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SUMMARY

CRISPR loci are a cluster of repeats separated by short “spacer” sequences derived from
prokaryotic viruses and plasmids that determine the targets of the host’s CRISPR-Cas immune
response against its invaders. For type | and Il CRISPR-Cas systems, single-nucleotide mutations
in the seed or protospacer adjacent motif (PAM) of the target sequence cause immune failure and
allow viral escape. This is overcome by the acquisition of multiple spacers that target the same
invader. Here we show that targeting by the Staphylococcus epidermidis type 111-A CRISPR-Cas
system does not require PAM or seed sequences, and thus prevents viral escape via single-
nucleotide substitutions. Instead, viral escapers can only arise through complete target deletion.
Our work shows that, as opposed to type | and 1l systems, the relaxed specificity of type I11
CRISPR-Cas targeting provides robust immune responses that can lead to viral extinction with a
single spacer targeting an essential phage sequence.
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Exploring the target specificity of type 111-A CRISPR-Cas systems, Pyenson et al. find that most
point mutations in the target region still allow robust immunity. As a consequence, viral escape
from the type I1I-A CRISPR-Cas immune response requires the full deletion of the target, which is
a very rare event

INTRODUCTION

Clustered, regularly interspaced, short, palindromic repeats (CRISPR) loci and their
associated (cas) genes provide protection against viral (Barrangou et al., 2007) and plasmid
(Marraffini and Sontheimer, 2008) infection by capturing short DNA sequences from these
invaders and integrating them into the CRISPR locus of the prokaryatic host (Barrangou et
al., 2007). These sequences, known as spacers, specify the targets of the CRISPR immune
response. Depending on their cas gene content, CRISPR-Cas systems can be classified into
six different types (I-V1) (Makarova et al., 2015). In all types, the spacer sequence is
transcribed and processed into a short RNA guide known as the CRISPR RNA (crRNA).
How the crRNA guide directs the detection and cleavage of its complementary target
depends on the type of CRISPR-Cas system. During type | and 1l CRISPR-Cas targeting a
PAM, a conserved short sequence flanking the region of complementarity between the
crRNA and the target DNA (also known as the protospacer), is required for target
recognition and cleavage (Gasiunas et al., 2012; Jinek et al., 2012; Mojica et al., 2009;
Semenova et al., 2011). In addition, the target sequence immediately adjacent to the PAM,
6-8 nucleotides known as the target “seed”, must be fully complementary to the crRNA
guide (Jinek et al., 2012; Semenova et al., 2011; Wiedenheft et al., 2011). As a consequence
of these strict targeting requirements, type | and Il CRISPR-Cas systems fail to provide
immunity against mutant bacteriophages, present in the viral population, carrying single-
nucleotide mutations in the seed or PAM (Deveau et al., 2008; Semenova et al., 2011). To
prevent the takeover of these viral escape mutants, the bacterial host population must acquire
multiple spacers to ensure the extinction of the virus (van Houte et al., 2016).
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Type Il CRISPR-Cas systems have a unique molecular mechanism which requires target
transcription for both immunity (Deng et al., 2013; Elmore et al., 2016; Goldberg et al.,
2014) and DNA degradation (Samai et al., 2015). The type 111 Cas10 effector complex uses
the crRNA guide to interact with a complementary sequence in the target transcript, an
interaction that triggers both the DNase and RNase activities of the complex (Elmore et al.,
2016; Estrella et al., 2016; Kazlauskiene et al., 2016), and results in the degradation of both
the viral target DNA and its transcripts (Samai et al., 2015). Analysis of the sequence
requirements for type Il targeting has shown that only mutations that create homology
between flanking and repeat sequence upstream of the protospacer and spacer, respectively,
can abrogate immunity (Han et al., 2017; Kazlauskiene et al., 2016; Marraffini and
Sontheimer, 2010; Samai et al., 2015; Zebec et al., 2014). These results have argued against
the presence of a PAM for type Il targeting. In addition, it has been shown that different
type Il systems tolerate mutations in the protospacer, both in vivo (Goldberg et al., 2014;
Maniv et al., 2016; Peng et al., 2015) and in vitro in the RNA target (Kazlauskiene et al.,
2016; Staals et al., 2014), suggesting the absence of a critical seed sequence for targeting. In
spite of these studies, a thorough test for the presence of PAM and seed sequences, and/or
any other sequence requirements for an efficient type 111 CRISPR-Cas immune response has
not been performed.

Here we constructed plasmid libraries containing mutations in the CNPH82 phage target
sequence of the type I1I-A CRISPR-Cas system of Staphylococcus epidermidis RP62a
(Marraffini and Sontheimer, 2008). We either mutagenized the upstream flanking sequence
of this target to look for the presence of a PAM or the protospacer itself to look for a seed
sequence. We found that the great majority of mutations still enabled type 111-A targeting,
unequivocally demonstrating that these systems do not require either PAM or seed sequences
for efficient immunity. In contrast, type 111-A CRISPR-Cas systems display a broad target
specificity. When tested in the context of phage infection, this relaxed targeting mechanism
prevented the evasion of type I1I-A CRISPR-Cas immunity through target point mutations.
Instead, viral escape mutants harbor target deletions and are very infrequent. When the target
is located in a gene essential for phage propagation, escape is impossible and type 111
CRISPR-Cas immunity results in the complete destruction of the viral population. Our work
shows that, as opposed to type | and Il systems which require the acquisition of multiple
spacer sequences to prevent viral escape and persistence (van Houte et al., 2016), the relaxed
specificity of type 111 CRISPR-Cas targeting provides a robust immune response that can
lead to viral extinction with a single spacer sequence.

Type llI-A CRISPR-Cas targeting tolerates sequence changes upstream of the protospacer

To fully understand the sequence requirements for the S. epidermidis type 111-A CRISPR-
Cas immunity (Marraffini and Sontheimer, 2008), we performed a comprehensive
mutational analysis of one of its targets. Specifically, we decided to determine the number
and position of target mutations that enable escape from this system. To do this, we
introduced the target sequence (the 35-nt protospacer and 10-nt of each flanking sequence)
from phage CNPH82 (Daniel et al., 2007) matching spacer 2 (spc2) from the S. epidermidis
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CRISPR locus (Fig. S1A) into a transcribed region of the Gram-positive vector pLZ12
(Perez-Casal et al., 1991). We then created target plasmid libraries containing different
numbers and combinations of protospacer mutations which were introduced via
transformation into staphylococci. We first developed this method to comprehensively
determine the PAM and seed sequence requirements of the Strepfococcus pyogenes type Il-
A CRISPR-Cas system (Jiang et al., 2013a) and was subsequently used to study type I
targeting in detail (Fineran et al., 2014). To obtain the number of transformants necessary to
cover all the sequences present in the target libraries we heterologously expressed the type
I11-A CRISPR-cas locus of S. epidermidis RP62a (a strain with a low transformation
efficiency) in Staphylococcus aureus OS2 (a strain with high transformation efficiency
(Schneewind et al., 1992); 104-10° colonies per transformation) using the staphylococcal
vector pC194 (Hatoum-Aslan et al., 2013).

We started by looking for the presence of a PAM sequence flanking the CNPH82 target. It is
known that the sequence flanking the 5’ end of the protospacer affects type 111-A CRISPR-
Cas immunity. Homology between the repeat sequence preceding the spacer (known as the
“tag” sequence in the crRNA) and the corresponding flanking sequence of the target (known
as the “anti-tag”), prevents immunity (Marraffini and Sontheimer, 2010) and DNA cleavage,
but not RNA cleavage (Kazlauskiene et al., 2016; Samai et al., 2015). In addition, the type
I11-B Cmr complex produced by Pyrococcus furiosus requires the presence of a short motif
named rPAM (RNA prosotspacer-adjacent motif) (Elmore et al., 2016) in the target RNA for
efficient DNA degradation. Therefore we decided to perform a comprehensive analysis of
the mutations in the 5’ end target flanking sequence that result in the failure of type 111-A
CRISPR-Cas immunity. To achieve this we generated a plasmid target library harboring all
possible nucleotide combinations at positions —1 to —5 upstream of the spc2target (Fig. 1A).
This library was transformed into staphylococci carrying either a targeting, wild-type, type
I11-A CRISPR-Cas system (WT-CRISPR) or a non-targeting, mutated version of this locus
that lacks the CRISPR array (ACRISPR) (Fig. S1B). For comparison, we also transformed
an empty plasmid (no target control) and a plasmid harboring the wild-type spc2target. As
expected, the transformation efficiency for the latter is reduced from > 106 transformants/ug
DNA in ACRISPR cells, to ~ 103 transformants/ug DNA in WT-CRISPR staphylococci
(Fig. 1B). We have previously characterized these transformants (Jiang et al., 2013b) and
found that they harbor defective CRISPR-Cas loci, and therefore constitute the background
of our assays. Surprisingly, transformation of the plasmid library resulted in a reduction of
more than 2 orders of magnitude in the transformation efficiency, suggesting that type 111-A
immunity is robust against most target flanking sequences. To further characterize this
sequence flexibility, we collected ~ 100,000 cells from each transformation experiment,
plasmid DNA was extracted and the target amplified via PCR for next-generation
sequencing (Fig. S1B). For every target variant a transformation score was calculated as the
normalized reads of a particular sequence or group of sequences in WT-CRISPR
transformants relative to the normalized reads for the same sequences obtained in ACRISPR
cells. Therefore a score lower than 1 indicates targeting whereas a score equal or higher than
1 shows that the target sequence was enriched in WT-CRISPR cells due to lack of plasmid
destruction. It is important to note that the 5° flanking sequence library transformation into
WT-CRISPR cells yielded much less than 100,000 transformants, likely because most

Cell Host Microbe. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pyenson et al.

Page 5

sequences are still targeted (this was also the case for some of our other libraries, see below).
Therefore several transformations were performed to reach the desired number of cells
(100,000). As a consequence, the sequencing reads for the targets of background escape
mutants also increased considerably, leading to an inflation of the transformation score of
targeted sequences to values close to 1. Notwithstanding this caveat we could still
distinguish targeted from non-targeted sequences based on the transformation score, which
is much higher than 1 for the latter. We used the transformation scores first to determine
whether the wild-type flanking sequence (CTTCG, present in the CNPH82 phage spc2
target) contains a functional PAM that, similar to the case of type | and Il systems, will
enable type 111-A CRISPR escape if mutated. All the 32 permutations generated by the
introduction of mutations in the CTTCG sequence displayed a score lower or close to 1 (Fig.
1C and Supplementary Data File), similar to the non-mutated sequence (and much lower
than the GAGAN positive control, see below), indicating that all sequences are similarly
targeted and that there is no particular motif within the CTTCG flanking sequence, such as a
PAM, essential for immunity.

Previously it was shown that matches at positions -2, —3 and —4 between the tag and anti-
tag sequences prevented type I11-A CRISPR-Cas immunity in S. epidermidis (Marraffini and
Sontheimer, 2010). However, in this early study only a few mutant flanking sequences were
tested. We used our library of mutations to investigate the full spectrum of target flanking
sequences that will enable escape from type 111-A CRISPR-Cas immunity. To do this we
plotted the transformation score for every flanking sequence in the library in descending
order (Fig. 1D and Supplementary Data File). The score for most variants was lower than or
close to 1, showing again that most flanking sequences can license type I11-A targeting. A
small group of variants displayed scores higher than 1 and therefore represent the flanking
sequences that can abolish type 111 CRISPR-Cas immunity. As expected from previous
reports (Marraffini and Sontheimer, 2010), we found among these the perfectly matching
anti-tag sequence (AGAAC) as well as sequences with partial matches to the tag.
Interestingly, the type I11-A CRISPR-Cas response was best disrupted by targets containing
a GAGAN flanking sequence. This sequence was also found to be highly enriched after
calculating the Z-score for every nucleotide in each of the five positions of the randomized
library (Fig. 1E), which measures the number of standard deviations that a particular
nucleotide is enriched or depleted in the WT-CRISPR transformants. Although GAGAN
does not seem to have matches to the AGAAC tag, we realized that there is still substantial
homology if one nucleotide gap is allowed (Fig. S2A). We performed transformation assays
to corroborate that such flanking sequence abrogates type 111-A CRISPR-Cas immunity (Fig.
S2B). These experiments demonstrate that most flanking sequences allow type I11-A
CRISPR-Cas targeting; only those exhibiting substantial homology to the repeat sequence
flanking the spacer can prevent it.

To further demonstrate this we mutated the repeat sequence upstream of spcZ, from AGAAC
to TCTAC (Fig. 2A) and transformed the plasmid library into ACRISPR and WT-CRISPR
cells harboring this modified CRISPR array (Fig. 2B). If our conclusions are correct then the
non-targeted sequences of the library should match this new repeat tag sequence. As was the
case in the previous experiment, no single or multiple mutations of the wild-type flanking
sequence allowed escape (Fig. 2C and Supplementary Data File). More importantly, in
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addition to the perfectly matching TCTAC anti-tag, the top group of escape mutant
sequences was GTCNN (Fig. 2D and Supplementary Data File) and the same sequence was
found to be highly enriched after calculating the Z-score for every nucleotide in each of the
five positions of the randomized library (Fig. 2E). Similarly to the results above this
sequence is homologous to the modified repeat tag if a gap is allowed in the tag/anti-tag
alignment (Extended Data Fig. 2c) and completely abrogates type 111-A CRISPR-Cas
immunity in a transformation assay (Extended Data Fig. 2d). Altogether, these results
establish that the S. epidermidis type 111-A CRISPR-Cas system does not require a PAM
flanking the target to effectively destroy it. Quite the opposite to type I and Il systems, in
which any sequence harboring PAM mutations allows for escape, only a select set of
flanking sequences, those having homology with the CRISPR repeat tag, allow the evasion
of type I11-A CRISPR-Cas immunity.

Type llI-A CRISPR-Cas targeting tolerates sequence changes within the protospacer

Next we used our library transformation assay (Fig S1B) to perform a comprehensive
analysis of the tolerance of type I11-A CRISPR-Cas systems for changes in the protospacer
sequence. All the combinations of possible mutations result in more than 1021 different
sequences (435, 4 different nucleotides in each of the 35 different protospacer positions) and
it is impossible to test given the number of colonies obtained in a transformation experiment
(100,000). Even considering only two nucleotides per protospacer position (a wild-type or
mutant nucleotide in each position) the number of combinations is still too high (23% > 1010).
Therefore we decided to explore the sequence requirements for type 111-A CRISPR escape
across the first (positions 1-10), second (11-20) and last (26—35) 10-nt regions of the
protospacer (Fig. 3A). We tested all the combinations that result from having either the wild-
type or its Watson-Crick complementary nucleotide in every position of each region, i.e. we
tested 210 (1024) different sequences for each 10-nucleotide target library. Comparison of
the transformation efficiency of each target library with wild-type and no-target control
plasmids (Fig. 3B) indicated that while most mutations in the last 10-nt of the target
sequence did not affect type 11l CRISPR-Cas immunity, mutations in the first and second 10-
nt regions enabled some degree of CRISPR escape. To determine if mutations in particular
target positions enable escape from type 11l CRISPR-Cas immunity, we obtained the
transformation scores for each library sequence (Supplementary Data File) and examined the
scores of targets with a single nucleotide change in each of the 10 positions analyzed. These
scores were compared to those of a wild-type target (without mutations) or of a completely
mutant target (all 10 positions of the region mutated). Variants with a single substitution in
any of the first or second 10 positions of the target had similar scores to the wild-type
control and a significantly reduced score than the fully mutated target (Figs. 3C-E and
Supplementary Data File). This data demonstrates that, as suggested by previous studies
(Goldberg et al., 2014; Maniv et al., 2016; Millen et al., 2012), single-nucleotide
substitutions do not impair type 111-A CRISPR-Cas immunity. We next examined the data to
determine if the accumulation of protospacer mutations enabled escape and binned the reads
for each target variant from the library based on the number of substitutions in each 10-nt
region (Figs. 3F-H and Supplementary Data File). We found that at least four (Fig. 3F) and
six (Fig. 3G) substitutions are required within the first and second 10-nt protospacer region,
respectively, to allow some level of escape from type 11I-A CRISPR-Cas immunity. As
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deduced from the transformation efficiency of the library harboring mutations in the last 10-
nt region of the protospacer, both single (Fig. 3E and Supplementary Data File) and multiple
(Fig. 3H and Supplementary Data File) nucleotide substitutions still allow complete
targeting in all cases. This is line with findings from our previous mutagenesis of this
protospacer region (Maniv et al., 2016) and agrees with data showing the presence of shorter
crRNA species that lack part of the 3’ end sequence due to guide RNA maturation (Hatoum-
Aslan et al., 2011) (Fig. S1A).

To rule out the possibility that specific single-nucleotide mutations not covered in our
protospacer (1-10) library could disrupt type 111-A CRISPR-Cas immunity, we completely
randomized the first 5 positions (TAGTA) of the protospacer (N5, Fig. 4A). As it was the
case for the (1-10) library, transformation of the N5 library resulted in an intermediate level
of targeting (Fig. 4B), suggesting that many sequences still allow targeting. Most of the 32
permutations generated by the introduction of mutations in the TAGTA sequence displayed a
score lower or close to 1 (Fig. 4C and Supplementary Data File), similar to the non-mutated
sequence, indicating that most sequences are similarly targeted and that the TAGTA does not
constitute a seed sequence essential for immunity. Corroborating this observation, a
cumulative plot (Fig. 4D and Supplementary Data File) showed that almost any mismatch
combination is tolerated in the first five nucleotides of the protospacer sequence, with only
the accumulation of 4-5 mutations displaying some decrease in immunity. Results obtained
through analysis of both libraries containing different mutations in the first 5 and 10
nucleotides of the protospacer were validated in a transformation assay of targets harboring
either 5 or 10 substitutions in this region (Fig. S3). Altogether these results show that, in
contrast to type | and 1l CRISPR targeting, multiple- but not single-nucleotide mutations in
the protospacer allow escape from type 111-A CRISPR-Cas immunity.

Deletion of target region enables viral escape from type IlI-A CRISPR-Cas targeting

The previous results highlight the high tolerance to target mutations of type 111-A CRISPR-
Cas systems. Because phage populations almost invariably harbor target mutations in the
region targeted by a given spacer, the less flexible targeting rules of type | and Il systems
facilitate phage escape from CRISPR immunity (Deveau et al., 2008; Semenova et al.,
2011). We decided to compare how phages escape type 11 and type 111 CRISPR-Cas
targeting, to test the hypothesis that the more flexible targeting of the latter would result in
less escape. We used staphylococci harboring a vector with either the S. pyogenestype 11-A
system (lacking the casi, cas2and csn2 genes that are required for the acquisition of new
spacers) (Heler et al., 2015) or the S. epidermidistype 111-A (Hatoum-Aslan et al., 2013)
CRISPR-cas locus and infected them with the Iytic phage $§NM4-y4 (Goldberg et al., 2014).
Western blot of Cas9 and Csm4 indicated similar levels of expression for both CRISPR loci
(Fig. S4A). To be able to compare targeting by these systems, each was programmed with
spacers targeting the same phage sequences (Fig. 5A). In addition, we decided to target two
different regions of the phage: an intergenic region downstream of gu33, a gene encoding a
non-essential dUTPase (Frigols et al., 2015), and a coding region in gp47, a gene producing
an essential major phage capsid protein. A fresh preparation of §NM4-y4 was plated on an
indicator strain lacking CRISPR to measure the total number of plaque-forming units (pfu)
of the phage stock, and in each of the four staphylococcal strains harboring CRISPR loci
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(Fig. 5B). For both type 11-A and type I11-A targeting, more escapers were obtained when
the non-essential intergenic region of the phage was targeted. However, whereas about 1
phage in 10° bypassed type 11-A CRISPR-Cas immunity, the count of type 111-A escapers
resulted two orders of magnitude lower. When the essential gp47 gene was targeted, about 1
phage in 10° escaped type 11-A immunity but plagues were not detected in the presence of
type I11-A targeting (1 in 1010 is the limit of detection of this assay). These results
corroborate our hypothesis that the flexibility of type 11l CRISPR-Cas targeting leads to a
very low frequency of escape. We decided to determine the nature of the mutations that
allow escape from type 11-A and I11-A systems. First we analyzed whether phages escaping
one CRISPR system were also able to escape the other (Fig. S4B). Interestingly, while the
mutations that enabled escape from type II-A targeting did not allow for escape of type I11-A
immunity, type 111-A escaper phages contained mutations that also bypassed type 11-A
CRISPR-Cas immunity. To determine the nature of the escaper mutations we sequenced the
target locus on these 10 escapers after PCR amplification. Escapers of type 1I-A CRISPR-
Cas immunity invariably contained a mutation in one of the G bases of the PAM, both for
the gp33 (Fig. 5C) and gp47 (Fig. 5D) targets. In contrast, PCR amplification of the non-
essential gp33 gene region from type I11-A escaper phages revealed the presence of target
deletions (Fig. 5E). Deletions ranged from ~ 700 to 2500 bp (Fig. 5F) and eliminated the
full target sequence from the escaper genomes. These results are in agreement with our data
demonstrating the absence of seed or PAM sequences for type 111-A CRISPR-Cas targeting,
which would have allowed phage to survive through single point mutations in these regions.
As a consequence of this, the most frequent event that can lead to escape from type I11-A
CRISPR-Cas immunity is the deletion of the target sequence from the viral genome.

Type llI-A CRISPR-Cas targeting results in viral extinction

The above results also suggest that type 111-A CRISPR-Cas immunity is impossible to
escape if the target is located in an indispensable gene that cannot tolerate deletions. As
opposed to the type I and Il CRISPR-Cas immune response, which requires the acquisition
of multiple spacer sequences to completely destroy the infecting phage (van Houte et al.,
2016), a single type I11-A spacer targeting such an essential region could drive viral
extinction. To test this, we infected staphylococci carrying the type 11-A or type I11-A
CRISPR-Cas system, targeting either the non-essential gp33gene or the indispensable gp47
region (Fig. 5A), with $§NM4y4 phage at a multiplicity of infection (MOI) of 20. Every four
hours the surviving phage present in the different culture supernatants were enumerated by
counting the total pfu (formed on an indicator, non-CRISPR, strain) and the escaper pfu
(formed on staphylococci carrying the targeting CRISPR-cas locus). Also every four hours,
the surviving bacteria were measured and the supernatant phage was used to re-infect a fresh
culture. Initial immunity against the majority of the phage population as well as phage
adsorption resulted in a marked decrease in the total phage count (Fig. S5A). By 12 hours,
however, when the non-essential gp33 gene was targeted both by type I1-A or type Il1-A
CRISPR-Cas systems, total phage numbers recovered to a high titer, largely due to the rise
of the phage escape mutant population. As a reflection of the escaper increase, the bacterial
host population was killed and decreased to undetectable levels (Fig. S5B). Similar results
were obtained when the essential gp47 gene was the subject of type 11-A CRISPR-Cas
immunity (Figs. 6A-B). In contrast, when staphylococcal hosts were equipped with a type
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I11-A CRISPR-Cas system targeting the gp47 gene, the absence of phage escape mutants
prevented the resurgence of the phage population, which was driven to extinction (Fig. 6A).
As a result of this, the type 111-A bacterial hosts were able to survive phage killing (Fig. 6B).

Next we tested whether the level of host protection provided by a single type 111 spacer
would be possible with the type I1-A CRISPR-Cas system if the bacterial population
contained multiple different spacers. To do this we picked ten random targets in the
dNM4y4 genome (Fig. 7A). The immunity of a mixed population harboring five of these
spacers was not enough to drive the phage to extinction (Fig. 7B) and preserve the bacterial
host (Fig. 7C). Only the simultaneous targeting by ten spacers led to a significant decrease
of the phage titers, although not to a complete clearing as was the case for the single type
I11-A spacer (Fig. 7D), and to the survival of the infected staphylococci (Fig. 7E). Altogether
these results show that, due to the detrimental effects of deletions within essential phage
genes, the targeting of such sequences by the S. epidermidis type 111-A CRISPR-Cas system
leads to the extinction of the virus.

DISCUSSION

Our results show that type I11-A CRISPR-Cas immunity in staphylococci does not require
the presence of specific sequence elements in the target region and therefore phages and
other invaders cannot bypass targeting through the introduction of single nucleotide
mutations. We showed that the accumulation of mutations within the protospacer sequence
are necessary to abrogate targeting and that these mutations are not clustered in any
particular sector of the protospacer. We found that four to eight mutations, depending on the
spc2target region, noticeably weaken the immune response mediated by this spacer. The
exact number of cumulative mutations that are required to abrogate immunity most likely
depend on the spacer sequence, since it has been shown that the details of the sequence
requirements for targeting are spacer-specific not only for type 111 (Maniv et al., 2016) but
also for type | (Xue et al., 2015) and type 1l (Hsu et al., 2013) systems. Regardless of this,
our results clearly established that the S. epidermidis type 111-A CRISPR-Cas system does
not rely on the presence of a protospacer seed sequence for targeting. Likewise, our
experiments failed to identify any PAM sequence required for immunity. Instead, through
the investigation of the complete flanking sequence space and the alteration of the repeat
sequence, we definitively established that lack of homology between the 5’ end repeat
sequence preceding the targeting spacer and the 5’ end flanking sequence of the protospacer
is a fundamental requisite for targeting. As opposed to the limited number of flanking
sequences previously tested (Marraffini and Sontheimer, 2010), our high throughput
experiments allowed us to precisely determine the homology requirements for target
tolerance, establishing that the presence of a gap in the alignment of flanking sequences is
the most efficient configuration to prevent targeting. Given that type 111 systems recognize
their targets at the RNA level (Elmore et al., 2016; Estrella et al., 2016; Kazlauskiene et al.,
2016), we speculate that both the effect of this gap and of the accumulation of mutations in
the protospacer region impact type 111-A CRISPR-Cas immunity by affecting the dSRNA
interaction between the crRNA and the protospacer RNA during targeting. In particular,
since the structural analysis of the type 111-B complex of Thermus thermophilus revealed
that the Cas10 subunit is in close proximity to the crRNA tag (Taylor et al., 2015), it is
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possible that the gap in the tag/anti-tag RNA interaction directly affects the DNase activity
of this subunit. In vivo, in our studies and otherwise, mutations on the DNA will always
appear in the RNA that results from its transcription and therefore the effects of the
mutations in RNA vs. DNA degradation cannot be separated. In vitro studies that looked
exclusively at crRNA-guided RNA cleavage have shown that many mutations on the target
RNA can still allow cleavage (Kazlauskiene et al., 2016; Staals et al., 2014), further
suggesting that the tolerance to target mutations that we describe here is determined through
crRNA:protospacer RNA interactions. Future structural analysis aimed at elucidating the
molecular mechanism behind the activation of DNA degradation through RNA recognition
in Cas10 complexes will be required to completely understand how mutations affect type I11-
A immunity at the molecular level.

The type 111-B Cmr complex produced by Pyrococcus furiosus requires the presence of a
short motif named rPAM (RNA prosotspacer-adjacent motif) (Elmore et al., 2016) in the
target RNA for DNA degradation. In our study however, we were unable to find such motif
either within target libraries or phages escapers that could avoid type I11-A immunity by
mutating it. One explanation for this discrepancy could be related to the cooccurrence of the
type I11-B with two type | loci (I-A and 1-G) in £ furiosus. These systems not only have all
the same repeat sequence, but also have similar PAMs to each other and to the rPAM of the
type I11-B targets (Elmore et al., 2015). Since there is evidence that type 111-B systems can
utilize type | spacers in Sulfolobus islandicus (Deng et al., 2013), it is possible that the 2
furiosus type 111-B system has evolved to work with the type | spacers and therefore prefers
similar flanking motifs to the type | targeting machinery. Future work will determine if co-
occurrence of type | and I11 systems results in an rPAM requirement in hosts harboring both
systems.

More importantly, we found that the relaxed targeting rules of type the I111-A CRISPR-Cas
system have a crucial impact in the nature of the immunity it provides to the host. First, it
poses a challenge for the interrogation of the sequence space by the Cas10 complex. In both
type I and Il systems, the initial recognition of short sequences such as the PAM (~2 bp) and
seed (~6-8 bp) reduces the complexity of the search space and allows for rapid target
finding (Redding et al., 2015; Sternberg et al., 2014); this would not be feasible during type
I11-A immunity. It is possible that the unique type Il targeting mechanism, which recognizes
the RNA transcript and not on the DNA (Elmore et al., 2016; Estrella et al., 2016;
Kazlauskiene et al., 2016) could facilitate the scanning of the sequence space for the
presence of targets. Second, because the presence of many mismatches between a given
spacer and its target still license type I11-A CRISPR-Cas immunity, the likelihood of having
a chromosomal hit for a viral-derived spacer is much higher than in the case of type | and
type Il targeting, and this could lead to higher levels of toxicity of type 1l systems. Indeed,
the results of pairwise competition experiments show that the S. epidermidistype 111-A
system, but not the S. pyogenestype I1-A, generates a fitness cost for the staphylococcal
host (Fig. S5C). Third, we hypothesize that the absence of seed and PAM sequence
requirements for targeting may affect the ability of type I1I-CRISPR-cas loci to acquire new
spacers. Besides a single report showing spacer incorporation by a rare type 111-U system
(Silas et al., 2016), the expansion of the spacer repertoire upon infection has been elusive for
the most common and best studied type 111-A and I11-B CRISPR loci. Since it is unnecessary
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for these systems to acquire multiple spacers to effectively neutralize a phage, they may have
evolved to display a much lower frequency of spacer acquisition. The possibility of self-
targeting toxicity mentioned above could also favor the counter-selection of highly active
spacer acquisition in type Il systems. In addition, single nucleotide escape mutations in the
seed or PAM sequences of type | CRISPR-Cas targets promotes a highly efficient mode of
spacer acquisition known as “priming” (Datsenko et al., 2012) that relies on a low level of
cleavage of the mutated target (Kiinne et al., 2016; Semenova et al., 2016). Our results
suggest that spacer acquisition could not be boosted by such a priming mechanism during
type 111 CRISPR-Cas immunity, since the most common phage escape mutants completely
lack the protospacer sequence.

The fourth, and possibly most relevant, consequence of the relaxed sequence requirements
of type I11-A CRISPR-Cas targeting, is that it provides the host with a much more robust
immune response capable of limiting the viral escape rate. To evade type I111-A targeting, the
phage population must contain individuals that have acquired many mutations, either in the
protospacer region or in the 5” flanking sequence, and for the latter these mutations would
have to specifically generate homology with the CRISPR repeat. We believe that such
accumulation of mutations is very infrequent, hence the only mechanism of type 111-A
evasion that we detected was the full deletion of the target region. However, phages have
evolved some of the most compact genomes (Briissow and Hendrix, 2002) where almost
every gene plays an important, if not essential, role in the viral infectious cycle and therefore
escape from type I11-A CRISPR-Cas immunity through target deletion would often be
impossible. In addition, the flexibility of type 111-A CRISPR-Cas targeting results in a robust
immune response not only against phages harboring a perfect target but also other related
phages that have a conserved but mutated target sequence. This contrasts with type I and |1
CRISPR-Cas immunity, which can be evaded frequently by viruses containing single-
nucleotide mutations in the seed or PAM sequences (Barrangou et al., 2007; Deveau et al.,
2008; Semenova et al., 2011). To circumvent this deficiency, the type | and Il CRISPR-Cas
immune responses require the acquisition of multiple spacers to prevent escape and
effectively defend the host population (van Houte et al., 2016). In contrast, type I11-A
CRISPR-Cas systems should be able to rely on fewer spacer sequences targeting essential
regions of the phage genome to drive the infecting virus to extinction. In summary, our
results show that in addition to a distinctive targeting mechanism that results in the cleavage
of both DNA and its transcripts, type 11l CRISPR-Cas immunity also displays a unique high
level of targeting flexibility that prevents the emergence and evolution of mutant phage
escapers during the host-virus arms race.

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Luciano Marraffini (marraffini@rockefeller.edu)

Cell Host Microbe. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pyenson et al. Page 12

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions—Cultivation of S. aureus RN4220
(Kreiswirth et al., 1983) or OS2 (Schneewind et al., 1992) and E£. coli strains were carried
out in tryptic soy broth (TSB) or LB liquid media (BD) respectively at 37°C. S. aureus
media were supplemented with chloramphenicol at 10 pug/ml or spectinomycin at 250 pg/ml
to maintain pCRISPR or pTarget plasmids, respectively. £. coli media were supplemented
with spectinomycin at 50 ug/ml for pTarget plasmid maintenance.

METHOD DETAILS

Construction of pTarget plasmids—The sequences of all primers used in this study are
listed in Table S1. pTarget was constructed by adding the spcZ2 protospacer found in phage
CNPH82 (Daniel et al., 2007) along with its 10-nt upstream and downstream flanking
sequences into the shuttle vector pLZ12 (Perez-Casal et al., 1991). The phage target was
appended to plasmid specific primers NP99 and NP100. The vector backbone was amplified
using the primer pairs NP25-NP99 and NP24-NP100 and joined using Gibson assembly
(Gibson et al., 2009). pTarget(1-5) or pTarget(1-10), pTarget was amplified with primer
pairs NP218-NP25 and NP219-NP24 or NP220-NP25 and NP221-NP24, respectively, and
the two amplicons were joined using Gibson assembly. pTarget(WT anti-tag) or
pTarget(mutant anti-tag), pTarget was amplified with primer pairs NP189-NP25 and NP190-
NP24 or NP197-NP25 and NP198-NP24, respectively, and the two amplicons were joined
using Gibson assembly. pTarget(WT anti-tag w/gap) or pTarget(mutant anti-tag w/gap),
pTarget was amplified with primer pairs NP191-NP25 and NP192-NP24 or NP199-NP25
and NP200-NP24, respectively, and the two amplicons were joined using Gibson assembly.

To generate the pTarget libraries the wild-type pTarget plasmid was first amplified without
mutagenesis to generate an insert and a vector template for subsequent PCRs. This
eliminated high background levels of wild-type pTarget plasmids in the library. We used
0.05 ng of pTarget plasmid to amplify the target region with primers NP32 and NP67 and the
pTarget backbone with NP62 and NP25. The products were gel-extracted, purified and 0.05
ng of each amplicon was used as template. To construct the target library plasmids
pTarget(—1-5), pTarget(N5), pTarget(1-10), pTarget(11-20) and pTarget(26—35), the NP32/
NP67 template was amplified using primer pairs NP24-NP101, NP24-NP103, NP24-NP103,
NP24-NP106 and NP24-NP108, respectively; and the NP62/NP25 backbone was amplified
with primer pairs NP25-NP102, NP25-NP104, NP25-NP105, NP25-NP107 and NP25-
NP109, respectively. The two amplicons were joined using Gibson assembly.

Construction of pCRISPR plasmids—pWT-CRISPR and pACRISPR were obtained
previously (Hatoum-Aslan et al., 2013). pCRISPR(spc2* tag) was generated by synthesis of
a CRISPR array containing a mutated second repeat (PNP61; see Supplementary Sequences
File). Synthetic DNA was amplified with primers L56-L65 and the pACRISPR backbone
was amplified with primers L66-L55. Two-piece Gibson assembly was used to join the two
amplicons.

To introduce ¢NM4-y4 spacers into the type 111 pCRISPR plasmid we used digested pGG79-
F (Goldberg et al., 2014) with Bsal and ligated annealed oligonucleotides with Bsal-
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compatible ends. Oligonucleotides NP137-NP138 and NP135-NP136 were used to introduce
the gp33 (pPNP55) and gp47 (PNP54) spacers, respectively. The same approach was used to
introduce $NM4y4 spacers into the type 11 pCRISPR plasmid, using the vector pDB114,
which lacks casi, casZ and csn2genes and is therefore unable to acquire new spacers.
Plasmid pNP53 was made with oligos PN87-PN88 and harbors the gp33 spacer. Plasmid
pRH249 was made with oligos H346-H347 and harbors the gp47spacer. Plasmid pRH79
was made with oligos H29-H30 and harbors spacer A. Plasmid pRH297 was made with
oligos H488-H489 and harbors spacer B. Plasmid pRH294 was made with oligos H482-
H483 and harbors spacer C. Plasmid pRH292 was made with oligos H478-H479 and harbors
spacer D. Plasmid pRH293 was made with oligos H480-H481 and harbors spacer E. Plasmid
pNP72 was made with oligos H117-H118 and harbors spacer F. Plasmid pNP92 was made
with oligos PN71-PN72 and harbors spacer G. Plasmid pRH299 was made with oligos
H494-H495 and harbors spacer H. Plasmid pNP73 was made with oligos H433-H434 and
harbors spacer I.

To add hexa-histidyl tags into the Cas proteins for Western blot experiments, two plasmids
were used. A Csm4 version harboring an hexa-histidyl tag was, pAH79 previously generated
and validated (Hatoum-Aslan et al., 2013). To add the tag to the C-terminus of Cas9,
plasmid pNP114 was constructed by amplifying the backbone pDB114 (Bikard et al., 2014)
with primer pair L409-NP343 and the insert cas9 gene from pKWOQ7 (Heler et al., 2015)
with L410-NP342. The two fragments were joined with Gibson Assembly.

Library transformation and DNA-seg—ATfter Gibson assembly, library plasmids were
introduced via electroporation into NEB 5-alpha Electrocompetent £.coliusing a
GenePulser Xcell (BioRad) with the following parameters: 1.7 kV, 200 Omega, and 25 puF, 1
mm. Immediately following electroporation, 1ml of SOC media was added and cells were
recovered for 1 hour at 37°C. The number of transformants were quantified u sing a serial
dilution and plating on LB agar containing 50 pg/ml spectinomycin. Transformants were
stored at 4°C overnight and based on the serial dilution colony count, 100,000 colonies were
plated on selective LB agar, with ~ 33,000 cfu plated per 150 mm diameter plate. Colonies
were pooled by scraping the plate with 2 ml LB and pellets were frozen at —20°C prior to
plasmid library extraction using the QlAprep Spin Miniprep Kit. Library plasmids (1 ug
DNA) were introduced into S. aureus OS2 competent cells [harboring pWT-CRISPR,
pACRISPR or pCRISPR(spc2* tag)] via electroporation. After recovery and serial dilution
on tryptic soy agar (TSA) plates containing 10 pug/ml chloramphenicol and 250 pg/ml
spectinomycin, transformants were stored at 4°C overnight. Based on the serial dilution
colony count, 100,000 colonies were plated on 150 mm plates; with a maximum of ~ 33,000
colonies per plate. A total of 100,000 colonies were collected for each strain. Multiple
transformations for cells harboring pWT-CRISPR or pCRISPR(spc2* tag) were made to
reach this number. Colony collection was achieved adding 2 ml of TSB on top of the
transformant plates and scrapping the colonies into the media. The pellet for each library in
each strain was frozen as —20°C and then thawed to perform DNA extraction. Target library
plasmids were extracted from S. aureus transformants using QlAprep Spin Miniprep Kit and
the target region was amplified by PCR using different primer pairs (this introduced unique
sequences in each PCR product, which served as identifiers to distinguish the origin of reads
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after next-generation sequencing of the PCR products) as follows: pWT-CRISPR/
pTarget(—1-5), NP61-NP65; pWT-CRISPR/pTarget(N5), NP63-NP67; pWT-CRISPR/
pTarget(1-10), NP120-NP65; pWT-CRISPR/pTarget(11-20), NP122-NP67; pWT-CRISPR/
pTarget(26-35), NP124-NP65; pACRISPR/pTarget(-1-5), NP62-NP66; pACRISPR/
pTarget(N5), NP64-NP68; pACRISPR/pTarget(1-10), NP121-NP66; pACRISPR/
pTarget(11-20), NP123-NP68; pACRISPR/pTarget(26—35), NP127-NP68; pCRISPR(spc2*
tag)/pTarget(-1-5), NP121-NP68. Amplicons were given to the Rockefeller University
Genomics Core for library preparation and Illumina Hi-Seq Sequencing. The data was
analyzed using Python: first verifying the presence of the target and flanking region outside
of the mutagenized region to identify the sample. Next, the frequency of each target or flank
variant was calculated for each library.

Western blot analysis—To extract total protein from staphylococci harboring pAH73 or
pNP114, cells were grown up to ODggg of ~1.0 and collected by centrifugation. The pellet
was resuspended in 50 pl of Cell Lysis Buffer [25 mM Hepes, 150 mM KCI, 5% (v/v)
glycerol, 20% sucrose] with 5 pl of 5 mg/ml Lysostaphin. After incubation at 37 C for 30
minutes, 50 ul of BugBuster Master Mix (EMD Millipore) was added. To ensure that equal
protein concentrations were analyzed, the total protein concentration was measured by the
Bradford assay (Bradford, 1976). Samples were mixed 1:1 with 2X Laemlli Sample Buffer
and run on a Mini Protean 4%-20% TX gel for 30 minutes at 200 V. Transfer to a PVDF
membrane was done using an iBlot Gel Transfer device (Thermofisher). The membrane was
blocked for 1 hour at room temperature in PBS-T (0.05% Tween 20) containing 5 % milk
and then then incubated overnight at 4 C with 1:5000 dilution of THE™ His-tag antibody
(Genescript). The membrane was incubated with secondary goat HRP antibody for 1 hour at
room temperature. The membrane was visualized by incubating with HRP substrates and
imaging for chemiluminescence.

Quantification and characterization of bacteriophage escapers—To evaluate the
presence of §NM4-y4 bacteriophage (Goldberg et al., 2014) escapers present in a phage
stock population, overnight cultures were launched by inoculating a single colony of S.
aureus RN4220 harboring either pNP53, pNP54, pNP55, pRH249 or without any plasmid
into TSB. 100ul of each overnight culture was diluted into 5 ml of TSA (top agar)
supplemented with 5 mM CacCls, (required for phage adsorption) and plated on a bed of
TSA. After top agar solidification, serial dilutions of a concentrated phage stock were plated
on the top agar and incubated overnight at 37 °C to count plaques the next day. If plaques
were not detected the experiment was repeated by mixing 100 ul (calculated to contain 20
billion pfu) of phage stock with 100 pl of the overnight culture into 5 ml of top agar. The
frequency of escape was calculated as the number of plaques obtained for each pCRISPR-
containing strain over the number of plaques obtained in the no plasmid control. To check
whether escapers of a given CRISPR-Cas system were able to bypass targeting by a different
system and/or spacer, 10 escaper plaques were isolated and resuspended on 20 pl of TSB. 2
ul of the resuspension were plated on top agar TSA containing staphylococci with different
CRISPR-Cas systems.

Cell Host Microbe. Author manuscript; available in PMC 2018 September 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pyenson et al.

Page 15

Target sequencing of bacteriophage escapers—Ten escaper plaques were isolated
and resuspended on 20 pl of TSB and incubated at 37 °C for 30 minutes. 1 pl of the phage
mixture was used as template for PCR amplification. For type Il escapers, primers GG215-
GG211 and PN95-PN96 were used to amplify the gp47and gp33 targets, respectively. For
type 111 escapers of gp33targeting primers NP183-NP184 were used to detect the deletions.
PCR products were submitted to Sanger sequencing.

Time course of bacteriophage escape—Overnight cultures of S. aureus RN4220
harboring either pNP53, pNP54, pNP55 or pRH249 were diluted to an optical density value
at 600 nm (ODggp) of 0.2 in 3.5 ml of TSB supplemented with 5 mM CaCl, and 10 pg/ml
chloramphenicol. The culture was grown at 37 °C for 4 hours without phage, re-dilute d to
OD600 of 0.2 and divided into two 2.5 ml samples. Phage at an MOI of 20 was added to one
of these aliquots (0 hours post-infection). An aliquot was taken to measure the pfu/ml as
described above (both in the pCRISPR cells, to count the escaper phages, and in the RN4220
cells, to count the total phage present) as well as the OD600 of the infected cells. The non-
infected culture was used to replenish the cells used in the infected cultures every four hours
and avoid the raise of non-CRISPR bacteriophage-resistant mutants. After 4 hours of growth
at 37 °C the pfu/ml and OD 600 were measured again (4 hours post-infection). Both samples
were centrifuged and the supernatant of the phage-infected sample was mixed with the
pelleted, non-infected cells to reach an OD600 of 0.2. A second aliquot of non-infected
staphylococci was also resuspended to OD600 of 0.2. After 4 hours of growth at 37 °C the
procedure was repeated to obtain the 8 hours post-infection pfu/ml and OD600 values and
then five more times to record the 28 hours post-infection data.

Pairwise competition analysis—Overnight cultures of pE194 (Horinouchi and
Weisblum, 1982b), pC194 (Horinouchi and Weisblum, 1982a), pWJ40 (Heler et al., 2015),
and pWJ30p (Hatoum-Aslan et al., 2013) were diluted to the same ODggp. An equal
proportion of pE194 (erythromycin-resistant) was mixed with either pC194 (vector control,
chloramphenicol-resistant), pWJ40 (harboring the S. pyogenestype I1-A CRISPR-cas locus,
chloramphenicol-resistant), or pWJ30p (harboring the S. epidermidis type 111-A CRISPR-
cas locus, chloramphenicol-resistant) and diluted 1:1000 in BHI, in triplicate. For each
passage, overnight cultures were diluted 1:1000 in fresh BHI. Culture proportions were
quantified at indicated passages by plating and counting colonies on plain, chloramphenicol,
or erythromycin-containing TSA plates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical Analysis of Deep Sequencing Data—For each target, transformation
scores were defined as the ratio of normalized reads of a sequence in WT-CRISPR to
ACRISPR cells. To analyze the impact of each position in the PAM sequence, transformation
scores for each nucleotide type were summed at each position. A normalized score was then
computed by applying a standard Z-transformation across all positions and nucleotides. Any
nucleotide with a Z-score greater than 1 was considered to be significantly enriched. For
each of the pTarget libraries, generalized linear models were fit to the depletion scores and
position significance was assessed using the glmnet package in R. Significant positions were
considered to be those with p<0.01.
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DATA AND SOFTWARE AVAILABILITY
Not applicable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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. Type Il CRISPR-Cas immunity does not require PAM or seed sequence

motifs

. Escape from type I1l immunity requires complete deletion of the target
sequence

. Type Il targeting of an essential phage gene leads to phage extinction

. The targeting flexibility of type 111 systems provides a robust immune
response
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Fig. 1. Type I11-A CRISPR-Cas targeting tolerates sequence changes upstream of the
protospacer

(A) Sequences flanking the spc2 spacer and upstream of the wild-type randomized library
target. N, any nucleotide. (B) Transformation efficiencies for different pTargets into cells
containing the pWT-CRISPR or pACRISPR plasmids. The mean + SD of 3 independent
experiments are reported. (C) Transformation scores for library sequences with all possible
deviations from the wild-type target flanking sequence (CTTCG, in red, is a positive control
for type I11-A targeting). Dots represent any nucleotide but the wild-type in that position.
GAGAN (in yellow; N is any nucleotide) is a no targeting, negative control. (D)
Transformation scores for all different flanking sequence variants present in the library, in
decreasing order. The CRISPR repeat sequence and the wild-type target flanking sequences
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are identified as negative and positive controls for type 111-A CRISPR-Cas immunity. The
sequences that allowed the highest level of escape are shown in the yellow box. (E)
Nucleotide enrichments were analyzed for all variants of the pTarget library. Normalized
depletion counts for each position and nucleotide were compared for WT-CRISPR and
ACRISPR samples and used to calculate a Z-score. Any nucleotide at each position with a
Z-score above 1 is considered significant. See also Fig. S1.
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Fig. 2. The terminal sequence of the CRISPR repeat determines the target flanking sequences
that escape type I11-A immunity

(A) Sequences flanking the spc2* spacer, a mutant repeat sequence (TCTAC) upstream of
spcZ, and upstream of the wild-type randomized library target. N, any nucleotide. (B)
Transformation efficiencies for different pTargets into cells containing the pWT-
CRISPR(spc2*) or pACRISPR plasmids. The mean + SD of 3 independent experiments are
reported. (C) Transformation scores for library sequences with all possible deviations from
the wild-type target flanking sequence (CTTCG, in red, is a positive control for type 111-A
targeting). Dots represent any nucleotide but the wild-type in that position. GTCNN (in
yellow; N is any nucleotide) is a no targeting, negative control. (D) Transformation scores
for all different flanking sequence variants present in the library, in decreasing order. The
mutated spc2* CRISPR repeat sequence and the wild-type target flanking sequences are
identified as negative and positive controls for type 111-A CRISPR-Cas immunity. The
sequences that allowed the highest level of escape are shown in the yellow box. (E)
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Nucleotide enrichments were analyzed for all variants of the pTarget library. Normalized
depletion counts for each position and nucleotide were compared for WT-CRISPR and
ACRISPR samples and used to calculate a Z-score. Any nucleotide at each position with a
Z-score above 1 is considered significant. See also Fig. S3.
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Fig. 3. Type I11-A CRISPR-Cas targeting tolerates sequence changes within the protospacer
(A) Construction of target libraries harboring mutations in the first (1-10), second (11-21)

or last (26—-35) 10-nucleotide region of the spc2 protospacer W: A or T, S: C or G. (B)
Transformation efficiencies for pTargets containing protospacer libraries in positions (1-10),
(11-20) and (26-35) into cells containing the pWT-CRISPR or pACRISPR plasmids.
Transformation efficiencies of plasmids harboring either no target or a wild-type target are
shown as controls. The mean + SD of 3 independent experiments are reported. (C-E)
Transformation score for sequences containing only a single mutation in each of the 10-
nucleotide region. The score for the fully wild-type (WT) or fully mutated sequences are
shown as controls of type I11-A targeting. (F-H) Transformation score for sequences
containing increasing number of mutations in each of the 10-nucleotide region. The score for
the fully wild-type (0 mutations) or fully mutated (10 mutations) sequences are shown as
controls of type 111-A targeting. See also Fig. S3.
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Fig. 4. Accumulation of mismatches in the first 5 nucleotides of the protospacer abrogate type
I11-A CRISPR-Cas immunity

(A) pTarget library containing the first 5 nucleotides of the protospacer completely
randomized (N5). The wild-type target and the spc2 sequences are also shown. (B)
Transformation scores for library sequences with all possible deviations from the wild-type
target (TAGTA). Dots represent any nucleotide but the wild-type in that position. (C)
Transformation efficiencies for different pTargets (no target, wild-type target, N5 target) into
cells containing the pWT-CRISPR or pACRISPR plasmids. The mean + SD of 3
independent experiments are reported. (D) Transformation scores for library target variants
containing an increasing number of mismatches to the wild-type target.
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Fig. 5. Deletion of target region enables viral escape from type 111-A CRISPR-Cas targeting
(A) Sequences of the targets on the phage $§NM4-y4 genome chosen for this study. Light and

dark blue lines: type 111-A targets. Light and dark green lines: type 11-A targets. (B)
Frequency of escape of §NM4-y4 from the different CRISPR-Cas targeting shown in (A).
The mean * SD of 3 independent experiments are reported. (C) PCR amplification and
sequencing of the gp33target of phages that escape type 11-A immunity. Mutations in the
PAM are shown in light green. (D) PCR amplification and sequencing of the gp47 target of
phages that escape type 11-A immunity. Mutations in the PAM are shown in dark green. (E)
PCR amplification of the gp33target of phages that escape type 11-A immunity. (F)
Mapping of the different deletions (A—F) spanning the gp33target of phages that escape
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type 111-A immunity. The coordinates of each deletion on the $NM4y4 genome are reported.
See also Fig. S4.
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Fig. 6. Type 111-A CRISPR-Cas targeting results in viral extinction
(A) $NM4y4 phage titers measured as pfu/ml every 4 hours after infection of cells carrying

type I1-A (dark green) or type I11-A (dark blue) systems targeting the gp47 essential gene.
Total phage titers (dotted line) were calculated after plating samples on non-CRISPR strain
RN4220. Escaper phage titers (full line) were calculated by plating samples on CRISPR-
immune bacterial strains. (B) Bacterial growth measured as ODggg every 4 hours after
$NM4-y4 infection of cells carrying type 11-A (dark green) or type I11-A (dark blue) systems
targeting the gp47 essential gene. Growth measurements of non-infected cells (dotted lines)
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are shown as controls. Results are representative of three different experiments. See also Fig.
S5.
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Fig. 7. Diversity of spacers in the host population enables a robust type 11-A CRISPR-Cas
immune response

(A) Genome of the staphylococcal phage ¢NM4y4. The position of the targets used in this
study (matching the top or bottom strand) is shown. The green arrow represents the central
promoter of this phage. (B) $NM4-y4 phage titers measured as pfu/ml every 4 hours after
infection of cells carrying type I1-A CRISPR-Cas system targeting five different genomic
regions (A—-E). Total phage titers (black line) were calculated after plating samples on non-
CRISPR strain RN4220. Escaper phage titers (colored lines) were calculated by plating
samples on each of the five different CRISPR-immune bacterial strains. (C) Bacterial growth
measured as ODgqg every 4 hours after §NM4-y4 infection of cells carrying type 11-A
CRISPR-Cas system targeting five different genomic regions (A-E). Growth measurements
of non-infected cells (dotted lines) are shown as controls. (D) same as (B) but after infection
of cells carrying type I1-A CRISPR-Cas system targeting ten different genomic regions (A-1
and gp33). (E) same as (C) but following infection of cells carrying type 11-A CRISPR-Cas
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system targeting ten different genomic regions (A-l1 and gp33). Results are representative of
three different experiments.

Cell Host Microbe. Author manuscript; available in PMC 2018 September 13.



	SUMMARY
	eTOC BLURP
	INTRODUCTION
	RESULTS
	Type III-A CRISPR-Cas targeting tolerates sequence changes upstream of the protospacer
	Type III-A CRISPR-Cas targeting tolerates sequence changes within the protospacer
	Deletion of target region enables viral escape from type III-A CRISPR-Cas targeting
	Type III-A CRISPR-Cas targeting results in viral extinction

	DISCUSSION
	STAR METHODS
	CONTACT FOR REAGENT AND RESOURCE SHARING
	EXPERIMENTAL MODEL AND SUBJECT DETAILS
	Bacterial strains and growth conditions

	METHOD DETAILS
	Construction of pTarget plasmids
	Construction of pCRISPR plasmids
	Library transformation and DNA-seq
	Western blot analysis
	Quantification and characterization of bacteriophage escapers
	Target sequencing of bacteriophage escapers
	Time course of bacteriophage escape
	Pairwise competition analysis

	QUANTIFICATION AND STATISTICAL ANALYSIS
	Statistical Analysis of Deep Sequencing Data

	DATA AND SOFTWARE AVAILABILITY

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

