeneity also demonstrates that NHEJ repair of the CRISPR-Cas-induced damage is
not occurring at a high level, although this result was expected as NHEJ repair is rare in
S. cerevisiae (22). Our results suggest that the programmable processive DNA degrada-
tion by the type I-E CRISPR-Cas system can be restored in eukaryotic cells.

In our initial design, Cascade, Cas3, and pre-crRNA are expressed from different
plasmids and resulted in 50% reduction in plasmid transformation rate. To improve ac-
tivity, we developed an improved system. Coexpression of a Cas3-Cse1 fusion results in
a subpopulation of Cascade complexes permanently colocalized with Cas3, which
reduced transformation by 73.5%, a level similar to when J3 crRNAs are used against
phage Lambda in E. coli expressing the LeuO activator (20). We hypothesize that this
fusion improves the kinetics of target degradation, as the factors do not need to find
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each other; alternatively, Cas3 or Cas1 may be a limiting factor in the process and the
addition of the fusion protein boosts the activity. Furthermore, to ensure that the
effect was not limited to a specific type of target plasmid, we also tested activity
against a low copy target plasmid with different target sequences and observed that
only about 1-in-10 plasmids successfully established themselves in the cell compared
with a nontargeted control.

Different crRNAs are known to result in different levels of CRISPR-Cas system inter-
ference (7, 23, 24), so other spacer sequences may further increase the efficiency of tar-
get degradation in yeast. An analysis of Cascade and Cas3 proteins with NucPred (25)
and NLSdb (26) did not show the presence of nuclear localization signals (NLS)-like
motifs (data not shown). We also speculate that the Cascade and Cas3 in the absence
of NLS locate to the cytoplasm, thus allowing only a narrow window of opportunity to
destroy their target plasmids while they are enroute to the nucleus. This narrow win-
dow would cause a reduction in target access and interference compared with bacteria
and archaea, which typically lack an access-restricting membrane around their nucle-
oid. Other factors that may further improve interference in S. cerevisiae are increased
expression of Cas protein and pre-crRNA, codon optimization, prevention of detrimen-
tal posttranslational modification of Cas proteins, and coexpression of E. coli host fac-
tors that may assist interference.

The large type I-E system is more difficult to establish heterologously than the more
compact class 2 systems (3, 23, 27). However, complete target clearance by type | systems
is a distinct difference to the inactivation of MGEs by mutagenesis that is achieved by,
e.g. class 2 CRISPR-Cas systems. To inactivate by mutation, a thorough understanding of
the biology of MGEs is required to find a key component to target. Also, compared with
Cas9-based systems, type | systems can target multiple sequences by adding different
spacer-repeat units to the CRISPR (23, 28) In conventional Cas9 technology, multiple sin-
gle guide RNA genes are required to achieve such multiplexing (29, 30).

Another benefit of our establishment of a type I-E system in S. cerevisiae is that it
functions as a platform for testing our current understanding of the system in a nonna-
tive background. Such a platform would allow an evaluation of proteins and other fac-
tors for their role in the immune system.

Finally, while we demonstrate formation of mature crRNA and interference in a
Saccharomyces cerevisiae, further development could reconstitute the entire adaptive
capability of the system.

MATERIALS AND METHODS

Strains and culture media. All cloning work was done in E. coli strain Top10. E. coli was cultured in
lysogeny broth (LB) with aeration at 37°C. When necessary, the medium was supplemented with kana-
mycin (50 ug/mL), ampicillin (100 xg/mL), streptomycin (50 ng/mL), tetracycline (25 wg/mL), and chlor-
amphenicol (15 wg/mL). For experiments in yeast, S. cerevisiae W303 and BY418 strains were used. S. cer-
evisiae BY418 has a full deletion of chromosomal copies of genes used for selection (his3, leu2, trp1, and
ura3), and in W303, they are inactivated by point mutations. Yeast cells were cultured in synthetic com-
plete (SC) medium (0.34% yeast nitrogen base, 0.5% ammonium sulfate, 2% raffinose, and synthetic
complete mixture (Kaiser) quadruple drop-out mix [-His, -Leu, -Trp, -Ura, Formedium, UK] at the rate of
1,400 mg/L of medium [pH 5.6]). For certain induction experiments, SC medium with 1% raffinose was
used. When necessary, the medium was supplemented with adenine sulfate (80 wg/mL), uracil (20 ng/
mL), tryptophan (40 wg/mL), histidine (20 wg/mL), and leucine (60 wg/mL). A total of 1.5% agar was
included in the medium to prepare the solid medium. Yeast strains were grown with aeration at 32°C. A
total of 2% galactose was added to the medium for induction of the Gal promoter as required. For a
complete list of strains, see Table S3 in the supplemental material.

Construction of a vector expressing the Cascade complex. A Gal1-10 promoter cassette from
pRS425Gal was cloned between EcoRI/BamHI sites of pBlueScript Il SK (+) resulting in pUDM101. All cas
genes were amplified by colony PCR from E. coli MG1655; see Table S4 in the supplemental material for
a list of primers. The csel and cse2 genes were cloned serially into the pUDM101 Xbal and EcoRlI sites,
respectively, to generate pUDM107. Similarly, cas7 and cas6e were cloned serially in pRS425Gal BamHI
and Sall sites, respectively, to generate pUDM108. The four genes were combined by subcloning a
Hindlll-Notl blunt fragment from pUDM107 into the blunted Sacl site of pUDM108, thereby generating
pUDM109. The cas5e gene was cloned into a pRS425Gal vector to generate pUDM110. A CYC1 termina-
tor cassette was PCR amplified from pYES2 and subcloned into the Pstl site of pBlueScript Il SK (+) to
generate pUDM102. A CYC1-cas5e-CYC1 cassette was constructed by serially cloning a EcoRV-Smal frag-
ment from pUDM102 into the Sall and Spel sites (blunted with T4 DNA polymerase), respectively, of

May/June 2022 Volume 7 Issue 3 10.1128/msphere.00038-22 6


https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00038-22

Type I-E CRISPR-Cas System in S. cerevisiae

pUDM110 to generate pUDM315. Using Xhol and Notl, this cassette was excised from pUDM315,
blunted with T4 DNA polymerase, and subcloned into the Notl site (blunted with T4 DNA polymerase) of
pUDM109 to generate the final Cascade-expressing construct pCascade. See Table S5 in the supplemen-
tal material for a list of plasmids used.

Construction of vectors expressing Cas3 or Cas3-Cse1 fusion. The cas3 gene was PCR amplified
from MG1655 to introduce flanking EcoRl sites and cloned into the EcoRl site of pRS423Gal resulting in
the Cas3-expressing plasmid pCas3. A cas3-csel fusion fragment was amplified from pWUR657 and
cloned between the Spel and Notl sites of pRS423Gal to generate pCas3-Csel.

Construction of vectors expressing CRISPR RNA. For the expression of crRNA, two CRISPR cas-
settes, namely, one containing 4xJ3 spacer (20) PCR amplified from pWUR630 and the other containing
J1-J2 spacers (a synthetic array from ThermoFisher Scientific Inc.), were cloned into BamHI-Notl sites of
pRS424Gal_Cycl to place the CYC1 terminator directly downstream of the CRISPR array. All spacer
sequences were selected by identifying defined canonical PAMs (ATG and AGG) for the type I-E system
on the target J gene from bacteriophage Lambda (8, 9). The J1-J2 CRISPR, along with the flanking CYC1
terminator, was excised as a BamHI-Sacl fragment and cloned in pCas3 cut with the same sites to gener-
ate pCRISPR+Cas3. Additionally, the same BamHI-Sacl fragment was blunted and cloned in the blunted
Sall site of pCas3-Cse1 to generate pCRISPR+Cas3-Csel.

For the expression crRNA in E. coli, a minimal CRISPR array with 54 nt of the leader, the J3 spacer,
and two repeats was cloned into pZE12Luc (31) under the control of PLIacO-1. The plasmid was ampli-
fied using primers PLlIacO-C and pZE-Xba, and the minimal CRISPR array was amplified from pWUR564
(20) using primers LA009 and LA013. The array was cloned by blunt-end ligation in the leader-end so
that the first position of the partial leader corresponds to the transcription start of the PLIacO-1 and in
the other end into the Xbal-site of pZE12Luc. See Table S1 for details of CRISPRs, targets, and cloned
constructs.

Construction of S. cerevisiae expressing the type I-E CRISPR-Cas system. The vectors constructed
as described above were transformed into the desired yeast strains as required. Transformation of S. cer-
evisiae was performed using the lithium acetate method (32).

Construction of target vectors. To construct pTargetHigh, the 350-bp region of Lambda J from
pWUR610 (33) was cloned into the BamHI and Hindlll sites of pRS426Gal. The cloning replaced the Gal-
promoter fragment with the Lambda DNA fragment. A low copy target vector, pTargetLow, was con-
structed by PCR amplification of a region of Lambda J gene using pTargetHigh as the template with
DR0015 and DR0016 primers and cloning the fragment in the Nhel site of pPS1739 (See Table S1).

Analysis of crRNA processing.

(i) Sample preparation and RNA purification: yeast. The S. cerevisiae W303 strain carrying
pCascade, pCRISPR (4xJ3 spacer), and pCas3 was grown to stationary phase, diluted in fresh SC me-
dium, and grown with aeration at 32°C to an optical density at 600 nm (ODy,,) value of 0.3. Galactose
was then added to induce the CRISPR-Cas system. A total of 10 mL culture was harvested by centrifu-
gation at 2, 4, and 5 h after induction. Total RNA was isolated using the hot phenol method (34).

(ii) Sample preparation and RNA purification: bacteria. An overnight culture of E. coli BL21Al har-
boring pWUR397 (Cas3), pWUR400 (Cascade), and pLA002 (minimal J3 CRISPR array) was diluted and
grown to an ODy,, of ~0.3. Cas protein and crRNA expression were induced by addition of 0.2% arabi-
nose and 1 mM isopropyl- 3-p-thiogalactopyranoside (IPTG). After 30 min, a 5-mL sample was taken and
mixed with 1-mL stop solution (5% phenol and 95% ethanol) and pelleted at 4°C. RNA was isolated as
described previously (35).

(iii) Gel and blotting. Samples were analyzed on a 10% denaturing polyacrylamide gel (10% poly-
acrylamide, 7 M urea, and 1x Tris-borate-EDTA [TBE]) in 1x TBE. Samples were mixed with loading dye
(95% deionized formamide, 0.5 mM EDTA, 0.025% bromophenol blue-xylene cyanol, and 0.025% SDS) and
boiled 3 min prior to loading. The same was done with the prelabeled pUC8 size marker. Next, 15 ug of
total RNA was loaded for each sample. As a positive control for processed crRNA, total RNA purified from
the E. coli BL21Al expressing pWUR397, pWUR400, and pLA002, was also loaded on the gel.

Electrotransfer to a Hybond N+ membrane (Amersham) was done at 4°C overnight at 200 mA. The
membrane was UV cross-linked and prehydridized in Church buffer (0.25 M sodium phosphate buffer
[pH 7.2], T mM EDTA, and 7% SDS) for 1 h at 42°C after which 0.5 uM radioactively labeled probe was
added to the buffer. Hybridization was done overnight. The membrane was washed two times for 5 min
each with 2x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.1% SDS and exposed on
the PharosFX-system (Bio-Rad).

The pUC8 size marker (Fermentas) was labeled radioactively using y->2P-ATP (PerkinElmer) and poly-
nucleotide kinase (PNK; Fermentas) in an exchange reaction according to the manufacturer’s instruc-
tions. The probe LA014 was labeled the same way in a forward reaction. Excess y->2P-ATP was removed
using the lllustra ProbeQuant G-50 Micro column (GE Healthcare) according to the manufacturer’s
instructions.

CRISPR-Cas activity assays. CRISPR-Cas activity was assessed by plasmid interference assays. Yeast
cultures were grown to stationary phase and diluted in fresh SC medium containing either 1% or 2% raf-
finose as the carbon source and grown with aeration at 32°C to an ODy,, value of 0.2, followed by induc-
tion with galactose. A total of 150 to 240 min after induction. the cells were harvested by centrifugation.
The cells were then transformed with 280 ng of target vectors or nontarget control vectors using the
lithium acetate method (32) but excluding carrier DNA. Plasmid interference by the CRISPR-Cas system
was measured by plating cultures transformed with the target vector or nontarget vector on selective
media (SC medium lacking uracil) and comparing transformation efficiency (TE). TE was calculated by
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determining the number of CFU recovered per ug of DNA transformed. Experiments were performed
with 3 to 5 biological replicates.
Surveyor assay. The Surveyor assay allows the detection of mutations and polymorphisms in DNA.
If two strands of DNA form a heteroduplex due to the presence of single nucleotide polymorphisms
(SNPs) or small insertions or deletions, the Surveyor nuclease recognizes the mismatch and cleaves the
DNA. The cleaved DNA products can be detected by gel electrophoresis (36).
S. cerevisiae BY418 cells harboring pCascade, pCRISPR, and pCas3-Cse1 or negative controls lacking
pCRISPR, pCascade, or both were grown in SC medium with or without the galactose inducer and trans-
formed with pTargetHigh. The transformed cells were grown for 24 h in SC medium, pelleted by centrif-
ugation, and grown again in equal volume of fresh medium for 24 h. A total of 1.5 mL of the culture was
pelleted by centrifugation and resuspended in 500 uL of distilled water. The cells were lysed by heating
at 98°C for 10 min, and 0.5 uL of the lysate was used as the template for PCR with primers DR0O03 and
DR004 to amplify the target region. The PCR products were analyzed by electrophoresis on a 2% agarose
gel and used for mutation detection with a Surveyor mutation detection kit (IDT) as per the manufac-
turer’s instructions. The result of the Surveyor assay was analyzed by using the Qiagen QIAxcel advanced
gel electrophoresis system.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
FIG S1, TIF file, 0.1 MB.

FIG S2, TIF file, 0.2 MB.

FIG S3, TIF file, 0.3 MB.

FIG S4, TIF file, 0.3 MB.

TABLE S1, DOCX file, 0.02 MB.

TABLE S2, DOCX file, 0.01 MB.

TABLE S3, DOCX file, 0.01 MB.

TABLE S4, DOCX file, 0.01 MB.

TABLE S5, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS
We are deeply grateful to Erik Johansson (Umea University), Hans Ronne (Swedish
University of Agricultural Sciences), Gerhart Wagner (Uppsala University), Pernilla
Bjerling (Uppsala University), and their respective research groups for providing
assistance, strains, and plasmids for this project.
This project was funded by the Wenner-Gren Foundations, the Swedish Research
Council, and the Royal Swedish Academy of Sciences. We declare no competing
financial interests.
M.L. conceived the study. D.R., G.B., and M.L. performed experimental design. D.R.,
L.A., and G.B. performed the experiments. D.R., M.L,, and G.B. analyzed the data and
wrote the manuscript.

REFERENCES

1.

Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S,
Romero DA, Horvath P. 2007. CRISPR provides acquired resistance against
viruses in prokaryotes. Science 315:1709-1712. https://doi.org/10.1126/
science.1138140.

. Rath D, Amlinger L, Rath A, Lundgren M. 2015. The CRISPR-Cas immune

system: biology, mechanisms and applications. Biochimie 117:119-128.
https://doi.org/10.1016/j.biochi.2015.03.025.

. Koonin EV, Makarova KS, Zhang F. 2017. Diversity, classification and evo-

lution of CRISPR-Cas systems. Curr Opin Microbiol 37:67-78. https://doi
.org/10.1016/j.mib.2017.05.008.

. White MK, Hu W, Khalili K. 2015. The CRISPR/Cas9 genome editing meth-

odology as a weapon against human viruses. Discov Med 19:255-262.

. Ebina H, Misawa N, Kanemura Y, Koyanagi Y. 2013. Harnessing the

CRISPR/Cas9 system to disrupt latent HIV-1 provirus. Sci Rep 3:2510.
https://doi.org/10.1038/srep02510.

. Jore MM, Lundgren M, van Duijn E, Bultema JB, Westra ER, Waghmare SP,

Wiedenheft B, Pul U, Wurm R, Wagner R, Beijer MR, Barendregt A, Zhou K,
Snijders APL, Dickman MJ, Doudna JA, Boekema EJ, Heck AJR, van der
Oost J, Brouns SJJ. 2011. Structural basis for CRISPR RNA-guided DNA rec-
ognition by Cascade. Nat Struct Mol Biol 18:529-536. https://doi.org/10
.1038/nsmb.2019.

May/June 2022 Volume 7 Issue 3

. Brouns SJJ, Jore MM, Lundgren M, Westra ER, Slijkhuis RJH, Snijders APL,

Dickman MJ, Makarova KS, Koonin EV, van der Oost J. 2008. Small CRISPR
RNAs guide antiviral defense in prokaryotes. Science 321:960-964.
https://doi.org/10.1126/science.1159689.

. Mojica FJM, Diez-Villasefor C, Garcia-Martinez J, Alimendros C. 2009. Short

motif sequences determine the targets of the prokaryotic CRISPR defence
system. Microbiology (Reading) 155:733-740. https://doi.org/10.1099/mic
.0.023960-0.

. Westra ER, van Erp PBG, Kiinne T, Wong SP, Staals RHJ, Seegers CLC,

Bollen S, Jore MM, Semenova E, Severinov K, de Vos WM, Dame RT, de
Vries R, Brouns SJJ, van der Oost J. 2012. CRISPR immunity relies on the
consecutive binding and degradation of negatively supercoiled invader
DNA by Cascade and Cas3. Mol Cell 46:595-605. https://doi.org/10.1016/j
.molcel.2012.03.018.

. Garneau JE, Dupuis M-E, Villion M, Romero DA, Barrangou R, Boyaval P,

Fremaux C, Horvath P, Magadan AH, Moineau S. 2010. The CRISPR/Cas
bacterial immune system cleaves bacteriophage and plasmid DNA. Na-
ture 468:67-71. https://doi.org/10.1038/nature09523.

. Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM, Makarova KS,

Essletzbichler P, Volz SE, Joung J, van der Oost J, Regev A, Koonin EV,
Zhang F. 2015. Cpf1 is a single RNA-guided endonuclease of a class 2

10.1128/msphere.00038-22 8


https://doi.org/10.1126/science.1138140
https://doi.org/10.1126/science.1138140
https://doi.org/10.1016/j.biochi.2015.03.025
https://doi.org/10.1016/j.mib.2017.05.008
https://doi.org/10.1016/j.mib.2017.05.008
https://doi.org/10.1038/srep02510
https://doi.org/10.1038/nsmb.2019
https://doi.org/10.1038/nsmb.2019
https://doi.org/10.1126/science.1159689
https://doi.org/10.1099/mic.0.023960-0
https://doi.org/10.1099/mic.0.023960-0
https://doi.org/10.1016/j.molcel.2012.03.018
https://doi.org/10.1016/j.molcel.2012.03.018
https://doi.org/10.1038/nature09523
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00038-22

Type I-E CRISPR-Cas System in S. cerevisiae

20.

21.

22.

23.

CRISPR-Cas system. Cell 163:759-771. https://doi.org/10.1016/j.cell.2015
.09.038.

. Morisaka H, Yoshimi K, Okuzaki Y, Gee P, Kunihiro Y, Sonpho E, Xu H,

Sasakawa N, Naito Y, Nakada S, Yamamoto T, Sano S, Hotta A, Takeda J,
Mashimo T. 2019. CRISPR-Cas3 induces broad and unidirectional genome
editing in human cells. Nat Commun 10:5302. https://doi.org/10.1038/
s41467-019-13226-x.

. Cameron P, Coons MM, Klompe SE, Lied AM, Smith SC, Vidal B, Donohoue

PD, Rotstein T, Kohrs BW, Nyer DB, Kennedy R, Banh LM, Williams C, Toh
MS, Irby MJ, Edwards LS, Lin CH, Owen ALG, Kinne T, van der Oost J,
Brouns SJJ, Slorach EM, Fuller CK, Gradia S, Kanner SB, May AP, Sternberg
SH. 2019. Harnessing type | CRISPR-Cas systems for genome engineering
in human cells. Nat Biotechnol 37:1471-1477. https://doi.org/10.1038/
541587-019-0310-0.

. Dolan AE, Hou Z, Xiao Y, Gramelspacher MJ, Heo J, Howden SE, Freddolino

PL, Ke A, Zhang Y. 2019. Introducing a spectrum of long-range genomic
deletions in human embryonic stem cells using type | CRISPR-Cas. Mol Cell
74:936-950.e935. https://doi.org/10.1016/j.molcel.2019.03.014.

. Sapranauskas R, Gasiunas G, Fremaux C, Barrangou R, Horvath P, Siksnys

V. 2011. The Streptococcus thermophilus CRISPR/Cas system provides im-
munity in Escherichia coli. Nucleic Acids Res 39:9275-9282. https://doi
.org/10.1093/nar/gkr606.

. Swarts DC, Mosterd C, van Passel MW, Brouns SJ. 2012. CRISPR interfer-

ence directs strand specific spacer acquisition. PLoS One 7:35888.
https://doi.org/10.1371/journal.pone.0035888.

. Marraffini LA, Sontheimer EJ. 2008. CRISPR interference limits horizontal

gene transfer in staphylococci by targeting DNA. Science 322:1843-1845.
https://doi.org/10.1126/science.1165771.

. Drinnenberg IA, Weinberg DE, Xie KT, Mower JP, Wolfe KH, Fink GR, Bartel

DP. 2009. RNAi in budding yeast. Science 326:544-550. https://doi.org/10
.1126/science.1176945.

. Wickner RB, Fujimura T, Esteban R. 2013. Viruses and prions of Saccharo-

myces cerevisiae. Adv Virus Res 86:1-36. https://doi.org/10.1016/B978-0
-12-394315-6.00001-5.

Westra ER, Pul U, Heidrich N, Jore MM, Lundgren M, Stratmann T, Wurm R,
Raine A, Mescher M, Van Heereveld L, Mastop M, Wagner EG, Schnetz K,
Van Der Oost J, Wagner R, Brouns SJ. 2010. H-NS-mediated repression of
CRISPR-based immunity in Escherichia coli K12 can be relieved by the
transcription activator LeuO. Mol Microbiol 77:1380-1393. https://doi
.org/10.1111/j.1365-2958.2010.07315 x.

McCarty NS, Graham AE, Studend L, Ledesma-Amaro R. 2020. Multiplexed
CRISPR technologies for gene editing and transcriptional regulation. Nat
Commun 11:1281. https://doi.org/10.1038/541467-020-15053-x.

Emerson CH, Bertuch AA. 2016. Consider the workhorse: nonhomologous
end-joining in budding yeast. Biochem Cell Biol 94:396-406. https://doi
.org/10.1139/bcb-2016-0001.

Rath D, Amlinger L, Hoekzema M, Devulapally PR, Lundgren M. 2015. Effi-
cient programmable gene silencing by Cascade. Nucleic Acids Res 43:
237-246. https://doi.org/10.1093/nar/gku1257.

May/June 2022 Volume 7 Issue 3

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

mSphere

Xue C, Seetharam AS, Musharova O, Severinov K, Brouns SJ, Severin AJ,
Sashital DG. 2015. CRISPR interference and priming varies with individual
spacer sequences. Nucleic Acids Res 43:10831-10847. https://doi.org/10
.1093/nar/gkv1259.

Brameier M, Krings A, MacCallum RM. 2007. NucPred—predicting nuclear
localization of proteins. Bioinformatics 23:1159-1160. https://doi.org/10
.1093/bioinformatics/btm066.

Bernhofer M, Goldberg T, Wolf S, Ahmed M, Zaugg J, Boden M, Rost B.
2018. NLSdb—major update for database of nuclear localization signals
and nuclear export signals. Nucleic Acids Res 46:D503-D508. https://doi
.0rg/10.1093/nar/gkx1021.

Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, Arkin AP, Lim WA.
2013. Repurposing CRISPR as an RNA-guided platform for sequence-spe-
cific control of gene expression. Cell 152:1173-1183. https://doi.org/10
.1016/j.cell.2013.02.022.

Zetsche B, Heidenreich M, Mohanraju P, Fedorova |, Kneppers J,
DeGennaro EM, Winblad N, Choudhury SR, Abudayyeh OO, Gootenberg
JS, Wu WY, Scott DA, Severinov K, van der Oost J, Zhang F. 2017. Multiplex
gene editing by CRISPR-Cpf1 using a single crRNA array. Nat Biotechnol
35:31-34. https://doi.org/10.1038/nbt.3737.

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 2012. A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial
immunity. Science 337:816-821. https://doi.org/10.1126/science.1225829.
Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, Pirzada ZA, Eckert
MR, Vogel J, Charpentier E. 2011. CRISPR RNA maturation by trans-encoded
small RNA and host factor RNase Ill. Nature 471:602-607. https://doi.org/10
.1038/nature09886.

Lutz R, Bujard H. 1997. Independent and tight regulation of transcrip-
tional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2
regulatory elements. Nucleic Acids Res 25:1203-1210. https://doi.org/10
.1093/nar/25.6.1203.

Agatep R, Kirkpatrick RD, Parchaliuk DL, Woods RA, Gietz RD. 1998. Trans-
formation of Saccharomyces cerevisiae by the lithium acetate/single-
stranded carrier DNA/polyethylene glycol protocol. Technical Tips Online
3:133-137.

Semenova E, Jore MM, Datsenko KA, Semenova A, Westra ER, Wanner B,
van der Oost J, Brouns SJ, Severinov K. 2011. Interference by clustered
regularly interspaced short palindromic repeat (CRISPR) RNA is governed
by a seed sequence. Proc Natl Acad Sci U S A 108:10098-10103. https://
doi.org/10.1073/pnas.1104144108.

Collart MA, Oliviero S. 2001. Preparation of yeast RNA. Curr Protoc Mol Biol
Chapter 13:Unit13.12. https://doi.org/10.1002/0471142727.mb1312s23.
Blomberg P, Wagner EG, Nordstrom K. 1990. Control of replication of plas-
mid R1: the duplex between the antisense RNA, CopA, and its target,
CopT, is processed specifically in vivo and in vitro by RNase IIl. EMBO J 9:
2331-2340. https://doi.org/10.1002/j.1460-2075.1990.tb07405..x.

Qiu P, Shandilya H, D'Alessio JM, O'Connor K, Durocher J, Gerard GF.
2004. Mutation detection using Surveyor nuclease. Biotechniques 36:
702-707. https://doi.org/10.2144/04364PF01.

10.1128/msphere.00038-22 9


https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1038/s41467-019-13226-x
https://doi.org/10.1038/s41467-019-13226-x
https://doi.org/10.1038/s41587-019-0310-0
https://doi.org/10.1038/s41587-019-0310-0
https://doi.org/10.1016/j.molcel.2019.03.014
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1371/journal.pone.0035888
https://doi.org/10.1126/science.1165771
https://doi.org/10.1126/science.1176945
https://doi.org/10.1126/science.1176945
https://doi.org/10.1016/B978-0-12-394315-6.00001-5
https://doi.org/10.1016/B978-0-12-394315-6.00001-5
https://doi.org/10.1111/j.1365-2958.2010.07315.x
https://doi.org/10.1111/j.1365-2958.2010.07315.x
https://doi.org/10.1038/s41467-020-15053-x
https://doi.org/10.1139/bcb-2016-0001
https://doi.org/10.1139/bcb-2016-0001
https://doi.org/10.1093/nar/gku1257
https://doi.org/10.1093/nar/gkv1259
https://doi.org/10.1093/nar/gkv1259
https://doi.org/10.1093/bioinformatics/btm066
https://doi.org/10.1093/bioinformatics/btm066
https://doi.org/10.1093/nar/gkx1021
https://doi.org/10.1093/nar/gkx1021
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1016/j.cell.2013.02.022
https://doi.org/10.1038/nbt.3737
https://doi.org/10.1126/science.1225829
https://doi.org/10.1038/nature09886
https://doi.org/10.1038/nature09886
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1093/nar/25.6.1203
https://doi.org/10.1073/pnas.1104144108
https://doi.org/10.1073/pnas.1104144108
https://doi.org/10.1002/0471142727.mb1312s23
https://doi.org/10.1002/j.1460-2075.1990.tb07405.x
https://doi.org/10.2144/04364PF01
https://journals.asm.org/journal/msphere
https://doi.org/10.1128/msphere.00038-22

	RESULTS
	Design and reconstitution of the type I-E CRISPR-Cas system in S. cerevisiae.
	Processing of crRNA in S. cerevisiae.
	Interference by CRISPR-Cas in S. cerevisiae.
	Effect of interference.

	DISCUSSION
	MATERIALS AND METHODS
	Strains and culture media.
	Construction of a vector expressing the Cascade complex.
	Construction of vectors expressing Cas3 or Cas3-Cse1 fusion.
	Construction of vectors expressing CRISPR RNA.
	Construction of S. cerevisiae expressing the type I-E CRISPR-Cas system.
	Construction of target vectors.
	Analysis of crRNA processing.
	(ii) Sample preparation and RNA purification: bacteria.
	(iii) Gel and blotting.
	CRISPR-Cas activity assays.
	Surveyor assay.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

