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ANTI-CRISPR INHIBITORS

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Pat. Appl. No.
62/854,085, filed on May 29, 2019, which application is incorporated herein by reference in

its entirety.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0002] This invention was made with government support under grants OD021344 and
GM127489 awarded by the National Institutes of Health. The government has certain rights

in the invention.

BACKGROUND OF THE INVENTION

[0003] Bacteria possess a multitude of defense mechanisms to protect against the
ubiquitous threat of bacteriophage (phage) infection. One such mechanism, the CRISPR-Cas
system, “immunizes” bacteria and archaea against invading genetic elements like phages by
incorporating short sequences of DNA from these invaders into their chromosome (Datsenko
et al., 2012; Levy et al., 2015; Yosef et al, 2012). These sequences are subsequently
transcribed and processed into small RNAs known as CRISPR RNAs (crRNAs) that bind to
CRISPR-associated (Cas) proteins to form ribonucleoprotein interference complexes. These
complexes survey the cell, recognize foreign nucleic acids through complementarity with
their ctRNAs, and ultimately destroy these foreign elements through the intrinsic nuclease
activity of the Cas proteins (Barrangou et al., 2007; Brouns et al., 2008; Garneau et al., 2010;
Marraffini and Sontheimer, 2008). CRISPR-Cas systems are diverse, comprising six distinct
types, each with multiple subtypes (Makarova et al., 2015). In many bacteria studied to date,
CRISPR-Cas systems are expressed in the absence of phage infection (Agari et al., 2010;
Cady et al., 2011; Deltcheva et al., 2011; Juranek et al., 2012; Young et al., 2012), ensuring
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that they are primed to defend against a previously encountered phage at any given time.
Upon phage infection, CRISPR-Cas may be upregulated to ensure that a sufficient number of
interference complexes accumulate to successfully neutralize an invading phage (Young et

al., 2012).

[0004] In response to CRISPR-Cas, phages and other mobile genetic elements endure by
encoding protein inhibitors of CRISPR-Cas systems, known as anti-CRISPRs (Bondy-
Denomy et al.,, 2013; Pawluk et al., 2016b). Anti-CRISPR proteins function, e.g., by
preventing CRISPR-Cas systems from recognizing foreign nucleic acids or by inhibiting their
nuclease activity (Bondy-Denomy et al., 2015; Chowdhury et al., 2017; Dong et al., 2017;
Guo et al., 2017; Harrington et al., 2017; Pawluk et al., 2017; Wang et al., 2016). Anti-
CRISPRs are encoded in diverse viruses and other mobile elements found in, for example, the
Firmicutes, Proteobacteria, and Crenarchaeota phyla. They show a tremendous amount of
sequence diversity, with 40 entirely distinct anti-CRISPR protein families now identified.
Among these families are inhibitors of type I-C, I-D, I-E, I-F, II-A, II-C, and V-A systems,

which function through a range of mechanisms.

[0005] Anti-CRISPR proteins display no common features with respect to sequence,
predicted structure, or genomic location of the genes encoding them. However, a remarkable
characteristic of anti-CRISPR genes is that they are almost invariably found upstream of a
gene encoding a protein containing a helix-turn-helix (HTH) DNA-binding domain (FIG. 1).
Seven different families of genes encoding these HTH-containing proteins have been
designated as anti-CRISPR associated (aca). Members of aca gene families have been
identified in divergent contexts including phages, prophages, and conjugative elements in
diverse bacterial species (Bondy-Denomy et al., 2013; Marino et al., 2018; Pawluk et al.,
2016a; Pawluk et al., 2016b). The ubiquity of aca genes adjacent to anti-CRISPR genes has
provided a key bioinformatic tool for the identification of diverse anti-CRISPR families
(Marino et al., 2018; Pawluk et al., 2016a; Pawluk et al., 2016b). The widespread occurrence
of aca genes implies that they play an important role in anti-CRISPR systems, yet to date

their function has remained unknown.

[0006] The ability of CRISPR-Cas systems to specifically target nucleic acids through their
guide RNA sequences has opened the way to a vast number of applications. CRISPR-Cas is
used, for example, as a way to eliminate pathogens with precision (e.g. Yosef et al., 2015;

Pursey et al. 2018, Citorik et al. 2014; Bikard & Barrangou 2017), for gene editing, to
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regulate gene expression, or for nucleic acid labeling and imaging studies (see, e.g., Greene,

2018; Adli, Nat Commun. 2018 May 15;9(1):1911; Pursey et al., 2018).

[0007] A potential problem with such CRISPR-mediated approaches, however, is that
many prokaryotes contain resident prophages, plasmids, and conjugative islands that encode
anti-CRISPR (Acr) proteins, which are capable of inhibiting both endogenous and exogenous
CRISPR-Cas systems. In “self-targeting” bacterial strains, for example, in which a match
exists between a spacer DNA sequence within the CRISPR locus and a prophage sequence
within the bacterial genome, Acr proteins maintain the CRISPR-Cas system in an inactive
state; in the absence of such inactivation, the Cas proteins would recognize and cleave the
matching sequence within the prophage DNA, thereby killing the cell. Thus, if CRISPR
activity were desired in such a cell for any purpose, e.g., to selectively kill the cell or for

genome editing, the presence of the Acr would render the strategy ineffective.

[0008] There is thus a need for new methods and compositions for overcoming the
inhibitory effects of anti-CRISPR proteins in situations where CRISPR activity is desired.

The present disclosure satisfies this need and provides other advantages as well.
BRIEF SUMMARY OF THE INVENTION

[0009] The discovery that “anti-CRISPR associated” (aca) genes transcriptionally repress
anti-CRISPR (acr) loci has provided a tool to repress anti-CRISPR expression and thereby
ensure the activation of CRISPR-Cas function in prokaryotic cells. acr loci have
corresponding aca repressor genes whose products bind to the acr promoters and inhibit them.
It is thus possible to use aca genes, e.g., by inducing their expression in prokaryotic cells, to
repress the expression of their corresponding Acr proteins and thereby ensure the activity of
CRISPR-Cas systems in the cell. Accordingly, one can deliver an Aca-encoding
polynucleotide to a cell where CRISPR-Cas-mediated gene editing or bacterial killing is
desired, but where an Acr inhibits, or potentially inhibits, endogenous or exogenous CRISPR-
Cas function. The present methods and compositions can be used even when it is not known
in advance whether or not the targeted prokaryotic cell contains an acr gene in its genome, or
what type of acr gene it may contain. Simply by providing one or more Acas to the cell, e.g.
alone or in conjunction with one or more guide RNAs and/or Cas proteins, existing or
potentially existing Acrs in the cell can be inactivated, thereby allowing the activation of
endogenous and/or exogenous Cas and the consequent targeting of nucleic acids as directed

by one or more guide RNAs.



WO 2020/243627 PCT/US2020/035403

[0010] In one aspect, methods of activating CRISPR-Cas are provided to target a nucleic
acid in a bacterial cell expressing an anti-CRISPR (Acr) protein, comprising introducing an
anti-CRISPR associated (Aca) protein into the cell, wherein the Aca protein represses
expression of the Acr protein and thereby allows the Cas protein to target the nucleic acid as

directed by a guide RNA.

[0011] In some embodiments, the method further comprises introducing the guide RNA
into the bacterial cell. In some embodiments, the Cas protein is endogenous to the bacterial
cell. In some embodiments, the Cas protein is exogenous to the bacterial cell. In some
embodiments, the method further comprises introducing the Cas protein into the bacterial
cell. In some embodiments, the introducing step comprises introducing a polynucleotide

encoding the Cas protein into the cell.

[0012] In some embodiments, the introducing step comprises introducing a polynucleotide
encoding the Aca protein into the cell, wherein the Aca protein is expressed in the cell. In
some embodiments, the introducing step comprises contacting a bacterial cell with a phage
that encodes the Aca protein, wherein the phage introduces a polynucleotide encoding the
Aca protein into the bacterial cell and the bacterial cell expresses the Aca protein. In some
embodiments, the introducing step comprises contacting the bacterial cell with a conjugation
partner bacterium comprising a polynucleotide that encodes the Aca protein, wherein the Aca
protein or a polynucleotide encoding the Aca protein is introduced from the conjugation

partner bacterium to the bacterial cell by bacterial conjugation.

[0013] In some embodiments, the method occurs within a mammalian host of the bacterial
cell. In some embodiments, the bacterial cell resides in the gut of the mammalian host. In
some embodiments, the mammalian host is a human. In some embodiments, the nucleic acid
is DNA. In other embodiments, the nucleic acid is RNA. In some embodiments, the DNA is
in the bacterial chromosome. In some embodiments, the nucleic acid is within a prophage,
plasmid, or other mobile genetic element. In some embodiments, the Cas protein induces a
double strand break in the nucleic acid. In some embodiments, the Cas protein binds to the
nucleic acid and activates or represses transcription. In some embodiments, the Cas protein is
labeled. In some embodiments, the Aca protein is substantially identical (e.g., at least 60%,

70%, 80%, 90%, 95% identical) to one of SEQ ID NOS: 1-27 or SEQ ID NOS: 50-60.

[0014] In another aspect, the present disclosure provides a polynucleotide comprising a

promoter operably linked to a sequence encoding an Aca protein that is substantially identical
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(e.g., at least 60%, 70%, 80%, 90%, 95% identical) to one of SEQ ID NOS: 1-27 or SEQ ID
NOS: 50-60, wherein the promoter is heterologous to the sequence. In some embodiments,
the promoter is a constitutive promoter. In some embodiments, the promoter is an inducible

promoter.

[0015] In another aspect, the present disclosure provides a phage or plasmid comprising a
polynucleotide encoding an anti-CRISPR associated (Aca) protein, wherein the
polynucleotide is heterologous to the phage or plasmid. In some embodiments, the phage or
plasmid further comprises a polynucleotide encoding a guide RNA. In some embodiments,
the phage or plasmid further comprises a polynucleotide encoding a Cas protein. In some
embodiments, the Aca protein is substantially identical (e.g., at least 60%, 70%, 80%, 90%,
95% identical) to one of SEQ ID NOS: 1-27 or SEQ ID NOS: 50-60.

[0016] In another aspect, the present disclosure provides a bacterial cell comprising a
polynucleotide encoding an anti-CRISPR associated (Aca) protein operably linked to a
promoter, wherein the polynucleotide and/or the promoter is heterologous to the bacterial
cell. In some embodiments, the bacterial cell further comprises a polynucleotide encoding a
guide RNA. In some embodiments, the phage further comprises a polynucleotide encoding a
Cas protein. In some embodiments, the Aca protein is substantially identical (e.g., at least

60%, 70%, 80%, 90%, 95% identical) to one of SEQ ID NOS: 1-27 or SEQ ID NOS: 50-60.

[0020] Numerous embodiments of the present invention, including compositions and

methods for their preparation and administration, are presented herein.
BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1. Anti-CRISPRs are found in diverse genomic contexts. Schematic
representation of the genome context of diverse anti-CRISPR genes. Colored arrows
represent anti-CRISPR and anti-CRISPR-associated (aca) genes as well as nearby genes
encoding helix-turn-helix (HTH) motif proteins. Other genes are shown in gray and predicted
functions are indicated when known. Arrows representing genes are not shown to scale. Int =

integrase.

[0018] FIGS. 2A-2B. Anti-CRISPR AcrlIF1 from phage JBD30 functions fully in the
unrelated phage JBD44. FIG. 2A: Schematic representation of the genomic context of
AcrIF1 from phage JBD30. The anti-CRISPR region (outlined red) was inserted into a
transposon, which was used to randomly introduce the anti-CRISPR region into phage JBD44
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by transposon mutagenesis. F and G encode phage head and tail morphogenesis proteins,
respectively. I/Z encodes the protease/scaffold and T encodes the major head protein. FIG.
2B: Ten-fold dilutions of lysates from phage JBD44 and phage JBD44 carrying the JBD30
anti-CRISPR locus (JDB44::acr) were applied on lawns of CRISPR-Cas intact P. aeruginosa
strain PA14 and CRISPR-Cas deleted PA14 (PA14ACRISPR) expressing a crRNA targeting
phage JBD44 (JBD44 crRNA) from a plasmid. A representative image from three biological

replicates is shown.

[0019] FIGS. 3A-3G. acrlF1 expression is driven by a promoter region that includes
binding sites for Acal. FIG. 3A: Relative levels of transcription of phage genes were
measured by RT-qPCR at the indicated times after infection of strain PA14 by phage JBD30.
Transcriptional levels are shown of the anti-CRISPR gene (acrlF1), an early expressed gene
(A, transposase), and a late expressed gene (G, a tail component) during one round of phage
infection at a multiplicity of infection (MOI) of 5. Levels were normalized to the geometric
mean of the transcript levels of two host housekeeping genes: clpX and rpoD. The mean of
three independent experiments is shown, with error bars representing standard error of the
mean. FIG. 3B: Multiple nucleotide sequence alignment of anti-CRISPR phages from the
stop codon of the Mu G homolog (G stop) to the start codon of the anti-CRISPR genes (acr
start). Bioinformatically predicted promoter elements (BPROM; Solovyev and Salamov,
2011) -10 and -35 are shown. Inverted repeats are indicated by red boxes. A common
inverted motif in both repeats is underlined. Positions sharing greater than 85% identity are
colored according to nucleotide. FIG. 3C: The putative anti-CRISPR promoter region from
phage JBD30 was cloned upstream of a promoterless lacZ expression vector (lacZ+acrlF1
upstream) and B-galactosidase activity was measured in P. aeruginosa strain PA14. The mean
of three independent assays is shown, with error bars representing standard error of the mean.
FIG. 3D: Ten-fold dilutions of wild-type (JBD30), anti-CRISPR gene frameshift mutant
(IBD30acrfs) and anti-CRISPR promoter mutant (JBD30APacr) phage lysates were applied
to lawns of CRISPR-Cas intact (PA14) and CRISPR-Cas deleted PA14 (PA14ACRISPR). A
representative image from three biological replicates is shown. FIG. 3E: Electrophoretic
mobility shift assays (EMSAs) were performed utilizing a fragment of dsDNA with the
sequence shown, which encompasses the acr promoter region. The IR1 and IR2 mutants
contained the triple and quadruple base substitutions indicated under the DNA sequence.
Representative non-denaturing polyacrylamide gels stained with SYBR gold are shown.

Purified Acal was added to the DNA at concentrations of 10 nM, 50 nM, 100 nM and 250
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nM. The dash sign (-) indicates that no protein was added. FIG. 3F: The anti-CRISPR
promoter region from phage JBD30 either wild-type (WT), or bearing IR1 and/or IR2
mutations was cloned upstream of a promoterless lacZ gene. B-galactosidase activity was
measured in PA14 (-Acal) or in a JBD30 lysogen (+Acal). The mean [-galactosidase
activity relative to the wild-type promoter is shown, with error bars representing standard
error of the mean (n > 3). FIG. 3G: Ten-fold dilutions of lysates of anti-CRISPR phage
IJBD30 carrying the indicated inverted repeat mutations were applied to lawns of CRISPR-
Cas intact PA14 or CRISPR deleted PA14 (PA14ACRISPR). Representative images from

three biological replicates are shown.

[0020] FIGS. 4A-4E. Uncontrolled expression from the anti-CRISPR promoter is
detrimental to phage viability. FIG. 4A: Representative electrophoretic mobility shift assays
with indicated Acal mutants using the 110 bp upstream region from phage JBD30 as a
substrate. Purified protein was added at concentrations of 10 nM, 50 nM, 100 nM, 250 nM
and 500 nM. The dash sign (-) indicates that no protein was added. Non-denaturing
acrylamide gels stained with SYBR gold are shown. FIG. 4B: The anti-CRISPR promoter
region from phage JBD30 was cloned upstream of a promoterless lacZ gene. 3-galactosidase
activity was measured in a wild-type JBD30 lysogen (WT Acal), JIBD30 Acal mutant
lysogens as indicated, and wild-type PA14 with no prophage (). The mean from three
independent experiments relative to the wild-type Acal JBD30 lysogen is shown, with error
bars representing the standard error of the mean. FIG. 4C: Lysates of phage JBD30 (WT or
Acal R44A mutant) were spotted in 10-fold serial dilutions on bacterial lawns of wild-type
P. aeruginosa PA14, a CRISPR deletion version of PA14 (PA14ACRISPR), or on the
deletion strain bearing a plasmid that expresses Acal. These phages are targeted by the
CRISPR—Cas system in the absence of anti-CRISPR activity. Representative images from
three biological replicates are shown. FIG. 4D: Lysates of wild-type JBD30, JBD30aca®***

mutant phage and revertant JBD30aca®*4

phage were spotted in 10-fold serial dilutions on
bacterial lawns of wild-type P. aeruginosa PA14 or on PA14ACRISPR. The sequence of the
revertant phage demonstrating the loss of the -35 element from the anti-CRISPR promoter
when compared to the sequence of the parent phage is shown below. FIG. 4E: The transcript
levels of the acrlFI and acal genes in phages bearing anti-CRISPR promoter operator

mutants and aca mutants were determined by RT-qPCR. Expression levels were normalized

to the geometric mean of the transcript levels of two bacterial housekeeping genes: clpX and
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rpoD. The mean is shown, with error bars representing the standard error of the mean (n = 3).

Assays were performed in PAT4ACRISPR lysogens of the indicated phages.

[0021] FIGS. 5A-5D. Loss of Acal repressor activity affects the transcription of the gene
immediately downstream of the anti-CRISPR locus. The transcription of the indicated phage
genes from wild-type JBD30 and JBD30acal®*** during one-round of infection was
determined by RT-qPCR. The genes assayed were: acriFI (FIG. 5A); transposase, an early
expressed gene (FIG. 5B); I/Z, the scaffold gene, which lies immediately downstream of
acal (FIG. 5C); and G, a late gene lying directly upstream of the acr gene (FIG. 5D).
Expression levels were normalized to the geometric mean of the transcript levels of two
bacterial housekeeping genes: clpX and rpoD. The mean of three independent experiments is
shown, with error bars representing the standard error of the mean. Assays were performed in

PA14ACRISPR at a MOI of 8.

[0022] FIGS. 6A-6B. Overexpression of Acal inhibits phage-borme anti-CRISPRs. FIG.
6A: Tenfold dilutions of lysates of JBD30 carrying the indicated mutations in the Acal
binding sites (IR1 and IR2) were applied to lawns of wild-type PA14 or PA14ACRISPR
expressing wild-type Acal from a plasmid. A representative image from three biological
replicates is shown. FIG. 6B: Ten-fold dilutions of lysates of anti-CRISPR phage JBD30
carrying the indicated inverted repeat mutation were applied to lawns of CRISPR-Cas intact
PA14 or CRISPR deleted PA14 (PA14ACRISPR) expressing the R44A Acal mutant from a

plasmid. A representative image from three biological replicates is shown.

[0023] FIGS. 7A-7C. Members of other Aca families are repressors of putative anti-
CRISPR promoters. Promoter regions of acrIF1 (FIG. 7A) from Pseudomonas phage JBD30,
and putative promoter regions of acrlF§ (FIG. 7B) from Pectobacterium phage ZF40, and
acrlIC3 (FIG. 7C) from a N. meningitidis prophage were cloned upstream of a promoterless
lacZ gene. B-galactosidase activity was measured in the absence and presence of the indicated
Aca proteins expressed from a plasmid in E. coli. The cognate Aca for each promoter is
underlined. The mean from three biological replicates is shown, with error bars representing

the standard error of the mean.

[0024] FIGS. 8A-8D. Bioinformatic and functional analysis of Acal. FIG. 8A: Multiple
sequence alignment of Acal homologs from the indicated phages and bacteria. The position
of the predicted helix-turn-helix (HTH) motif is outlined in a black box. Arrows indicate R33,

R34, and R44, which were subjects of alanine substitution. FIG. 8B: Representative
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electrophoretic mobility shift assays with Acal using the 110-bp anti-CRISPR upstream
region from phage JBD30 as a substrate. Purified protein was added at concentrations of 10
nM, 50 nM, 100 nM, 250 nM and 500 nM. The dash sign (-) indicates that no protein was
added. Non-denaturing acrylamide gels stained with SYBR gold are shown. FIG. 8C:
Quantification of DNA bound by Acal in electrophoretic mobility shift assays. Error bars
represent the standard deviation of the mean of three replicates. FIG. 8D: To indicate their
position relative to a DNA substrate, residues R33, R34, and R44 (highlighted in red) of
IJBD30 Acal were modeled onto the HTH DNA binding domain of the virulence regulator
PlIcR in complex with DNA (PDB: 3U3W) from Bacillus thuringiensis (Grenha et al., 2013).

[0025] FIGS. 9A-9B. Acal mutations alter phage plaque size, not viability. FIG. 9A: Ten-
fold dilutions of lysates of the JBD30 phage carrying the indicated Acal mutation were
applied to lawns of CRISPR intact PA14 (PA14) and CRISPR-deleted (PA14ACRISPR). A
representative image from three biological replicates is shown. FIG. 9B: The plaque sizes
(area) of the Acal partial DNA binding mutants in phage JBD30 were quantified on the
PA14ACRISPR strain. The average size is shown relative to that of wild-type JB30 phage.
Averages were calculated from three independent plaque assays, where >100 plaques were
measured. Error bars represent the standard error of the mean. Representative plaque images

are shown.

[0026] FIG. 10. Phage JBD30 lysogen formation is unaffected by the R44A Acal
substitution. The PA14ACRISPR strain was infected with wild-type JBD30 (WT Acal) or
IJBD30acalR44A (R44A Acal) at the same multiplicity of infection and plated to obtain
single colonies. Lysogens were identified by cross-streaking the colonies over top of a line of
phage lysate. The mean percentage of lysogens formed in three independent infection assays
where 100 colonies were screened relative to the wild-type phage is shown, with error bars

representing standard error of the mean.

[0027] FIGS. 11A-11D. Multiple sequence alignment of other Acas and their respective
anti-CRISPR upstream regions. FIG. 11A: Multiple sequence alignment of Aca2 proteins
from diverse Proteobacteria. The predicted helix-turn-helix motif is outlined in a black box.
FIG. 11B: Multiple nucleotide sequence alignment of the region immediately upstream of
the anti-CRISPR genes found in association with aca2 in panel A. A putative Aca2 binding
site is outlined in a black box. Positions with > 60% identity are colored. FIG. 11C: Multiple

sequence alignment (MAFFT) of Aca3 proteins from different strains of Neisseria
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meningitidis. The predicted helix-turn-helix motif is outlined in a black box. FIG. 11D:
Multiple nucleotide sequence alignment of the region immediately upstream of the anti-
CRISPR genes found in association with aca3 in panel C. A putative binding site for Aca3 is
outlined in a black box. Nme, Neisseria meningitidis; numbers indicate strain. Positions with

>60% identity are colored.

[0028] FIGS. 12A-12G. FIG. 12A: AcrllIA1 NTD represses the deployment of anti-
CRISPRs from phages. Four phages encoding Type II-A anti-CRISPRs were used to infect
strains expressing AcrllA1 FL (full length), the N-terminal domain (NTD), or no protein
(EV) in backgrounds that contain (Cas9) or where it was knocked out, ACas9. Each phage
replicates well in the absence of Cas9 or when the anti-CRISPR AcrlIA1 is expressed. In the
presence of Cas9 EV, note that the phage with its anti-CRISPR deleted AOOGA is unable to
replicate as well as the phage with the anti-CRISPR (A006) or where an anti-CRISPR is
expressed in trans. Moreover, we observe that the expression of the AcrllA1 NTD (which
does not possess anti-CRISPR activity) actually limits the ability of anti-CRISPR phages to
deploy their anti-CRISPRs. The AI-NTD impact is dependent on Cas9, consistent with
inhibiting anti-CRISPR deployment and not another aspect of phage biology. FIG. 12B:
Expression of the AcrlIA1 NTD can re-activate Cas9 that was inhibited by Acrs. A western
blot is shown, measuring the level of Cas9 protein and a loading control in Listeria
monocytogenes bacteria. In the absence of a prophage or any expressed protein, Cas9 is
highly abundant (Lane 1). In lanes 2-4, a prophage is present in the strain, expressing the
indicated anti-CRISPR locus, with AcrlIAl and AcrlIA2. The expression of the AcrllAl
anti-CRISPR causes the loss of Cas9 protein, and while EV or overexpression of A1-FL do
not prevent this Cas9 loss, we observe (Lane 4) that overexpression of the A1-NTD
reactivates Cas9 expression. This is due to the ability of the NTD to repress the anti-CRISPR
promoter. This is not seen in the presence of A1-FL because the CTD of this protein is what
mediates the Cas9 loss. FIG. 12C: Phage anti-CRISPR promoters are repressed by AcrlIAl-
NTD. The promoter sequences of 5 distinct anti-CRISPR Listeria phages with the binding
site highlighted in yellow. The panlindrome sequence is shown below the alignment and was
fused to RFP as a reporter. In the reporter, RFP is well expressed from the anti-CRISPR
promoter, but repressed in the presence of AcrllA1-FL or just the A1-NTD. When the
palindrome is mutated at two positions, AcrlIA1-FL is no longer able to repress its
transcription. FIG. 12D: AcrllA1 protein binds to the phage anti-CRISPR promoter. Raw

data of a binding assay is shown, where the green line depicts the strong binding of AcrllAl
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protein to the phage anti-CRISPR promoter (34 nM binding constant). Mutations to the DNA
sequence (depicted in red) weaken binding. FIG. 12E: Quantification of repressor activity of
AcrlIA1 point mutants. The Acr promoter-RFP reporter construct was used to test AcrllAl
mutants to confirm the important region of the protein responsible for DNA binding. This
mutagenesis revealed key residues in the NTD required for function and also in the
dimerization interface. FIG. 12F: Quantification of repressor activity of AcrlIA1 homologs.
Homologs of AcrlIA1 are shown, with their %seq ID to the model protein from phage A006.
The ability of the protein to repress their ‘cognate promoter’ (i.e. their own endogenous
promoter) or the AOO6 promoter is quantified. Lastly, the ability of A006 AcrllA1 to repress
the promoters from the indicated elements are indicated. FIG. 12G: Key residues in the NTD
of AcrllA1 for DNA binding/repression. Protein alignment of AcrlIA1 NTD helix-turn-helix
motif with key residues implicated in panel E highlighted. Note the horizontal line that
depicts where the strong identity breaks, which also corresponds with lost ability of these

proteins to repress the AO06 promoter and vice versa.

[0029] FIGS. 13A-13D. Phages Require the AcrlIAINTD (N-terminal Domain) for
Optimal Replication. FIGS. 13A-13B: Left: Representative images of plaquing assays where
Listeria phages were titrated in ten-fold serial dilutions (black spots) on lawns of Lmo10403s
(gray background) lacking Cas9 (Acas9) and encoding AcrlIAINTD (Acas9;IIAINTD).
Dashed lines indicate where intervening rows were removed for clarity. Right: Cas9-
independent replication of isogenic ®J0161a or ®AOO6 phages containing distinct anti-
CRISPRs. Asterisk (*) indicates genes that contain the strong RBS associated with orfA in
WT ®A006, whereas unmarked genes contain their native RBS. Plaque forming units (PFUs)
were quantified on Lmo10403s lacking cas9 (Acas9, gray shaded bars) and expressing
ActITAINTD (Acas9;IIAINTD, black bars). Data are displayed as the mean PFU/mL of at
least three biological replicates + SD (error bars). See Figure S1A for phage titers of
additional ®A006 phages. FIG. 13C: Top: Acr promoter mutations that suppress the
®JO161aAllA1-2 growth defect that manifests in the absence of AcrlIAINTD. Bottom:
Representative images of suppressor (Supp) phage plaquing assays conducted as in 13A-13B.
FIG. 13D: Induction efficiency of ®J0161 prophages. Prophages were induced with
mitomycin C from Lmo10403s::@J0161 lysogens expressing cis-acrlIAl from the prophage
Acr locus (WT) or lacking acrlIA1 (AITA1-2) and trans-acrllA1l from the bacterial host

genome (+) or not (-). Plaque forming units (PFUs) were quantified on Lmo10403s lacking
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cas9 and expressing AcrlIAINTD (Acas9;IIAINTD). Data are displayed as the mean

PFU/mL after prophage induction of four biological replicates = SD (error bars).

[0030] FIGS. 14A-14F. AcrlIAINTD autorepresses the anti-CRISPR locus promoter.
FIG. 14A: Alignment of the phage anti-CRISPR promoter nucleotide sequences denoting the
-35 and -10 elements (gray boxes) and conserved palindromic sequence (yellow boxes). See
Figure S2A for a complete alignment of the promoters. FIG. 14B: Expression of RFP
transcriptional reporters containing the wild-type (left) or mutated (right) ®A006-Acr.-
promoter in the presence of AcrllAl (IIA1) or each domain (ITAINTD or HHAICTD).
Representative images of three biological replicates are shown. FIG. 14C: Quantification of
the binding affinity (KD; boxed inset) of AcrlIA1 for the palindromic sequence within the acr
promoter using microscale thermophoresis. ND indicates no binding detected. The nucleotide
mutations (red letters) introduced into each promoter substrate are listed above the graph.
Data shown are representative of three independent experiments. FIG. 14D: Repression of
the ®AQ06Acr.—promoter RFP transcriptional reporter by AcrlIA1®A006 mutant proteins.
Data are shown as the mean percentage RFP repression in the presence of the indicated
AcrlIA1 variants relative to controls lacking AcrllAl of at least three biological replicates +
SD (error bars). FIG. 14E: Nanoluciferase (NLuc) expression from the anti-CRISPR locus
promoter in Listeria strains lysogenized with an ®AQ006 reporter prophage (®A006acr::nluc)
expressing AcrllA1 (1) or AcrlTAINTD (1N), in the presence of differing levels of Cas9:
none (Acas9), endogenous (PEND), overexpressed (PHYPER). Data are shown as the mean
fold change in RLU (relative luminescence units) of three biological replicates, i.e.,
independent lysogens + SEM (error bars). p-values: **%<0.001, ****<0.0001. FIG. 14F:
Immunoblots detecting FLAG-tagged LmoCas9 protein and a non-specific (ns) protein
loading control in Lmo10403s::@J0161a lysogens or non-lyosgenic strains containing
plasmids expressing AcrllA1 (IIA1) or AcrlIAINTD (IIAINTD). Dashed lines indicate
where intervening lanes were removed for clarity. Representative blots of at least three

biological replicates are shown.

[0031] FIGS. 15A-15C. Autorepression is a General Feature of the AcrllA1 Superfamily.
FIGS. 15A-15B: Repression of RFP transcriptional reporters containing the ®AOO6Acr.—
promoter (gray bars) or cognate-AcrllAlThomolog—.—promoters (black bars) by the indicated
AcrllIATHomolog proteins (FIG. 15A) or AcrllA1®AQ06 protein (FIG. 15B). Data are
shown as the mean percentage RFP repression in the presence of the indicated AcrllAl

variants relative to controls lacking AcrlIAl of at least three biological replicates + SD (error
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bars). The percent protein sequence identities of each homolog to the ®AOO6AcrIIAINTD
are listed in (FIG. 15A). FIG. 15C: Top: Schematic of the wild-type (WT) and mutated
AcrlIAINTD binding site within the C-terminal protein coding sequence (CDS) of
AcrlIATILMOI10. Bottom: Plaquing assays where the P. aeruginosa DMS3m-like phage
JBD30 is titrated in ten-fold dilutions (black spots) on a lawn of P. aeruginosa (gray
background) expressing the indicated anti-CRISPR proteins and Type II-A SpyCas9-sgRNA
programmed to target phage DNA. Representative pictures of at least 3 biological replicates

are shown.

[0032] FIGS. 16A-16E. AcrlIAINTD Encoded from a Bacterial Host Displays “anti-anti-
CRISPR” Activity. FIG. 16A: Schematic of host-AcrlIAINTD homologs encoded in core
bacterial genomes next to Type II-A, I-C, and I-E CRISPR-Cas loci in Lactobacillus
delbrueckii strains. FIG. 16B: Seven promoters from the indicated phages and prophages
were placed upstream of RFP, in the presence or absence of host-encoded AcrlIAINTD, and
fluorescence readout as in FIG. 3. FIG. 16C: Left panels: Plaquing assays where the
indicated L. monocytogenes phages are titrated in ten-fold dilutions (black spots) on lawns of
L. monocytogenes (gray background) expressing anti-CRISPRs from plasmids, LmoCas9
from a strong promoter (pHyper-cas9) or lacking Cas9 (Acas), and the natural CRISPR array
containing spacers with complete or partial matches to the DNA of each phage. (1) Denotes
the absence of a spacer targeting the ®JO161a phage. Representative pictures of at least 3
biological replicates are shown. Right panel: Schematic of bacterial “anti-anti-CRISPR”
activity where host-encoded AcrIIAINTD (hA1NTD) blocks the expression of anti-CRISPRs
from an infecting phage. FIG. 16D: Nanoluciferase (NLuc) expression from the anti-CRISPR
locus promoter or a FIG. 16E: late viral promoter during lytic infection (Meile et al., 2020).
L. monocytogenes 10403S strains expressing AcrlIA1 or AcrlIAINTD from a plasmid were
infected with reporter phages ®A0OO06acr::nluc or ®A006 ALCR ply::nluc. Data are shown as
the mean fold change in RLU (relative luminescence units) of three biological replicates +

SD (error bars).

[0033] FIG. 17. Optimal ®A006 Phage Replication Requires AcrlIAINTD, Related to
FIG. 13. Left: Representative images of plaquing assays where the indicated Listeria phages
were titrated in ten-fold serial dilutions (black spots) on lawns of Lmol0403s (gray
background) lacking Cas9 (Acas9) and encoding AcrlIAINTD (Acas9;IIAINTD). Dashed
lines indicate where intervening rows were removed for clarity. Right: Cas9-independent

replication of isogenic ®AO006 phages containing distinct anti-CRISPRs. Asterisk (*)
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indicates genes that contain the strong RBS associated with orfA in WT ®A006, whereas
unmarked genes contain their native RBS. Plaque forming units (PFUs) were quantified on
Lmo10403s lacking cas9 (Acas9, gray shaded bars) and expressing AcrlIAINTD
(AcasQ;IIAINTD, black bars). Data are displayed as the mean PFU/mL of at least three
biological replicates = SD (error bars). Note that this figure contains the same subset of data

displayed in FIG. 13A.

[0034] FIGS. 18A-18B. AcrlIAINTD Binds a Highly Conserved Palindromic Sequence in
Acr Promoters, Related to FIG. 14. FIG. 18A: Alignment of the phage anti-CRISPR
promoter nucleotide sequences denoting the -35 and -10 elements and ribosomal binding site
(RBS) (gray boxes) and conserved palindromic sequence (yellow highlight). FIG. 18B:
Quantification of DNA binding abilities (KD; boxed inset) of full-length AcrlIA1 and each
domain (AcrlIAINTD and AcrlIA1CTD) using microscale thermophoresis. Data shown are

representative of three independent experiments. ND indicates no binding detected.

[0035] FIGS. 19A-19C. AcrllA1 Homologs in Mobile Genetic Elements Across the
Firmicutes Phylum Autoregulate their Cognate Promoters, Related to FIGS. 15, 16. FIG.
19A: Alignment of AcrlIA1 homolog protein sequences. FIG. 19B: Expression strength of
the AcrllA1l homolog promoters. Data are shown as the mean RFP expression (RFU
normalized to ODG600) driven by each AcrllAl homolog promoter of three biological
replicates = SD (error bars). FIG. 19C: Mobile genetic elements that possess an AcrllAl
orthologue (red), which are cither full-length or contain just the N-terminal domain
(AINTD). Arrows indicate the region corresponding to the promoter that was experimentally

tested for repression by host-associated AcrlIAINTD.

[0036] FIGS. 20A-20C. Bacterial expression of AcrlIAINTD blocks phage anti-CRISPR
deployment, Related to FIG. 16. FIG. 20A: Plaquing assays where the indicated L.
monocytogenes phages are titrated in ten-fold dilutions (black spots) on lawns of L.
monocytogenes (gray background) expressing anti-CRISPRs from plasmids, LmoCas9 from a
strong promoter (pHyper-cas9) or lacking Cas9 (Acas9), and the natural CRISPR array
containing spacers with complete or partial matches to the DNA of each phage. (1) Denotes
the absence of a spacer targeting the ®JO161a phage. Representative pictures of 3 biological
replicates are shown. Solid lines indicate where separate images are shown. FIG. 20B: Left
panels: Plaquing assays where wild-type L. monocytogenes phages are titrated in ten-fold

dilutions (black spots) on lawns of L. monocytogenes (gray background) containing single-
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copy integrated constructs expressing AcrllAl or AcrlIAINTD from the ®A006 anti-
CRISPR promoter (pA006), LmoCas9 from a constitutive promoter (pHyper-Cas9), and the
natural CRISPR array containing spacers with complete or partial matches to the DNA of
each phage. () Denotes the absence of a spacer targeting the virulent phage ®P35.
Representative pictures of 3 biological replicates are shown. Right panel: Schematic of
bacterial “anti-anti-CRISPR” activity where host-encoded AcrlIAINTD (hAINTD) blocks
the expression of anti-CRISPRs from an infecting phage. FIG. 20C: Nanoluciferase (NLuc)
expression from the anti-CRISPR locus promoter of an ®AQ006 reporter phage
(®AOO6acr::mluc) during lytic infection of L. monocytogenes EGDe. Data are shown as the
mean fold change in RLU (relative luminescence units) of three biological replicates + SD

(error bars).

[0037] FIGS. 21A-21B. FIG. 21A: Growth curves of PAOIIC lysogenized by
recombinant DMS3m phage expressing acrllA4 or acrIC1 from the native acr locus.
CRISPR-Cas3 activity is induced with either 0.5mM (+) or SmM (++) IPTG and 0.1% (+) or
0.3% (++) arabinose. Edited survivors reflect number of isolated survivor colonies missing
the targeted gene (phzM). Each growth curve is the average of 10 biological replicates and
error bars represent SD. FIG. 21B: Genotyping results of PAO1IC AcrC1 lysogens after self-
targeting induction in the presence or absence of acal and a non-targeted control. Ten
biological replicates per strain were assayed. gDNA was extracted from each replicate and
PCR analysis for the phzM gene (targeted gene, top row of gels) or cas5 gene (non-targeted
gene, bottom row) was conducted. Only cells that co-expressed acal with the crRNA showed
loss of the phzM band, indicating genome editing. All replicates had a cas5 band, indicating

successful gDNA extraction and target specificity for the phzM locus.

DEFINITIONS

[0038] The term ‘“nucleic acid” or “polynucleotide” refers to deoxyribonucleic acids
(DNA) or ribonucleic acids (RNA) and polymers thereof in either single- or double-stranded
form. Unless specifically limited, the term encompasses nucleic acids containing known
analogs of natural nucleotides that have similar binding properties as the reference nucleic
acid and are metabolized in a manner similar to naturally occurring nucleotides. Unless
otherwise indicated, a particular nucleic acid sequence also implicitly encompasses
conservatively modified variants thereof (e.g., degenerate codon substitutions), alleles,

orthologs, SNPs, and complementary sequences as well as the sequence explicitly indicated.
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Specifically, degenerate codon substitutions may be achieved by generating sequences in
which the third position of one or more selected (or all) codons is substituted with mixed-
base and/or deoxyinosine residues (Batzer et al., Nucleic Acid Res. 19:5081 (1991); Ohtsuka
et al., J. Biol. Chem. 260:2605-2608 (1985); and Rossolini et al., Mol. Cell. Probes 8:91-98
(1994)).

[0039] The term “gene” means the segment of DNA involved in producing a polypeptide
chain. It may include regions preceding and following the coding region (leader and trailer)

as well as intervening sequences (introns) between individual coding segments (exons).

[0040] A "promoter” is defined as an array of nucleic acid control sequences that direct
transcription of a nucleic acid. As used herein, a promoter includes necessary nucleic acid
sequences near the start site of transcription, such as, in the case of a polymerase II type
promoter, a TATA element. A promoter also optionally includes distal enhancer or repressor
clements, which can be located as much as several thousand base pairs from the start site of
transcription. The promoter can be a heterologous promoter. In particular embodiments, the
promoter is a prokaryotic promoter, e.g., a promoter used to drive aca gene expression in
prokaryotic cells. Typical prokaryotic promoters include elements such as short sequences at
the -10 and -35 positions upstream from the transcription start site, such as a Pribnow box at
the -10 position typically consisting of the six nucleotides TATAAT, and a sequence at the -
35 position, e.g., the six nucleotides TTGACA.

[0041] An “expression cassette” is a nucleic acid construct, generated recombinantly or
synthetically, with a series of specified nucleic acid elements that permit transcription of a
particular polynucleotide sequence in a host cell. An expression cassette may be part of a
plasmid, viral genome, or nucleic acid fragment. Typically, an expression cassette includes a
polynucleotide to be transcribed, operably linked to a promoter. The promoter can be a
heterologous promoter. In the context of promoters operably linked to a polynucleotide, a
“heterologous promoter” refers to a promoter that would not be so operably linked to the

same polynucleotide as found in a product of nature (e.g., in a wild-type organism).

[0042] As used herein, a first polynucleotide or polypeptide is "heterologous" to an
organism or a second polynucleotide or polypeptide sequence if the first polynucleotide or
polypeptide originates from a foreign species compared to the organism or second
polynucleotide or polypeptide, or, if from the same species, is modified from its original

form. For example, when a promoter is said to be operably linked to a heterologous coding
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sequence, it means that the coding sequence is derived from one species whereas the
promoter sequence is derived from another, different species; or, if both are derived from the
same species, the coding sequence is not naturally associated with the promoter (e.g., is a

genetically engineered coding sequence).

[0043] “Polypeptide,” “peptide,” and “protein” are used interchangeably herein to refer to a
polymer of amino acid residues. All three terms apply to amino acid polymers in which one
or more amino acid residue is an artificial chemical mimetic of a corresponding naturally
occurring amino acid, as well as to naturally occurring amino acid polymers and non-
naturally occurring amino acid polymers. As used herein, the terms encompass amino acid
chains of any length, including full-length proteins, wherein the amino acid residues are

linked by covalent peptide bonds.

[0044] “Conservatively modified variants” applies to both amino acid and nucleic acid
sequences. With respect to particular nucleic acid sequences, “conservatively modified
variants” refers to those nucleic acids that encode identical or essentially identical amino acid
sequences, or where the nucleic acid does not encode an amino acid sequence, to essentially
identical sequences. Because of the degeneracy of the genetic code, a large number of
functionally identical nucleic acids encode any given protein. For instance, the codons GCA,
GCC, GCG and GCU all encode the amino acid alanine. Thus, at every position where an
alanine is specified by a codon, the codon can be altered to any of the corresponding codons
described without altering the encoded polypeptide. Such nucleic acid variations are “silent
variations,” which are one species of conservatively modified variations. Every nucleic acid
sequence herein that encodes a polypeptide also describes every possible silent variation of
the nucleic acid. One of skill will recognize that each codon in a nucleic acid (except AUG,
which is ordinarily the only codon for methionine, and TGG, which is ordinarily the only
codon for tryptophan) can be modified to yield a functionally identical molecule.
Accordingly, each silent variation of a nucleic acid that encodes a polypeptide is implicit in

cach described sequence.

[0045] As to amino acid sequences, one of skill will recognize that individual substitutions,
deletions or additions to a nucleic acid, peptide, polypeptide, or protein sequence which
alters, adds or deletes a single amino acid or a small percentage of amino acids in the encoded
sequence is a “conservatively modified variant” where the alteration results in the substitution

of an amino acid with a chemically similar amino acid. Conservative substitution tables
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providing functionally similar amino acids are well known in the art. Such conservatively
modified variants are in addition to and do not exclude polymorphic variants, interspecies
homologs, and alleles. In some cases, conservatively modified variants of an Aca can have an

increased stability, assembly, or activity as described herein.

[0046] The following eight groups each contain amino acids that are conservative

substitutions for one another:

1) Alanine (A), Glycine (G);

2) Aspartic acid (D), Glutamic acid (E);

3) Asparagine (N), Glutamine (Q);

4) Arginine (R), Lysine (K);

5) Isoleucine (I), Leucine (L), Methionine (M), Valine (V);
6) Phenylalanine (F), Tyrosine (Y), Tryptophan (W);

7) Serine (S), Threonine (T); and

8) Cysteine (C), Methionine (M)

(see, e.g., Creighton, Proteins, W. H. Freeman and Co., N. Y. (1984)).

[0047] Amino acids may be referred to herein by either their commonly known three letter
symbols or by the one-letter symbols recommended by the IUPAC-IUB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be referred to by their commonly

accepted single-letter codes.

[0048] In the present application, amino acid residues are numbered according to their
relative positions from the left most residue, which is numbered 1, in an unmodified wild-

type polypeptide sequence.

[0049] As used in herein, the terms “identical” or percent “identity,” in the context of
describing two or more polynucleotide or amino acid sequences, refer to two or more
sequences or specified subsequences that are the same. Two sequences that are “substantially
identical” have at least 60% identity, preferably 65%, 70%, 75%, 80%, 85%, 90%, 91%,
92%, 93, 94%, 95%, 96%, 97%, 98%, 99%, or 100% identity, when compared and aligned
for maximum correspondence over a comparison window, or designated region as measured

using a sequence comparison algorithm or by manual alignment and visual inspection where
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a specific region is not designated. With regard to polynucleotide sequences, this definition
also refers to the complement of a test sequence. With regard to amino acid sequences, in
some cases, the identity exists over a region that is at least about 50 amino acids or
nucleotides in length, or more preferably over a region that is 75-100 amino acids or

nucleotides in length.

[0050] For sequence comparison, typically one sequence acts as a reference sequence, to
which test sequences are compared. When using a sequence comparison algorithm, test and
reference sequences are entered into a computer, subsequence coordinates are designated, if
necessary, and sequence algorithm program parameters arc designated. Default program
parameters can be used, or alternative parameters can be designated. The sequence
comparison algorithm then calculates the percent sequence identities for the test sequences
relative to the reference sequence, based on the program parameters. For sequence
comparison of nucleic acids and proteins, the BLAST 2.0 algorithm and the default

parameters discussed below are used.

[0051] A “comparison window”, as used herein, includes reference to a segment of any one
of the number of contiguous positions selected from the group consisting of from 20 to 600,
usually about 50 to about 200, more usually about 100 to about 150 in which a sequence may
be compared to a reference sequence of the same number of contiguous positions after the

two sequences are optimally aligned.

[0052] An algorithm for determining percent sequence identity and sequence similarity is
the BLAST 2.0 algorithm, which is described in Altschul et al., (1990) J. Mol. Biol. 215:
403-410. Software for performing BLAST analyses is publicly available at the National
Center for Biotechnology Information website, ncbi.nlm.nih.gov. The algorithm involves first
identifying high scoring sequence pairs (HSPs) by identifying short words of length W in the
query sequence, which either match or satisfy some positive-valued threshold score T when
aligned with a word of the same length in a database sequence. T is referred to as the
neighborhood word score threshold (Altschul et al., supra). These initial neighborhood word
hits acts as seeds for initiating searches to find longer HSPs containing them. The word hits
are then extended in both directions along each sequence for as far as the cumulative
alignment score can be increased. Cumulative scores are calculated using, for nucleotide
sequences, the parameters M (reward score for a pair of matching residues; always >0) and N

(penalty score for mismatching residues; always <0). For amino acid sequences, a scoring



WO 2020/243627 PCT/US2020/035403
20

matrix is used to calculate the cumulative score. Extension of the word hits in each direction
are halted when: the cumulative alignment score falls off by the quantity X from its
maximum achieved value; the cumulative score goes to zero or below, due to the
accumulation of one or more negative-scoring residue alignments; or the end of either
sequence is reached. The BLAST algorithm parameters W, T, and X determine the sensitivity
and speed of the alignment. The BLASTN program (for nucleotide sequences) uses as
defaults a word size (W) of 28, an expectation (E) of 10, M=1, N=-2, and a comparison of
both strands. For amino acid sequences, the BLASTP program uses as defaults a word size
(W) of 3, an expectation (E) of 10, and the BLOSUMG62 scoring matrix (see Henikoff &
Henikoff, Proc. Natl. Acad. Sci. USA 89:10915 (1989)).

[0053] The BLAST algorithm also performs a statistical analysis of the similarity between
two sequences (see, e.g., Karlin & Altschul, Proc. Nat’l. Acad. Sci. USA 90:5873-5787
(1993)). One measure of similarity provided by the BLAST algorithm is the smallest sum
probability (P(N)), which provides an indication of the probability by which a match between
two nucleotide or amino acid sequences would occur by chance. For example, a nucleic acid
is considered similar to a reference sequence if the smallest sum probability in a comparison
of the test nucleic acid to the reference nucleic acid is less than about 0.2, more preferably

less than about 0.01, and most preferably less than about 0.001.

[0054] The “CRISPR-Cas” system refers to a class of bacterial systems for defense against
foreign nucleic acids. CRISPR-Cas systems are found in a wide range of eubacterial and
archaeal organisms. CRISPR-Cas systems fall into two classes with six types, L, II, IIL, IV, V,
and VI as well as many sub-types, with Class 1 including types I and III CRISPR systems,
and Class 2 including types II, IV, V and VI; Class 1 subtypes include subtypes I-A to I-F,
for example. See, e.g., Fonfara et al., Nature 532, 7600 (2016); Zetsche et al., Cell 163, 759-
771 (2015); Adli et al. (2018). Endogenous CRISPR-Cas systems include a CRISPR locus
containing repeat clusters separated by non-repeating spacer sequences that correspond to
sequences from viruses and other mobile genetic elements, and Cas proteins that carry out
multiple functions including spacer acquisition, RNA processing from the CRISPR locus,
target identification, and cleavage. In class 1 systems these activities are effected by multiple
Cas proteins, with Cas3 providing the endonuclease activity, whereas in class 2 systems they
are all carried out by a single Cas, Cas9. Endogenous systems function with two RNAs
transcribed from the CRISPR locus: crRNA, which includes the spacer sequences and which

determines the target specificity of the system, and the transactivating tractrRNA. Exogenous
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systems, however, can function which a single chimeric guide RNA that incorporates both
the crRNA and tracrRNA components. In addition, modified systems have been developed
with entirely or partially catalytically inactive Cas proteins that are still capable of, e.g.,
specifically binding to nucleic acid targets as directed by the guide RNA, but which lack
endonuclease activity entirely, or which only cleave a single strand, and which are thus useful
for, e.g., nucleic acid labeling purposes or for enhanced targeting specificity. Any of these
endogenous or exogenous CRISPR-Cas system, of any class, type, or subtype, or with any
type of modification, can be utilized in the present methods. In particular, “Cas” proteins can
be any member of the Cas protein family, including, inter alia, Cas3, Casd, Cas6, Cas7,
Cas8, Cas9, Casl0, Casl2 (including Casl12a, or Cpfl), Casl3, Csel, Cse2, Csyl, Csy2,
Csy3, GSU0054, Csm2, Cmrd, Csx11, Csx10, Csfl, Csn2, Cas4, C2cl1, C2c3, C2¢2, and
others. In particular embodiments, Cas proteins with endonuclease activity are used, e.g.,

Cas3, Cas9, or Cas12a (Cpfl).

[0055] “Anti-CRISPR” (Acr) elements refer to loci from phage, plasmids, prophages,
conjugative islands, and other mobile genetic elements, as well as the polypeptides that they
encode, that are capable of inhibiting endogenous or exogenous CRISPR-Cas systems. See,
c.g., Borges et al. 2018; Rauch et al.,, 2017; Bondy-Denomy et al,. 2013; Pawluk et al.,
2016b. Anti-CRISPR proteins are typically small (approximately 50-150 amino acids) and
function, e.g., by preventing CRISPR-Cas systems from recognizing foreign nucleic acids or
by inhibiting their nuclease activity. Acr proteins display no common features with respect to
sequence, predicted structure, or genomic location of their encoding genes. A wide variety of
Anti-CRISPRs have been identified, from a diversity of viruses and other mobile elements,
showing a tremendous amount of sequence diversity, with 40 distinct families now identified.
Acrs can be identified in various ways known to those of skill in the art, e.g., by virtue of
sequence homology to known Acrs, via the detection of protospacers (i.e., sequences
complementary to natural spacers in the CRISPR array in prophage sequences, which is
indicative of Acr activity in the cell), or by assays involving the introduction of plasmid-
based protospacers and the measurement of transformation efficiency (see, e.g., Rauch et al.

2018).

[0056] A feature of acr genes that is relevant to the present methods and that can be used
for their identification is that they are virtually always associated with downstream ‘“aca”
genes encoding Helix-Turn-Helix (HTH)-containing “anti-CRISPR associated” (Aca)

proteins, which bind to the promoters of the acr genes and inhibit their expression. “Acr
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promoters,” which are promoters as defined herein that control transcription of acr genes,
typically contain one or more inverted repeats, which can be bound by Aca proteins.
Examples of acr promoters include SEQ ID NOS. 28-49, or as shown in, e.g., FIGS. 3 or 11,
but it will be understood that any acr promoter, from any species and controlling any acr

coding sequence, that can be bound by an Aca protein can be used in the present methods.

[0057] “Anti-CRISPR-associated” (Aca) proteins, or (aca) genes, refers to a family of
genes and encoded proteins that are associated with, e.g., downstream of within the same
operon, Anti-CRISPR loci. Aca proteins contain Helix-Turn-Helix (HTH) domains and bind
to acr promoters, typically to the inverted repeats within acr promoters, and repress
transcription of the acr coding sequence. Acas include, but are not limited to, Acal, Aca2,
Aca3, Acad, Acal, Aca6, Aca7, Aca8, or AcrllA]1 family members, variants, derivatives, or
fragments, e.g., the NTD domain, thereof from any species, as presented in the Examples,
Tables, and Figures, and SEQ ID NOS. 1-27 and 50-60, as well as polynucleotides sharing at
least 50%, 60%, 70%, 80%, 90%, 95%, 96%, 97%, 98%, 99%, to any of SEQ ID NOS. 1-27
or 50-60 or of any of the Acas shown in the Tables or Figures. It will be understood that any
aca gene associated with any acr locus from any species, i.c., a sequence coding for an HTH-
containing polypeptide that is capable of binding to the acr locus and inhibiting its

transcription, is encompassed by the present methods.

DETAILED DESCRIPTION OF THE INVENTION

[0058] The inventors have discovered that Anti-CRISPR-Associated (Aca) proteins act to
inhibit the expression of Anti-CRISPR (Acr) proteins in prokaryotic cells. Accordingly,
methods for introducing or enhancing Aca activity in prokaryotic cells have been discovered,
for example to inhibit any known or potential Acr activity in the cells and thereby permit or
enhance endogenous or exogenous CRISPR-Cas activity. Cells, polynucleotides, plasmids,

phage, and other elements for practicing the present methods are also provided.

[0059] In some embodiments, a human or non-human mammalian or avian individual with
a bacterial infection involving “self-targeting” bacteria, i.e., CRISPR-Cas-containing bacteria
in which a spacer sequence within the CRISPR array matches a sequence present within the
bacterial chromosome, indicating that an Acr is actively inhibiting the CRISPR-Cas system in
the cells, is administered, e.g., using phage or via bacterial conjugation, a polynucleotide
encoding an Aca operably linked to a promoter. In such embodiments, the polynucleotide

will enter the bacterial cells and express the Aca at a level in the cells that is sufficient to
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inhibit the expression of the Acr in the cells, resulting in the activation of the CRISPR-Cas
system, the Cas-mediated cleavage of the chromosome at the matching sequence, and the

killing of the cells.

[0060] In some embodiments, an Aca protein is introduced into a prokaryotic cell
expressing an Acr protein, wherein the Aca represses expression of the Acr protein and
thereby allows the activation of the CRISPR-Cas system in the cell. In some embodiments,
the Aca is introduced by introducing a polynucleotide encoding the Aca. In some
embodiments, the Aca is introduced together with a guide RNA and/or a Cas protein (e.g., a

polynucleotide encoding the Cas protein).

[0061] In another set of embodiments, an individual (e.g., as described above) with a
bacterial infection is administered, e.g., using phage or via bacterial conjugation, a
polynucleotide encoding an Aca, operably linked to a promoter, as well as a polynucleotide
providing CRISPR-Cas activity (e.g., a Cas9 polynucleotide and a guide RNA specific to the
infectious bacteria). In such embodiments, the polynucleotides will enter the infectious
bacteria, resulting in the presence of Cas endonuclease activity in the cells that is specific to
the bacteria and that is uninhibited by Acr activity, and in the cleavage of the target sequence

complementary to the guide RNA and the destruction of the cells.

[0062] In another set of embodiments, an Aca protein and a CRISPR-Cas ribonucleoprotein
are introduced into prokaryotic cells in vitro, e.g., by introducing polynucleotides encoding
the protein and ribonucleoprotein by phage-mediated transduction, by transformation, or by
bacterial conjugation, so as to obtain non-Acr-inhibited CRISPR-Cas activity in the cells,
e.g., for genomic editing purposes, regulation of gene expression through CRISPR

interference (CRISPRi) or CRISPR activation (CRISPRa), or for labeling purposes.

[0063] The cells targeted in the present methods can be any prokaryotic cells, including
bacteria or archaea, in vitro or in vivo, that are suspected to, known to, or that potentially
contain an Acr-encoding gene, and in which CRISPR-Cas activity is desired for any reason.
Such cells could be, for example, undesired, self-targeting bacterial cells in which an Acr is
preventing an endogenous CRISPR-Cas system from cleaving a prophage sequence that
matches a spacer sequence in the CRISPR locus; in such cells, the methods could be used to
activate the endogenous CRISPR-Cas in the cells and thereby kill the cells. The cells could be
antimicrobial resistant bacteria in which a guide RNA can be introduced to target the

antimicrobial resistance (AMR) locus and thereby selectively kill the cells or eliminate AMR-
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containing plasmids. The cells could be, e.g., undesired cells, and a guide RNA that is
specific to a sequence in the cells’ genomic DNA is introduced, so that the cells’ genomic
DNA is cleaved in the presence of CRISPR-Cas activity, thereby Kkilling the cells. The cells
could be strains in which CRISPR-Cas is desired in order to repress or activate the expression
of a specific gene, e.g., using CRISPR interference (CRISPRi) or CRISPR activation
(CRISPRa), or in which CRISPR-Cas is used for genome editing, e.g., for inducing deletions,
insertions, or other modifications in a given gene of interest, or in which labeled Cas proteins
are used for nucleic acid labeling, painting, or imaging. In all of these embodiments, in
addition to the introduction of the Aca, the method may further comprise introducing other
elements of the CRISPR-Cas system into the cells, e.g., one or more guide RNAs or one or
more Cas proteins, for example by introducing a polynucleotide encoding the Cas protein or

proteins.

[0064] The choice of Aca protein(s) to be introduced into the cell can depend on the cell
type (e.g., genus or species) and the Acrs and Acas that are known to be or that are possibly
present in the cell. Acas are naturally associated with one or more Acrs, as aca genes are
present within acr operons in phage and prophage and their products (i.e., the Aca proteins)
bind to and repress transcription from the acr promoters. For example, in the Pseudomonas
aeruginosa phage JIBD30, Acal is found in association with the acrIF1 gene, and with many
other acr genes. Aca2 proteins are found in association with five different families of acr
genes in diverse species of Proteobacteria, including with the AcrIF8 gene from the
Pectobacterium phage ZF40, and Aca3 has been identified in association with three different
type II-C Acrs, including with the AcrlIC3 gene from N. meningitides strain
284STDYS5881035. In general, as each acr gene has an associated aca gene and as its
expression is repressed by the Aca protein encoded by the associated gene, performing the
present methods will be a matter of identifying the Acrs that are known to be or that are
potentially present in the bacteria in question, and introducing one or more Acas that are
capable of repressing the expression of the acr gene. In some embodiments, the Aca used is
that encoded by the aca gene within the same operon as the acr gene. It will be appreciated,
however, that any Aca polypeptide can be used, so long as it is capable of binding to and
repressing transcription from an acr promoter that is present, or potentially present, in the
cell. A non-limiting list of Acas, together with their associated Acrs and species information,
that can be used in the present methods is provided as Tables 8 and 9, and are also provided

in, e.g., FIGS. 3, 11, and 12, and in SEQ ID NOs: 1-27 and 50-60.
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[0065] Any number of Acas can be used at a time for the purposes of the present methods.
For example, a single Aca can be introduced into a cell to inhibit the expression of one or
more acr genes. It will be appreciated, however, that multiple (e.g., 2, 3, 4, 5, or more) Acas
can be used in series or simultancously, e.g. introducing Acas corresponding to every

potential Acr within a given cell type.

[0066] In many cases, simply knowing the genus or species of bacteria or prokaryotic cell
to be targeted will be sufficient to allow the selection of the Aca(s) to be used, as it will be
known which Acrs are potentially present in the genus or species in question, or within phage
or other mobile genetic elements liable to infect or be present within cells of the genus or
species. It will be appreciated, however, that it is not necessary to know whether or not the
given cell type contains any Acrs and/or Acas, or what type of Acrs or Acas it contains, in
order to perform the present methods. By providing one or more Acas to a targeted cell, e.g.,
alone or together with one or more guide RNAs and one or more Cas proteins, it is possible
to target all known or potentially present Acrs in the cell, thereby ensuring the activation of
the CRISPR-Cas system. In certain embodiments, plasmids will be created for use in
particular bacterial genera or species that contain one or more Aca-encoding polynucleotides
specific to acr genes liable to be present in the given cell type. Such plasmids are provided, as

are phagemids, phage, and bacteria comprising the plasmids.

[0067] In certain embodiments, to complement existing knowledge about the Acas liable to
be effective in a given cell type, the cells to be targeted can first be characterized with respect
to the Acr and/or Aca proteins that they express, in order to provide additional guidance
regarding the Aca polypeptides that may be used. For example, a sample of the cells to be
targeted could be isolated and any acr or aca genes identified within the bacterial
chromosome and/or plasmids, phage, or other mobile genetic sequences, e.g., by sequencing,
by performing PCR-based assays, by querying appropriate sequence databases (e.g., NCBI),
etc., for example using coding sequences or regulatory, e.g., promoter, sequences. In other
embodiments, Acr proteins could be identified, e.g., using antibody-based assays. In some
embodiments, the presence of anti-CRISPR activity in the cells can be assessed, e.g., using
assays in which plasmids with protospacers are introduced into the cells and transformation

efficiencies assessed (see, e.g., Rauch et al., 2017).

[0068] Once an acr gene or Acr protein has been identified in the cells, an appropriate Aca

could be selected based on a known or suspected ability to bind to and repress the acr gene.
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In many cases, the Aca will be encoded by the aca gene present within the same operon as the
acr gene in question, but it will be recognized by one of skill in the art that any Aca protein
that is capable of binding to the acr promoter in question, e.g., through an inverted repeat in

the promoter, and repressing its expression can be used.

[0069] As aca genes are strongly conserved and are virtually always found in association
with acr genes, in certain embodiments it will be useful to directly identify the aca genes or
Aca proteins present in the cells to be targeted. This can be done by virtue of their sequence
conservation, e.g., within the Helix-Turn-Helix (HTH) domain, using bioinformatics
approaches with sequence databases and/or or by sequencing the bacterial genome, prophage
sequences, plasmids, or other mobile genetic sequences and searching for homology to
known acas. If an aca gene or Aca protein is identified, it is likely that Acr proteins are
present as well that are actively or potentially inhibiting CRISPR-Cas systems within the
cells. In such cases, the identified Aca can be introduced into the cell so as inhibit the

expression of the Acr and thereby bring about an increase in CRISPR-Cas activity.

[0070] Acrs have been identified to date in a wide variety of prokaryotic species, and it has
been hypothesized that virtually all CRISPR-Cas systems, which are thought to be present in
around 50% of all bacterial species, can be targeted by one or more Acrs. Accordingly,
strategies to use endogenous or exogenous CRISPR-Cas to bring about, e.g., targeted
destruction of cells, genomic modifications, alterations in gene regulation, and/or genomic
labeling or painting, will likely be frequently impeded by the presence of Acrs in the cells. As
such, the present method may be of widespread utility, and it will be useful to systematically
include Aca-encoding polynucleotides in any plasmids destined to be used in CRISPR-Cas-

based strategies in prokaryotic cells.

[0071] The present methods can be practiced with any Aca polypeptide, or any variant,
derivative, or fragment, e.g., an N-terminal domain, or NTD, of an Aca polypeptide, so long
that it is capable of binding to an acr promoter of interest and inhibiting its expression. Non-
limiting examples of Aca sequences are shown in Tables 8 and 9 and are also presented

below as SEQ ID NOS. 1-27 and SEQ ID NOS: 50-60:
SEQ ID NO. 1 (Acal, Pseudomonas aeruginosa phage JBD30)

MRFPGVKTPDASNHDPDPRYLRGLLKKAGISQRRAAELLGLSDRVMRY YLSEDIKE
GYRPAPYTVQFALECLANDPPSA
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SEQ ID NO. 2 (Acal, Pseudomonas aeruginosa)

MQLKPRNTVPRPDASSHNPDPRYLRGLLKKAGISQRRAAELLGLGDRVMRYYLSED
AKDGYRPAPYTVQFALECLANDPPSA

SEQ ID NO. 3 (Acal, Pseudomonas otitidis)

MKPDASNHNPDPRYLRELIERAGVSQRQAAELIGMSWEGFRRYLRDVDAPGYRVAD
YRVQFALECLAAPGT

SEQ ID NO. 4 (Acal, Pseudomonas delhiensis)

MPLQQRSTVRKPDASNHNPNPRYLRGLVERSGKSQRQAAELLGLSWEGFRNYLRDE
SHPLHRSAPYTVQFALECLAEAE

SEQ ID NO. 5 (Acal, Pseudomonas aeruginosa)

MKPDSSKHNPDPQYLRGLYERAGLKQEEAARRIGITARALRNY VSETAGREAPYPV
QFALECLASES

SEQ ID NO. 6 (Aca2, Pectobacterium phage ZF40)

MTAMKEWRARMGWSQRRAAQELGVTLPTYQSWEKGIRLSDGSPIDPPLTALLAAA
AREKGLPPIS

SEQ ID NO. 7 (Aca2, Vibrio parahaemolyticus)

MPLLFRSFIMTNQELKQLRRLLFIEVSEAAALIGECEPRTWQRWEKGDRAIPNDVSRE
IOMLALTRLERLQVEFDETDPNYRYFETFDEYKAYGGTGNELKWRLAQSVATSLLC
ETEADKWREEETID

SEQ ID NO. 8 (Aca2, Shewanella xiamenensis)

MTNTELKQLRTLLFLDVTEAAQHIGDCEPRTWQRWEKGDRAVPVDVAQTMQMLAL
TRVDMLQVEYDAADPMYQYFSEYEDFKAATGATGASVLKWRLAQSVSAQLVSEQ
QAEIWRAEETI

SEQ ID NO. 9 (Aca2, Brackiella oedipodis)

MNGQELKKARALLNLSQQEAAKLIGDVSKRSWVFWESGRPSIPQDVQEKFNDLLMR
RKAIVQPFIDKTISPSNVYRIYLDQNDLAFISDPIELRLLQGVALTLHFDYDLPLVDFD
MKDYEQWLQDQDKTDDPTTRSEWASTNHPCSSKISD
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SEQ ID NO. 10 (Aca2, Oceanimonas smirnovii)

MTHYELQALRKLLMLEVSEAAREIGDVSPRSWQYWESGRSPVPDDVANQIRNLTDM
RYQLLELRTEQIEKAGKPIQLNFYRTLDDYEAVTGKRDVVSWRLTQAVAATLFAEG
DVTLVEQGGLTLE

SEQ ID NO. 11 (Aca3, Neisseria meningitidis 2842STDY5881035)
MKMRRIWRAGMIDNPELGYTPANLKAIRQKYGLTQKQVADITGATLSTAQKWE
AAMSLKTHSDMPHTRWL LLLEYVRNL

SEQ ID NO. 12 (Aca4, Pseudomonas aeruginosa)

MTPDQFDALAELIRLRGGASQEAARLVLVDGMSPSDAARQVEASPQAVSNVLASCR
RGLALVLRASGKGATA

SEQ ID NO. 13 (Aca4, Pseudomonas aeruginosa)

MTKEQFSALAELMRLRGGPGQDAARLVLVNGLKPTEAARQTGITPQAVNKTLSSCR
RGIELAKRVFT

SEQ ID NO. 14 (Aca4, Pseudomonas stutzeri)

MMTGEQFGALAELLRLRGGASQEAARLVLVEGLAPAEAARQAGTTPQAVSNALAS
CRRGLELARVAAG

SEQ ID NO. 15 (Aca4, Pseudomonas sp.)

MTAEQFSALAELLRLRGGASQEAARLVLVEQLTPAEAARAAGCSPQAVSNVLASCR
RGLELAHAAVGH

SEQ ID NO. 16 (Aca5, Yersinia frederiksenii)

MPLIEYIRLTFSGNKSEFARHMGVDRQKVQVWIKGEWIVVGNKLY APRRDIPDIRLD
TVSQRLD

SEQ ID NO. 17 (Aca5, Escherichia coli)

MNKMNARTLSDYIAFYHNGNQAEFARHMGVNRQQVTKWIKGGWIVINHQLFSPQR
DIPENISHGGSAL

SEQ ID NO. 18 (Aca5, Serratia fonticola)
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MNNDNLVSGRTLLGYINIFHNGSQADFARHMDVTPQQVTKWISGEWIVVNHQLFSP
KRDVPENISGGESAGN

SEQ ID NO. 19 (Aca5, Dickeya solani)

MKLSEFIDTEFSGSRAEFARLMGVRPQKVNDWLVAGMIIHIDENGQAFLCSVRRDIP
AWNRKTNFA

SEQ ID NO. 20 (Aca5, Pectobacterium carotovorum)

MSLTEYIDKNFGGNKAAFARHMGVDAQAVNKWIKSEWFVSTTDDNKIYLSSARREI
PPLK

SEQ ID NO. 21 (Aca$, Enterobacter cloacae complex)

MNARTLSDYIEFYHNGNQSDFARHMGVNRQQVTKWLNGGWYVVINHQLYSPQRDV
PEFVTGGGSAL

SEQ ID NO. 22 (Aca5, Pectobacterium carotovorum)

MSLTEYIDKNFAGNKAAFARHMGVDAQAVNKWIKSEWFVSTTDDNKIYLSSVRREI
PPVA

SEQ ID NO. 23 (Aca6, Alcanivorax sp.)

MTAMKEWRARMGWSQRRAAQELGVTLPTYQSWEKGIRLSDGSPIDPPLTALLAAA
AREKGLPPIS

SEQ ID NO. 24 (Aca6, Alcanivorax sp.)

MTAMKDWRTRMGWSQRRAAQELGVTLPTYQSWERGVRLSDGSLIDPPLTALLAAA
AREKGLDPI

SEQ ID NO. 25 (Aca7, Halomonas caseinilytica)

MIDARKHYDPNLAPELVRRALAVTGTQKELAERLDVSRTYLQLLGKGQKSMSYAV
QVMLEQVIQDGET

SEQ ID NO. 26 (Aca7, Halomonas sinaiensis)

MIDARKYYNPDLAPELVSRALAVTGTQKELAERLDVSRIYIQLLGKGQKTMSYAVQ
VMLEQVIQGGEN

SEQ ID NO. 27 (OrfB, Cryptobacterium curtum)
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MPIKDLTGMRFGRLVVKEATSRRTSDGNVIWRCQCDCGNVTEVPGHSLTRGNTRSC
GCGEEENRRESGNNRNKAVVKEHSRADSFLSPKPRADTTLGIRGILRRPSGRYAARIT
FKGKTTCLGTYDSLEEAANARREAEIEIFDPYLIANGLPPTSEEEWQKILARALEKEK
DNADTSTKARPGKIRARKNKAVQN

[0072] The Acas that can be used will include those comprising SEQ ID NOS: 1-27 and SEQ
ID NOS: 50-60 and as shown in Tables 8 and 9 and in the Figures, as well as variants,
derivatives, fragments, and homologs thereof having at least 50%, 55%, 60%, 65%, 70%,
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or greater identity to any of SEQ ID
NOS: 1-27 of 50-60, and/or the Aca sequences shown in Tables 8 or 9 and in the Figures.
Variants, derivatives, and fragments can be readily assessed using standard biochemistry
assays for their ability to bind to the acr promoter sequences, e.g., to inverted repeats within

acr promoters, and to inhibit transcription as assessed, e.g., using qRT-PCR assays.

[0073] Non-limiting examples of acr promoter sequences that can be targeted in the present
methods and that can be used in the assays described herein include the sequences provided
herein as SEQ ID NOS 28-49, the sequences provided in the Figures, e.g., FIGS. 3 and 11, as
well as variants and homologs thereof having at least 50%, 55%, 60%, 65%, 70%, 75%, 80%.,
85%., 90%, 9%, 96%, 97%, 98%, 99%, or greater identity to any of SEQ ID NOS 28-49 or of
the sequences provided in the Figures, e.g., FIGS. 3 and 11.

Acal-associated acr promoter sequences

SEQ ID NO. 28 (D3112 acrIF1 promoter)

GGGCGTTAGGGGAAATGAATTCGGACAAGCGGCACATTGTGCCTATTGCGTATT
AGGCACAATGTGCCTAATCTAGCGTCATGCCAGCCACAACGGCGAGGCGAACCC
AAGGAGAGACACCATGA

SEQ ID NO. 29 (MP29 acrIF1 promoter)

GGGCGTTAGGGGAAATGAATTCGGACAAGCGGCACATTGTGCCTATTGCGGATT
AGGCACAATGTGCCTAATCTAGCGTCATGCCAGCCACAACGGCGAGGCGAACCC
AAGGAGAGACACCATGA

SEQ ID NO. 30 (JBD26 acrlF1 promoter)
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TGGCGCTAGGGGGAATGAATTCGGACAAGCGGCACATTGTGCCTATTGCGTATT
AGGCACAATGTGCCTAATCTAGCCTCATGCCAGCCACAACGGCGAGGCGCTAAC
AAGGATCGAAGCTATGA

SEQ ID NO. 31 (JBD30 acrIF1 promoter)

AATCGGTAGTGGCCACTTTCGGACAAGCGGCACACTGTGCCTATTGCGAATTAGG
CACAATGTGCCTAATCTAACGTCATGCCAGCCACAACGGCGAGGCGCCAACAAG
GATTCAAACCATGA

SEQ ID NO. 32 (DMS3 acrIF1 promoter)

AATCGGTAGTGGCCACTTTCGGACAAGCGGCACATTGTGCCTATTGCGAATTAGG
CACAATGTGCCTAATCTAACGTCATGCCAGCCACAACGGCGAGGCGCCAAGAAG
GATAGAAGCCATGA

SEQ ID NO. 33 (JBD93 acrlF1 promoter)

AATCGGTAGTGGGCCACTTTCGGACAAGCGGCACATTGTGCCTATTGCGTATTAG
GCACAATGTGCCTAATCTAACGTCATGCCAACCACAACGGCGAGGCGCAAACAA
GGATAGACACCATGA

SEQ ID NO. 34 (JBDS5 acrIF1 promoter)

GGTCGCTAGAGGGAATTCATTCGGATAAGCGGCACATTGTGCCTATTGTGCATTA
GGCACAATGTGCCTAATATGGCGTCATGCCAGCCACAATGGCGAGGCGCCACGA
AGGAACGATGCCATGG

Aca2 associated acr promoter sequences

SEQ ID NO. 35 (Phaseolibacter flectens)

TGGTTATCACCCTTCAAAAAAGAGACCTCCGCTCACTAGAACGCCCACACCCGAC
TTCACCATGCAGTGGTGTCCTCGGAGGTCGCTTTCGTGAAAAGTAGTCTCGGGAT
TTAATTTAACGCAGTGAGTGCGATTTATTGCAGATGCAAAAAAGCCCGCATTAAG
CGAGCATAAAATTAATTAAAAAAAGTATTGACTCCGGTCGCGTTTGCGACCATA
ATGTACTTACTGACTAGGCAAGGGGTCTGGTCAACTCAAATAGTGAGATTAAAA
A

SEQ ID NO. 36 (Proteus penneri)
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TGCGCATATACACCCCCTACGGAGTGTCCGAGTTTAGTTAAAAGGATGCAGACA
CACAGCTCTTGTGTGAAGTGATTAGTGTGTGATTGATACTGTGGTCTGCATATAC
GAAAAAAGACCGCCTAAGCGATCTTCTGAATGTGATTCAAGTCAAAATTTITAAGT
TATGTATATTAATTTCATAATATCGCTTGCCTTTGGTCGCTATTGCGACCATGCTG
TATTCATCGGGTAGGCAATAAGGCAGACCCAACTCAACTAAGTGAGAATATTA

SEQ ID NO. 37 (Shwanella xiamenensis)

ATAAAACACTTGCAATCGGTCGCAATCGCGACCATAATATATTTAACGGTTCGGG
AGTGGCTCGAATCGACTCAATAAAGTGAGAAATATCA

SEQ ID NO. 38 (Vibro parapaemolyticus)

AGCATCCACCTTCCCCAGTCATGTTCACATGATAAGATGAAGAAAAAATAGGCG
CCCTCAACTTGACGGCGCCTATGATGGACAGCTCAACGTATTTITGACTTTTGGTG
GCAGTATTGAGCGATTGACGTTGTTAGTTTTTAAGGATATTCGGAAAAGAGTGTG
TATCGGGTAAGTTAAAATAATATCAAATTAACACTTGCAACCGGTCGCAATTGCG
ACCATAATGTATTCAACGGTTCGGAACTGGTTCGAATCGACTCAAGAAAGTGAG
ATACATA

SEQ ID NO. 39 (Vibrio cyclitrophicus)

TCTTGAAACCTGTTACATAATTCATAGTTTTGATTAGTGTAACGGTAATCAAAAC
TCGTCACAAGATATACAAAACGGGTATTCGGAAAAGAGTGTGTATCGGATAAGT
TAAAATAAATTCAAATTAACACTTGCAAATGGTCGCAATTGCGACCATAATATCT
TCAACGGTTCGGAACTGGTTCGAATCGACTCAAGAAAGTGAGATACATCA

SEQ ID NO. 40 (Pectobacterium phage ZF40)

AGCCTCACCTCCGGCGTTGCCGTGGCGCTGTGTGATTTACAGGAAATAAAAAGG
CCACGAATGCGGCCTTAGCGATTAAAAAATATGAAATGCCTTGCTTGTTCGCGAT
TGCGAACATATAATTTATTCATCGGTTCGAG

SEQ ID NO. 41 (Oceanimonas smirnovii)

TGATGTGTCTCTCTTTAGAGGTGATTCGAGCCAATCTCGAATCTGGTTCCATCTTA
GTTCGCAATTGCGAACAGTGCAAGAGATAAAGTAAAGAAAATACAAAAATCAGC
CAATCTGCTTCCTGGGGGTTAACGGTGAAGCGTGGGGGCGAGCTTT

SEQ ID NO. 42 (Brackiella oedipodis)
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AATCCAAACGTATTAATTITGTTGTTAAAATCCAATAAAAAACATTACAAAAGTAT
TGACAATAAATATTGCATAAGTAATAATCAAACCATAGAATCACTTCTTGCTCTT
TAACAATCAACTGAATAGTCAGTCAGTCAACTGATAGAAACCTACTCCCAATGG
AATAGACTTATGGGGTTCAACGGTCGGGCAGCCCCCAAACAGAATAGCCGTGCG
TGGTGAAAGCGCAGAGCCGATTAATTTCC

Aca3-associated acr upstream regions from Neisseria meningitides

SEQ ID NO. 43 (Nme NmSL13x2)

AATTGAATCCGCAATGGTGAAATATCGACAATGAACGACAACACGCAAACCCTT
CCCCCGCGCCACCTGTCCGTCGCCCCGATGCTCGACTGTATCTACTGAAAAATAA
TATATTGAAAAATAATATATAATATATTTITATTATTCTTATGGTGCAAATAAAGC
ACATTGTGCATTGGAAATAAAAACGGCAAATTAATTACCTTTGTTTTTAAAGGTT
TATTAAATTGGCGGTTTTTTGTTTGAAAAAATGCTTGTTATACATCATTTTTTGAT
GTAGTATACACACATCGGCAGACAACAAGCCTGCCACCGACACCTTGACGGTTT
CAAGGATAAACGAAAGGATTTCAAAA

SEQ ID NO. 44 (Nme 22472)

AATTGAATCCGCAATGATGAAATATCGACAATGAACGACAATACACACACCCTT
CCCCCGCGCCGCCTTTCCGTCGCCCCGATGCTCGACTGTATCTACTGAAAAATAA
TATATTGAAAAATAATATATAATATATTTITATTATTCTTATGGTGCAAATAAAGC
ACATTGTGCATTGGAAATAAAAACGGCAAATTAATTACCTTTGTTTTTAAAGGTT
TATTAAATTGGCGGTTTTTTGTTTGAAAAAATGCTTGTGATACATCATTTTTTGAT
GTATCATACACACATCGGCAGACAACAAGCCTGCCGCCGCCACCTITGACGGTTTC
AAGGATAAACGAAAGGATTTCAAA

SEQ ID NO. 45 (Nme M40030)

GATAATATCCCCCCGTCCGCAACCGTTCAAACGACTAAGGAGGCAAAATGGCAT
ATCGGTTCAAAACAGGCGTGATTGCCGGAATCCCGACTGTATCTACTGAAAAAT
AATATATTGAAAAATAATATATAATATATTTTITATTATTCTTATGGTGCAAATAA
AGCACATTGTGCATTGGAAATAAAAACGGCAAATTAATTACCTTTGGTTTCAAAG
GTTTATTAAATTTGCCGTTTTTTGTTITGAAAAAGTGCTTGTGATACATCATTTTTT
GATGTAGTATACACACATCGGCAGACAACAAGCCTGCCACCGACACCTTGACGG
CTTCAAGGATAAACGAAAGGATTTCAAA
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SEQ ID NO. 46 (Nme 2842STDY5881035)

AATTGAATCCGCAATGGTGAAATATCGACAATGAACGACAATACACACACCCTT
CCCCCGCGCCACCTGTCCGTCGCTCCCATGCTCGACTGTATCTACTGAAAAATAA
TATATTGAAAAATAATATATAATATATTTITATTATTCTTATGGTGCAAATAAAGC
ACATTGTGCATTGGAAATAAAAACGGCAAATTAATTACCTTTGTTTTTAAAGGTT
TATTAAATTGGCGGTTTTTTGTTTGAAAAAATGCTTGTGATACATCATTTTTTGAT
GTAGTATACACACATCGGCAGACAACAAGCCTGCCACCGACACCTTGACGGCTT
CAAGGATAAACGAAAGGATTTCAAA

SEQ ID NO. 47 (Nme NM80179)

AATTGAATCCGCAATGATGAAATATCGACAATGAACGACAATACACACACCCTT
CCCCCGCGCCGCCTTTCCGTCGCCCCGATGCTCGACTGTATCTACTGAAAAATAA
TATATTGAAAAATAATATATAATATATTTITATTATTCTTATGGTGCAAATAAAGC
ACATTGTGCATTGGAAATAAAAACGGCAAATTAATTACCTTTGTTTTCAAAGATT
TATTAAATTTGCCGTTTTTTGTTTAAAAAAGTGCTTGTGATACATCATTTAATGAT
GTAATATACACACATGGACAGACAACAAGCCTGCCACCGACACCTTGACGGATT
CAAGGATAAACGAAAGGATTTCAAAA

SEQ ID NO. 48 (Nme 2842STDY5881013)

ATCTAACCCTATCAGCAAACGGCAAATTAATTACCTTTGGTTTCAAAGGTTTATT
AAATTTGCCGTTTTTTGTTTAAAAAAGTGCTTGTGATACATCATTTAATGATGTAA
TATACACACATGGACAGACAACAAGCCTGCCACCGACACCTTGACGGATTCAAG
GATAAACGAAAGGATTTCAAA

SEQ ID NO. 49 (Nme WUE2121)

ATTTAATTCTATTAAATAAACGGCAAATTAATTACCTTTGGTTTCAAAGGTTTATT
AAATTTGCCGTTTTTTGTTTAAAAAAGTGCTTGTGATACATCATTTAATGATGTAA
TATACACACATGGACAGACAACAAGCCTGCCACCGACACCTTGACGGATTCAAG
GATAAACGAAAGGATTTCAAA

AcrlIA1 sequences

SEQ ID NO: 50 (AcrIIA1_LmoJ0161)
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MTIKLLDEFLKKHDLTRYQLSKLTGISQNTLKDQNEKPLNKYTVSILRSLSLISGLSVS
DVLFELEDIEKNSDDLAGFKHLLDKYKLSFPAQEFELYCLIKEFESANIEVLPFTFNRF
ENEEHVNIKKDVCKALENAITVLKEKKNELL*

SEQ ID NO: 51 (AcrIIA1_LMO10)

MSIKLLDEFLKKHNKTRYQLSKLTGISQNTLNDYNKKELNKYSVSFLRALSMCAGIS
TFDVFIELAELEKSYDDLAGFKYLLDKHKLSFPTQEFELYCLIKEFESANIEVLPFTEN
RFENETHADIEKDVKKALNNAIAVLEEKKRRTVIKTIDYYDYS*

SEQ ID NO: 52 (AcrlIA1_ LmoCFSAN026587.)

MNILDEFLNEHQITRYRLSKITGISNQLLLQYTKKTLEEYPVWLLRALAAATDQTIEE
VLNKLEILETEKHQLYGIRSFLEKYNCSFPQEEWMLYRALYLVEALNMDLEEMKFD
RFEKEEHANIEKDVQEAVSNAVSTIDMIRRKKLKGHFKN*

SEQ ID NO: 53 (AcrlIA1_LmoFRRB2887)

MKTNLLDTFLKRHGITRYRLSKLAGISQNTLKDYTEKSLNKYTVSFLRSLSFVTGEDV
TDVLLELAEIENGYDDLAGFKYLLDKYKLSFPALEFELYCHKEFESANIEISPFTFNRF
ENETHVDIEKDVKKALQNAVTVLEERKEELL*

SEQ ID NO: 54 (AcrlIA1_Lsee)

MKINLLDEFLKRHNITRYRLSKLAGISQNTLKDYTEKSLNKYTVSFLRSLSFATGESV
TDILLELAELEKDYDDLAGFKYLLDKYKLAFPALEFELYCLIKEFES ANIEISPFTFNRF
ESETHTDIEKDVKKALQNAVTVLEERKEELL*

SEQ ID NO: 55 (AcrlIA1_Eriv)

MNKFIHYLKIERKQTMNLLDKFLNKRNLTRQQLSNISGYSTGRLFDYNNKELNKYP
VALLRTLAKISSMSLTDTLKELEEIEASYDSLLGFRKLLEQYELSFPDLEFELYCTIKD
LESLKVKVEPFTFNRFEEEGHNNIASDCRKAMENAISMLSEALENVRKGKAPFEDEEI

&

SEQ ID NO: 56 (AcrIIA1_Lgel)

MKLDDYLKLNNTTRYEVAKISGIPETSFKSIRNRDVNNLSGRFYRAIGLVLGKTGGQ
VYDEITADENTVFENFLGKHHIHDKERVTELLDYMLYFKKHDIDVTNVSFNRFENEIE
NGHILGDEDDVLQVIDNLIESFKTMKENVEAGNLPTPEKMD#*

SEQ ID NO: 57 (orfB_LmoJ0161)
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MNNHVIDLTNKKFGRLTVKEFVRSENGNALWNCFCVCGNEKEVLAQHLKRGHVQS
CGCLARDNGRKHADKNLRSETAQKNALKRKLEVDAVDGTMKSALTRSLSARNKSG
IKGVRWDEKRNKWEASITFQKKLHFLGRFEKKDDAVKARRDAEDKYFKPILDKMN*

SEQ ID NO: 58 (orfD_LmoFSLJ1-208)

MKGFLKRYAQEKKGWSLYKLAKESGIQDTTLSFANSKSVHNLSALNIKLISEAVGET
PGTVLDELTELEKEMEMETTYWYNEGTGTLLTWKEYKAKIESEARDWLEDLQEEEE
ELDDSDKTSLETLVQLSFENESDFVLSDSEGNPIKEW *

SEQ ID NO: 59 (orfD_¢P70)

MNELRSLEMSINAKDYATRLESGEGSLYIRFGDSEDYPVHASTNSTIKETFIELFKNG
WNGYEEDEQELAEDMQEIAQELILEELTDIFEEYEFSTDEIDTDLFSGFTFHVDMDND
EAVYLMDAINATKYFEARPSSWYALLEVSYCG*

SEQ ID NO: 60 (orfIn2_Efae)

MKGLLELSTIDLFLKKYGITRNKVATQNIKHKISNNALAQANLRPVETYSVKLILGLS
EAVNEAPEKVMAQLLEIEKSQTNSESAQKKEAYQFGNIILEGILNTNRSTHEIRLVQY
LGKRTLFCTYVSGVGAMNWSVSDYKEIAETLKIDDVDIRFRTSENDQFWDVSESYR
Y

[0074] In embodiments where a polynucleotide is introduced that encodes an appropriate
Aca, any suitable promoter can be used that will lead to a level of expression that is higher
than the level in the absence of the construct. Any level of expression that is sufficient to bind
to the acr promoter, and in particular an inverted repeat within the promoter, e.g., an IR2
repeat, and to decrease the level of transcription of the acr can be used. It will be appreciated
that in some embodiments, particularly in self-targeting strains, there may already be a
certain amount of endogenous Aca protein present in the cells, but at a level that is
insufficient to abolish Acr expression, with the result that CRISPR-Cas activity is still
inhibited in the cells. In such cells, the introduction of the Aca according to the present
methods will lead to an increased level of Aca activity in the cells, resulting in a decrease in

Acr expression and activation of CRISPR-Cas.

[0075] In some embodiments, the promoter will be a constitutive promoter, such as the
native acr-aca promoter or a housekeeping gene in the targeted microbe, or an inducible

promoter such as aT'C, IPTG, or a promoter responsive to arabinose induction.
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[0076] The Aca protein can be delivered in any of a number of ways to the targeted
prokaryotic cells, including by transferring the protein itself and by transferring

polynucleotides encoding the protein, wherein the protein is expressed within the cell.

[0077] In some embodiments, the Aca protein or Aca-encoding polynucleotide is
introduced together with, or in conjunction with, the delivery of a guide RNA. In such
embodiments, the guide RNA will direct endogenous or exogenous CRISPR-Cas to target the
nucleic acid whose sequence matches that of the guide RNA and, depending on the CRISPR-
Cas system used, will cleave, nick, edit, modulate the transcription of, label, or otherwise
modify the targeted locus. Any guide RNA can be used in the present methods, with no
limitations. In one embodiment, the guide RNA targets a multidrug resistance sequence in
bacteria, such that the active CRISPR-Cas system in the presence of the introduced Aca
protein directs the targeting and degradation of the sequence, thereby selectively Kkilling cells

bearing the sequence or the selective destruction of plasmids bearing the sequence.

[0078] In other embodiments, the guide RNA is used to specifically target particular cells,
e.g., pathogenic cells, within a mixed population of cells irn vivo. In such embodiments, the
guide RNA can be used to direct the cleavage, for example, of pathogenic cells by targeting a

nucleic acid sequence specific to the pathogenic cells.

[0079] Introduction of an Aca as described herein into a prokaryotic cell can be achieved
by any method used to introduce protein or nuclei acids into a prokaryote. In some
embodiments, the Aca polypeptide is delivered to the prokaryotic cell by a delivery vector

(e.g., a bacteriophage) that delivers a polynucleotide encoding the Aca polypeptide.

[0080] In some embodiments, polynucleotides, e.g., encoding one or more Aca polypeptide
or one or more CRISPR-Cas component, e.g., a guide RNA or Cas protein, are introduced
into bacteria using phage, e.g., a phage delivery vector comprised of ssDNA or dsDNA that
delivers DNA cargo to target cells. Any phage capable of introducing a polynucleotide into
the target cell can be used. The phage could be, e.g., a tailed phage or a filamentous phage,
that carries an entirely designed genome or that has heterologous genes introduced into an

otherwise natural genome.

[0081] In other embodiments, polynucleotides, e.g., encoding one or more Aca polypeptide
or one or more CRISPR-Cas component, e.g., a guide RNA or Cas protein, are introduced

into bacteria using bacterial conjugation. In some embodiments, polynucleotides are



WO 2020/243627 PCT/US2020/035403
38

introduced into target prokaryotes using E. coli as a conjugative donor strain, e.g., using
mobilizable plasmids that transfer their genetic material, e.g., polynucleotides encoding one

or more Aca polypeptide or one or more CRISPR-Cas component.

[0082] An Aca polypeptide as described herein can be introduced into any cell that
contains, expresses, is expected to express, or potentially expresses, an Acr protein.
Exemplary prokaryotic cells can include, but are not limited to, those used for
biotechnological purposes, the production of desired metabolites, E. coli and human
pathogens. Examples of such prokaryotic cells can include, for example, Escherichia coli,
Pseudomonas sp., Corynebacterium sp., Bacillus subtitis, Streptococcus pneumonia,
Pseudomonas aeruginosa, Staphylococcus aureus, Campylobacter jejuni, Francisella
novicida, Corynebacterium  diphtheria, Enterococcus sp., Listeria monocytogenes,

Mycoplasma gallisepticum, Streptococcus sp., or Treponema denticola.

[0083] In any of the embodiments described herein, one or more Aca polypeptide(s) can be
introduced into a cell to allow for binding to one or more Acr promoter(s) and inhibition of
Acr expression, together with a CRISPR-Cas polynucleotide. These different components
(e.g., the different Aca polypeptides, or polynucleotides encoding the polypeptides, and the
different CRISPR-Cas components) can be introduced together, e.g., within the same plasmid
or phage, or in series. In some embodiments, an Aca polypeptide as described herein can be
introduced (e.g., administered) to an animal (e.g., a human), for example an animal suffering
from a bacterial infection, wherein the Aca polypeptide is directed to infectious bacteria

within the animal.

[0084] In some such embodiments, the Aca polypeptides or a polynucleotide encoding the
Aca polypeptide, in administered as a pharmaceutical composition. In some embodiments,
the composition comprises a delivery system such as a liposome, nanoparticle or other
delivery vehicle as described herein or otherwise known, comprising the Aca polypeptides or
a polynucleotide encoding the Aca polypeptide, to target bacteria, intracellular or otherwise,
within the subject. The compositions can be administered directly to a mammal (e.g., human)
using any route known in the art, including e.g., by injection (e.g., intravenous,
intraperitoneal, subcutaneous, intramuscular, or intrademal), inhalation, transdermal

application, rectal administration, or oral administration.

[0085] In some embodiments, e.g., when the bacteria to be targeted are present within

mammalian host cells, two-fold delivery systems can be used, e.g., with an initial system to
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target the particular mammalian cell type that harbor the infectious bacteria so as to deliver
the phage or other system for delivering the Aca polynucleotide, and then a second system to

deliver the phage to the intracellular bacteria. See, e.g., Greene (2018).

[0086] The pharmaceutical compositions of the invention may comprise a pharmaceutically
acceptable carrier. Pharmaceutically acceptable carriers are determined in part by the
particular composition being administered, as well as by the particular method used to
administer the composition. Accordingly, there are a wide variety of suitable formulations of
pharmaceutical compositions of the present invention (see, e.g., Remington’s Pharmaceutical

Sciences, 17th ed., 1989).

EXAMPLES

[0134] The present invention will be described in greater detail by way of specific
examples. The following examples are offered for illustrative purposes only, and are not
intended to limit the invention in any manner. Those of skill in the art will readily recognize a
variety of noncritical parameters which can be changed or modified to yield essentially the

same results.

Example 1. Anti-CRISPR Associated Proteins are Crucial Repressors of Anti-CRISPR

Transcription

Introduction

[0087] Phages express anti-CRISPR proteins to inhibit CRISPR-Cas systems that would
otherwise destroy their genomes. Most anti-CRISPR (acr) genes are located adjacent to anti-
CRISPR associated (aca) genes, which encode proteins with a helix-turn-helix DNA-binding
motif. The conservation of aca genes has served as a signpost for the identification of acr
genes, yet the function of the proteins encoded by these genes has not been investigated.
Here, we reveal that an acr associated promoter drives high levels of acr transcription
immediately after phage DNA injection, and that Aca proteins subsequently repress this
transcription. In the absence of Aca activity, this strong transcription is lethal to a phage. Our
results demonstrate how sufficient levels of anti-CRISPR protein accumulate early in the
infection process to inhibit existing CRISPR-Cas complexes in the host cell. They also imply
that the conserved role of Aca proteins is to mitigate the deleterious effects of strong

constitutive transcription from acr promoters.
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[0088] The goal of this work was to define the role of aca genes in anti-CRISPR biology.
We investigated aca gene function using Pseudomonas aeruginosa phage IBD30 as our
primary model system (FIG. 2A). This phage was among the first set of phages shown to use
an anti-CRISPR gene for survival in the presence of CRISPR-Cas (Bondy-Denomy et al.,
2013). The anti-CRISPR operon of JBD30 and other closely related phages is located
between operons encoding phage structural proteins. In JBD30, a single anti-CRISPR (acr)
gene, acrlF1, is followed directly by an aca gene, known as acal in these phages. Acal is
conserved (>50% identity) among diverse anti-CRISPR encoding phages and prophages in
Pseudomonas species (Pawluk et al., 2016b). Since Acal possesses a HIH DNA-binding
motif, we speculated that it might be involved in anti-CRISPR gene expression.
Consequently, we considered possible mechanisms by which anti-CRISPR proteins deploy
during phage infection to prevent genome destruction by pre-formed CRISPR-Cas
complexes. We found that anti-CRISPR transcription occurs at high level early in the phage
infection process, and that Acal represses this transcription. Remarkably, the repressor
activity of Acal is essential for phage survival irrespective of CRISPR-Cas. We also showed
that other Aca protein families act as repressors of anti-CRISPR transcription. This crucial

function of Aca has likely contributed to its ubiquity in anti-CRISPR operons.
Results

[0089] Anti-CRISPR protein is not packaged into phage particles. To begin addressing
how anti-CRISPRs are deployed during the phage infection process, we looked at whether
these proteins were packaged into phage particles. Anti-CRISPR proteins could protect the
phage genome immediately after injection if injected from the phage particle into the cell
alongside the phage DNA. Packaging of phage-encoded inhibitors of bacterial defense
systems has been documented previously. For example, E. coli phages T4 and P1 both
incorporate protein inhibitors of restriction endonucleases into their capsids and deliver them
along with their genomes to protect against host defenses (Bair et al., 2007; lida et al., 1987;
Piya et al., 2017). To assay for the presence of anti-CRISPR protein in particles of the
AcrlIF1-encoding phage JBD30, we performed mass spectrometry on purified phage particles.
While we detected all expected virion proteins with high confidence, the anti-CRISPR
protein was not detected (Table 2). The small size of AcrlF1 (78 amino acids) does make it
less likely to be detected by mass spectrometry. However, we were able to detect with 100%
confidence the 138 amino acid head-tail connector protein and the 157 amino acid tail

terminator protein, which are likely present in 12 (Cardarelli et al., 2010) and 6 (Pell et al.,
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2009) copies, respectively, per phage particle. A similar mass spectrometry experiment
performed on phage JBD88a, which encodes two anti-CRISPR proteins, also failed to detect
these in purified phage particles (Harvey et al., 2018). Considering that the anti-restriction
proteins of phages P1 and T4 are present at greater than 40 copies per phage particle (Bair et
al., 2007; Piya et al., 2017), we anticipated that we would have detected anti-CRISPR protein
in the phage particles if they were packaged.

[0090] For anti-CRISPR proteins to be packaged into phage particles, recognition between
a virion protein and the anti-CRISPR would be required. Thus, an anti-CRISPR from one
phage would not be expected to function within the context of a completely different phage.
To test this idea, we incorporated the anti-CRISPR region of phage JBD30 (FIG. 2A) into
random locations in the genome of the unrelated D3-like P. aeruginosa phage JBD44 using
transposon mutagenesis. Even though the virion proteins of JBD44 are completely unrelated
to those of JBD30, the acrlFI region inserted into JBD44 was still able to confer resistance
against the type [-F CRISPR-Cas system of P. aeruginosa strain UCBPP-PA14 (PA14). The
plaque-forming ability of wild-type JBD44 was robustly inhibited when targeted by the PA14
CRISPR-Cas system, while JBD44 phages carrying the anti-CRISPR region (JBD44::acr)
were protected from CRISPR-Cas mediated inhibition (FIG. 2B). Additionally, the level of
plaquing by JBD44::acr phages was the same regardless of the presence or absence of a
CRISPR-Cas system, suggesting that these phages exhibit full anti-CRISPR activity. These
results demonstrate that AcrIF1 retains full functionality in the genomic context of an entirely
different phage. This implies that interaction between the anti-CRISPR and other phage

components (including the virion proteins) is not required.

[0091] The acrIF1 gene is robustly transcribed from its own promoter at the onset of
phage infection. The distinct transcription profile of the acrlFI gene implied that it
possessed its own promoter. A DNA sequence alignment of the region upstream of diverse
acr genes from phages related to JBD30 revealed a conserved predicted promoter (FIG. 3B).
This region from phage JBD30 was cloned upstream of a promoterless lacZ reporter gene
carried on a plasmid. The presence of the putative acr/FI promoter increased P-galactosidase
activity by approximately 15-fold when compared to the control lacking a promoter,
demonstrating that this DNA sequence can direct robust transcription in P. aeruginosa (FIG.
3C). To confirm that this promoter was responsible for anti-CRISPR gene expression during
phage infection, we created a JBD30 mutant phage (JBD30APacr) lacking this region. In a
phage plaquing assay, the JBD30APacr mutant phage replicated robustly on PA14 lacking a
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functional CRISPR-Cas system (PA14ACRISPR), but in the presence of CRISPR-Cas
immunity phage replication was equivalent to that of a JBD30 mutant bearing a frameshift
mutation in acrlF1 (acrss) (FIG. 3D). These data imply that the identified promoter drives

acrlF1 transcription during infection.

[0092] Acal acts on the acr promoter. Acal proteins are bioinformatically predicted to
contain a helix-turn-helix (HTH) DNA-binding motif (FIG. 8A). HTH-containing proteins
are generally dimeric and bind to inverted repeat sequences. We identified two such sites
with very similar sequences which we refer to as IR1 and IR2, flanking the -35 region of the
acrlF1 promoter (FIG. 3B). To determine whether Acal could bind to the anti-CRISPR
promoter region, purified Acal was mixed with a 110 bp dsDNA fragment containing the acr
promoter and an electrophoretic mobility shift assay (EMSA) was performed. Incubation of
the promoter-containing fragment with Acal resulted in a concentration-dependent shift in
the mobility of the fragment, which was not observed with a non-specific DNA sequence
(FIG. 8B). At higher Acal concentrations, a second shifted band was observed, consistent
with the presence of two Acal binding sites within this fragment. The dissociation constant
(Ku) of this interaction was approximately 50 nM (FIG. 8C). A 53 bp fragment encompassing
only IR1 and IR2 of the acr promoter also bound to Acal and displayed two shifted bands by
EMSA (FIG. 3E). Fragments bearing mutations in either IR1 or IR2 still bound to Acal, but
only a single shifted band was observed, while no shift was observed with a fragment bearing
mutations in both sites. These results demonstrated that Acal binds the acrlF1 promoter at

both the IR1 and IR?2 sites.

[0093] Given the binding of Acal to the acrlFI promoter, we speculated that this might
contribute to the strong transcription of this gene early in infection. To determine whether
Acal binding to the acrlF1 promoter modulates its transcriptional activity, we measured the
activity of this promoter in the presence of Acal using the lacZ reporter assay described
above. Contrary to our expectation, the presence of Acal in this assay led to a five-fold
reduction in P-galactosidase reporter activity (FIG. 3F). This repressive activity of Acal
depended on the presence of an intact IR2 site, suggesting that this site is active in vivo. By
contrast, the IR1 site was not required for repression despite being bound by Acal in vitro.
The in vivo function of the Acal binding sites in the acrlF/ promoter were assessed by
crossing the inverted repeat mutations into phage JBD30 through in vivo recombination
(Bondy-Denomy et al., 2013). Despite the marked effect of the IR1 and IR2 mutations on

Acal DNA binding in vitro, introduction of these mutations into the phage genome caused no
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significant decrease in the viability of the mutant phages on either wild-type PA14 or

PAT4ACRISPR (FIG. 3G).

[0094] Acal repressor activity is required for phage viability. To further investigate the
role of the Acal DNA-binding activity, we introduced amino acid substitutions within the
putative HTH region of Acal that were expected to reduce DNA-binding (FIG. 8D).
Substitutions with Ala at Arg33 or Arg34 and an Arg33/Arg34 double mutant each partially
reduced the DNA-binding activity of Acal in vitro, while substituting Arg44, which is
predicted to be in the major groove recognition helix, completely abolished Acal DNA-
binding (FIG. 4A). The DNA-binding activity of these mutants was also measured using the
lacZ reporter assay. Consistent with the in vitro data, the R44A mutant displayed very little
repressor activity on the acrlF1 promoter (FIG. 4B). The activity of the R33A/R34A double
mutant was intermediate between the R44A mutant and the R33A and R34A single mutants,

corroborating the in vitro changes in DN A-binding activity observed for these mutants.

[0095] The Acal DNA-binding mutants were subsequently crossed into phage JBD30.
Unexpectedly, we were able to isolate phages carrying the mutations affecting Arg33 and
Arg34, but not the mutation affecting Arg44. The R44A mutant phage could only be obtained
by plating on cells expressing wild-type Acal from a plasmid, suggesting that the Acal
DNA-binding activity is essential for phage viability. Using high titer lysates of
IJBD30acal®** produced in the presence of Acal, we discovered that this phage was unable
to replicate (titer reduced >10%-fold) on wild-type PA14 or PA14ACRISPR (FIG. 4C). By
contrast, the mutant phages encoding Acal substitutions at the Arg33 or Arg34 positions
formed plaques at levels approaching that of the wild-type phage (FIG. 9A). These data
demonstrate that intermediate reductions of Acal DNA-binding activity have little effect on

phage viability, but that a complete loss of Acal DNA-binding activity is lethal.

[0096] Although the JBD30acal®*** phage replicated very poorly on the PAI4ACRISPR
strain, plating high concentrations of this phage did lead to the appearance of revertant
plaques at a low frequency (<1x10°). Sequencing the anti-CRISPR regions of several of
these revertants revealed that they still carried the acal®*** mutation. Most also displayed a
25 bp deletion encompassing the -35 region of the acriFI promoter (FIG. 4D). These
revertants were able to plate to the same level as wild-type JBD30 on the PA14ACRISPR
strain, but showed a marked reduction in titer on wild-type PA14. This is what we would

expect to see if the acr promoter were impaired as demonstrated in FIG. 3D. This result
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implies that the inviability of the acal®**A mutant phage arises from the high transcription
level at the acr promoter. As a result, deletion of a critical portion of this promoter is able to

restore viability.

[0097] To verify the transcriptional effects of mutations in the JBD30 acr promoter and
acal gene, we performed RT-qPCR. These assays were carried out on strains that had been
lysogenized with mutant phages (i.c., the phage genomes were integrated into the
PA14ACRISPR genome to form a prophage). In the lysogenic state, acr expression must
persist to prevent the host CRISPR-Cas system from targeting the prophage, which would be
lethal. Performing assays in the lysogenic state allowed us to assess transcription levels at a
steady state as opposed to the dynamic situation existing during phage infection. Both the
acrlF1 and acal genes were transcribed from the JBD30 prophage (FIG. 4E). The
transcription of both genes was more than 20-fold lower in the phage mutant lacking the acr
promoter, confirming the key role of this promoter in transcribing both of these genes. By
contrast, the JBD30acal®**A mutant displayed vastly increased levels of acrlFI and acal
transcription (100-fold and 20-fold increases, respectively). Prophages expressing Acal
mutants that bound DNA at somewhat reduced levels in vitro (i.e., substitutions at Arg33 and
Arg34, FIG. 4A) also displayed increased transcription of the acrlF1 and acal genes but not
nearly to the same degree as the JBD30acal®*** mutant. Mutations in IR2 that that caused
loss of repression in the lacZ reporter assay (FIG. 3F) also resulted in increased acrlF1 and
aca transcription. However, this increase was similar to that of the JBD30acaR*34/R34A
mutant, which was 15-fold lower than the JBD30aca®*** mutant. The reduced transcription
level of the IR2 mutants compared to the acal®*** mutant may be due to the base
substitutions in IR2 (i.e., these changes may affect promoter strength) and/or there may be
residual binding not detected in EMSA of Acal to the mutated operator that leads to some

degree of repression.

[0098] The uniquely high transcription level from the acr promoter resulting from the

RUA mutant

acal®* mutant provides a likely explanation for the inviability of the JBD30aca
phage while the phages bearing mutations in acal or the acr promoter retained their
replicative ability. It is notable that examination of plaque sizes resulting from infection by
wild-type and JBD30 phages bearing other acal mutations showed that the Arg33 and Arg34
substitutions measurably decreased phage replication (FIG. 9B). Thus, the more modest

increases in acr promoter activity seen for these mutants still influenced phage viability. All
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of these data support the conclusion that the key function of Acal is not in activation, but in

repression of acr transcription.

[0099] acr promeoter activity is strong during early infection independent of Acal. To
directly address the role of Acal early in the phage infection process, we infected cells with
wild-type JBD30 or the JBD30acal®*** mutant, and measured transcript accumulation using
RT-qPCR as described above. Very early in infection, acrIF 1 transcripts accumulated to high
levels in both wild-type and mutant phage (FIG. 5A), clearly demonstrating that Acal is not
required for rapid expression from the acr promoter. At later time points, acrlF1 transcripts

IR¥A mutant, consistent with the

accumulated to much higher levels in the JBD30aca
repressor activity of Acal. The transcription of the transposase gene varied relatively little
between the wild-type and mutant phages (FIG. 5B). It should be noted that transcription of
both the acrlF1 and transposase genes was observed earlier in these experiments than in
those shown in FIG. 2A due to the use of a higher multiplicity of infection to improve the
limit of detection in this assay. These results clearly demonstrate that Acal is not required for

the early activation of acr transcription. Consequently, the importance of Acal must be

derived from its ability to repress the acr promoter.

[0100] Loss of Acal repressor activity alters the transcription of downstream genes. In
light of the results above, we postulated that the loss of viability observed for the
JBD30acal®** mutant was brought about by uncontrolled transcription from the very strong
acr promoter. With the expectation that this inappropriate acr transcription might perturb the
transcription of downstream genes, we measured the transcript levels of the phage
protease/scaffold (I/Z) gene (FIG. 2A), which lies immediately downstream of the anti-
CRISPR locus. Strikingly, I/Z gene transcript levels in the JBD30aca®** mutant phage were
dramatically decreased relative to wild-type phage, reaching nearly a 100-fold difference at
the later time points (FIG. 5C). By contrast, the G gene, which lies immediately upstream of
the anti-CRISPR locus, displayed less than 10-fold differences in transcript levels between
the wild-type and mutant phages (FIG. 5D).

[0101] Based on genomic comparison with E. coli phage Mu, the I/Z gene is situated at the
beginning of an operon that contains genes requited for capsid morphogenesis (Hertveldt and
Lavigne, 2008). The observed decrease in I/Z transcript level likely extends to other essential

R44A

genes within this operon; thus, the JBD30aca mutant phage would lack sufficient levels

of these morphogenetic proteins required for particle formation. This explains the observed
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loss of phage viability regardless of the CRISPR-Cas status of the host. Defects in virion
morphogenesis could also lead to the small plaque phenotype observed in the partially
incapacitated Acal mutants. In further experiments, we determined that the JBD30acal®***
phage forms lysogens with the same frequency as the wild-type phage (FIG. 10). Since
lysogen formation does not require particle formation, this finding is consistent with the

hypothesis that Acal debilitation causes a defect in phage morphogenesis.

[0102] Acal can act as an “‘anti-anti-CRISPR”. Since Acal is a repressor of the anti-
CRISPR promoter, we postulated that excessive Acal expression might inhibit the replication
of phages requiring anti-CRISPR activity for viability in the presence of CRISPR-Cas. To
test this, we plated phage JBD30 on wild-type PA14 cells in which Acal was expressed from
a plasmid. We found that phage replication was inhibited by more than 100-fold in the
presence of plasmid-expressed Acal as compared to cells carrying an empty vector (FIG.
6A). This loss of phage replication was CRISPR-Cas dependent, as plasmid-expressed Acal
had no effect on phage replication in the PA14ACRISPR strain, indicating that the
impairment of phage replication results from a decrease in anti-CRISPR expression.
Importantly, phages bearing mutations in IR2, which is the binding site required for Acal-
mediated repression of the acr promoter, were able to replicate in the presence of excess
Acal. On the other hand, a phage mutated in the IR1 site, which binds Acal but does not
mediate repression, replicated even more poorly than wild-type in the presence of Acal. This
confirms that binding of IR2 by Acal is required for repression of acr transcription in vivo,
and indicates that IR1 titrates Acal away from IR2 and thereby lessens the repressive effect
of Acal. The DNA-binding activity of Acal is necessary to reduce JBD30 replication, as the
overexpression of the Acal R44A mutant has no impact on JBD30 replication in the presence

of CRISPR-Cas (FIG. 6B).

[0103] Overall, the inhibitory effect of Acal on acr-dependent phage replication further
bolsters our conclusion that Acal is a repressor of the acr promoter. This observation also
raises the intriguing possibility that expression of Acal could be co-opted by bacteria as an
“anti-anti-CRISPR” mechanism for protection against phages or other mobile genetic

elements carrying anti-CRISPR genes.

[0104] Members of other Aca families are also repressors of anti-CRISPR promoters.
Genes encoding active anti-CRISPR proteins have been found in association with genes

encoding HTH motif-containing proteins that are completely distinct in sequence from Acal.
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For example, aca2 has been found in association with five different families of anti-CRISPR
genes in diverse species of Proteobacteria (Pawluk et al., 2016a; Pawluk et al., 2016b). Genes
encoding homologs of Aca3, another distinctive HTH-containing protein, have been
identified in association with three different type II-C anti-CRISPR genes (Pawluk et al.,
2016a). To investigate the generality of Aca function, we determined whether representative
members of Aca2 and Aca3 families also function as repressors of anti-CRISPR

transcription.

[0105] By aligning the intergenic regions found immediately upstream of anti-CRISPR
genes associated with aca2, we detected a conserved inverted repeat sequence that could act
as a binding site for Aca2 proteins (FIG. 11B). The same alignment approach also revealed
an inverted repeat sequence that could act as a binding site for Aca3 (FIG. 11D). To
investigate the functions of Aca2 and Aca3, the acr/aca regions from Pectobacterium phage
ZF40 and from N. meningitidis strain 2842STDY5881035 were investigated as
representatives of the Aca2 and Aca3 families, respectively. The putative promoter regions of
the anti-CRISPR genes in these two operons (FIGS. 11B and 11D) were cloned upstream of
a promoterless lacZ reporter gene carried on a plasmid. When assayed in E. coli, both regions
mediated robust transcription of the reporter as detected by measuring [-galactosidase
activity in cell extracts (FIG. 7). Co-expression of Aca2zrso and Aca3nme with their putative
cognate promoters resulted in 100-fold and 20-fold reductions in f-galactosidase activity,
respectively. Co-expression of acaZ? with the aca3 operon promoter construct or vice versa
did not exhibit any repression, demonstrating that the repressor activities of Aca2 and Aca3
are specific to their associated promoters. Overall these data show that, similar to Acal, both

Aca2 and Aca3 are repressors of anti-CRISPR transcription.
Discussion

[0106] To date more than 40 families of anti-CRISPRs have been identified, inhibiting
seven types of CRISPR-Cas systems. Each of these anti-CRISPR families is completely
distinct in amino acid sequence from one another and bear no similarity to other known
protein families. Despite this diversity, genes encoding most anti-CRISPR families are found
adjacent to genes encoding a predicted HTH-containing protein, or genes encoding an anti-
CRISPR containing a HTH domain (AcrlIAl and AcrlIA6) (Bondy-Denomy et al., 2013; He
et al., 2018; Hynes et al., 2018; Hynes et al., 2017; Ka et al., 2018; Marino et al., 2018§;
Pawluk et al., 2016a; Pawluk et al., 2016b; Rauch et al., 2017). The ubiquity of this
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association between HTH proteins and anti-CRISPRs implies that these HTH proteins are
carrying out a critical function. Here we have shown that Acal, a HTH protein family linked
with 15 families of anti-CRISPRs, is a repressor of anti-CRISPR transcription and is essential
for phage particle production. In addition, we have explained the general necessity for
modulation of anti-CRISPR transcription by an associated repressor. We found no evidence
that AcrlF1 is incorporated into phage particles and injected into host cells along with phage
DNA, and we would expect that this is also the case for other anti-CRISPRs. Thus, phage
survival in the face of pre-formed CRISPR-Cas complexes in the host cell is dependent upon
rapid high-level transcription of the anti-CRISPR gene from a powerful promoter. However,
the placement of such strong constitutive promoters within the context of a gene-dense,
intricately regulated phage genome is likely to result in the dysregulation of critical genes and
a decrease in fitness. The inclusion of repressors within anti-CRISPR operons to attenuate
transcription once sufficient anti-CRISPR protein has accumulated solves this problem. We
surmise that the presence of aca genes within anti-CRISPR operons has been vital for the
spread of these operons by horizontal gene transfer, allowing them to incorporate at diverse

positions within phage genomes without a resulting decrease in phage viability.

[0107] One question with respect to anti-CRISPR operons is how rapid high-level
expression of anti-CRISPR proteins can be achieved when a repressor of the operon is
produced simultaneously. Since Aca proteins are not present when phage DNA is first
injected, initial transcription of anti-CRISPR operons is not impeded. In most anti-CRISPR
operons the acr genes precede the aca gene and are thus translated first, allowing anti-
CRISPR proteins to accumulate earlier. In addition, in JBD30 and related phages, the
predicted strength of the acal ribosome binding site is at least 10-fold weaker than the acr
site (Espah Borujeni et al., 2014; Salis et al., 2009; Seo et al., 2013), which would result in a
slower accumulation of Acal protein. The same phenomenon was observed in the acaZ- and
aca3-controlled operons described above (FIG. 1). The presence of two binding sites for
Acal in the acr promoter, only one of which mediates repression, may also serve to delay the
repressive activity of Acal. Evidence for this is seen in FIG. 6, where the replication of a
phage lacking IR1 is inhibited to a greater extent than wild-type by plasmid-based expression
of Acal, presumably because Acal is normally titrated away from the IR2 site by binding to
IR1. Other mechanisms to fine-tune the balance of anti-CRISPR and Aca protein levels, such
as differential protein and/or mRNA stability, may also play a role in some cases. It is also

important to consider that Aca proteins cannot be extremely strong repressors, as some level
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of anti-CRISPR transcription is required for the survival of temperate phages when they form
prophages, which could be targeted by host CRISPR-Cas systems in the absence of anti-
CRISPRs.

[0108] In the case of phage JBD30, we found that phage replication was abrogated in the
absence of Acal function. This loss of viability appeared to be the result of a large decrease
in the transcription of essential downstream genes (FIG. 5C). This gene misregulation is
likely caused by readthrough transcription from the strong anti-CRISPR promoter. The
genome organization and replication mechanism of JBD30 resembles that of the E. coli phage
Mu (Hertveldt and Lavigne, 2008; Wang et al., 2004). In phage Mu, late gene expression is
dependent on the C protein, a phage-encoded transcriptional activator (Margolin et al., 1989).
IJBD30 and other Pseudomonas Mu-like phages have a C protein homolog, and expression of
the protease/scaffold, major head, and other essential genes is likely dependent on binding of
this protein to a promoter region downstream of the anti-CRISPR operon. Thus, readthrough
from the acr promoter may prevent the C protein from binding to key regulatory elements of
the downstream operon, leading to reduced transcription. This possible explanation for the
necessity of Acal in JBD30-like phages obviously would not apply to the different genomic
locations of diverse anti-CRISPR operons. However, we expect that anti-CRISPR associated
promoters would cause reduced viability when placed at many genomic locations in mobile
DNA eclements if these promoters were unregulated. These reductions in viability could be
due to various mechanisms of gene misregulation. Consistent with this idea, highly expressed
genes have generally been found to have a lower likelihood of horizontal transfer because of
their greater potential to disrupt recipient physiology (Park and Zhang, 2012; Sorek et al.,
2007).

[0109] It was recently shown that anti-CRISPR-expressing phages like JBD30 cooperate to
inhibit the CRISPR-Cas system. Initial phage infections may not result in successful phage
replication, but anti-CRISPR protein accumulating from infections aborted by CRISPR-Cas
activity leads to “immunosuppression” that aids in subsequent phage infections (Borges et al.,
2018; Landsberger et al., 2018). Through demonstrating that anti-CRISPR genes are
expressed quickly after infection, we provide an explanation for how anti-CRISPR protein
can accumulate even when phage genomes are ultimately destroyed by the CRISPR system.
In the anti-CRISPR-expressing archaeal virus, SIRV2, the acrID] gene was also transcribed
at high levels early in infection, supporting the generalizability of this mechanism of anti-

CRISPR action (Quax et al., 2013).
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[0110]

mechanism of anti-CRISPR activity. First, we demonstrate that acr genes are transcribed at

This work has answered two outstanding questions pertaining to the in vivo

high levels immediately after phage infection, illustrating how anti-CRISPRs are able to
outpace CRISPR-Cas mediated destruction of the phage genome. Second, we establish a role
for the highly conserved Aca proteins in diverse anti-CRISPR operons. This insight into anti-
CRISPR operon function provides an explanation for their ability to integrate into different
genomic locations across diverse mobile genetic elements. In addition, our work shows that
Aca proteins have the potential to broadly inhibit anti-CRISPR expression, effectively acting
as anti-anti-CRISPRs, which could have applications in CRISPR-based antibacterial

technologies (Greene, 2018; Pursey et al., 2018).

Table 1. Key Resources

REAGENT or RESOURCE

| SOURCE

| IDENTIFIER

Bacterial and Virus Strains

Pseudomonas aeruginosa strain
UCBPP-PA14

A. Davidson Lab

Refseq: NC_008463.1

Pseudomonas aeruginosa strain
UCBPP-PA14 Acas (PA14ACRISPR)

G. O’Toole Lab

N/A

Pseudomonas phage JBD30

A. Davidson Lab

Refseq: NC_020198.1

Pseudomonas phage JBD30acrss

A. Davidson Lab

N/A

Pseudomonas phage JBD30APacr This study N/A
Pseudomonas phage JBD30 IR1 mut This study N/A
Pseudomonas phage JBD30 IR2 mut This study N/A
Pseudomonas phage JBD30 IR1+IR2 mut | This study N/A
Pseudomonas phage JBD30aca®¥4 This study N/A
Pseudomonas phage JBD30aca®**A This study N/A
Pseudomonas phage JBD30acaR¥3AR34A This study N/A
Pseudomonas phage JBD30acaR*A This study N/A
Pseudomonas phage JBD44 A. Davidson Lab Refseq: NC_030929.1
Pseudomonas phage JBD44::acr This study N/A
Escherichia coli DH5a A. Davidson Lab N/A
Escherichia coli BL21(DE3) A. Davidson Lab N/A
Escherichia coli SM10 Jpir K. Maxwell Lab N/A
Chemicals, Peptides, and Recombinant Proteins

Acid phenol:chloroform Ambion Cat #AM9722
Ni-NTA agarose resin Qiagen Cat #30210
SYBR Gold nucleic acid stain Invitrogen Cat #511494
Purified protein: Acal This study N/A

Critical Commercial Assays

TURBO DNA-free kit Ambion Cat #AM1907
SuperScript IV VILO master mix Invitrogen Cat #11754050
PowerUp SYBR green master mix Applied Cat #A25741

Biosystems
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In-Fusion HD cloning kit Clonetech Cat #638912

Phusion High-Fidelity DNA Polymerase Thermo Scientific | Cat #F530S

Oligonucleotides

For cloning, RT-qPCR, and EMSA | Eurofins Genomics | See Table S4

Recombinant DNA

pHERD30T (gent®) A. Davidson Lab GenBank: EU603326.1

pHERD30T derivatives This study See Table S5

pHERD20T (amp®) A. Davidson Lab GenBank: EU603324.1

pHERD20T derivatives This study See Table S5

pBTK30 S. Lorry Lab N/A

pBTK30 derivatives This study See Table S5

pCM-Str N. Nodwell Lab N/A

pCM-Str derivatives This study See Table S5

pQF50 A. Davidson Lab N/A

pQF50 derivatives This study See Table S5

pl5TV-L Addgene ID #26093

p15TV-L derivatives This study See Table S5

Sequence-Based Reagents

crRNA targeting JBD44

GGTTCACTGCCGTATAGGCAGCTAA

GAAAAGTTCCTTTCCCTTCAGTCCA | This study N/A

GCCTGTGCCAGGTTCACTGCCGTGT

AGGCAGCTAAGAAA

gBloc.ks for cloning of qca2, aca3, and This study See Table S6

associated promoter regions

Software and Algorithms

Prism 7.0 GraphPad graphpad.cgm/scientific—
software/prism

Image Lab 6.0 BioRad b.io—rad.comlen—ca/product
/image-lab-software

Imagel NIH imagej.nih.gov/ij/index.html

PyMol Schrodinger pymol.org

Mascot Matrix Science martrixscience.com

Scaffold 3.0 Scaffold version 3.0 Proteome Software proteomesoftware.com/
products/scaffold

Jalview Jalview jalview.org

CFX Manager 3.1 BioRad bio-rad.com/en-ca/product
/cfx-manager-software

Other

CFX384 Touch Real-Time PCR Detection BioRad Cat #1855485

System

Methods

[0111]

Experimental Model and Subject Details. Microbes. Pseudomonas aeruginosa

strains (UCBPP-PA14 and UCBPP-PA14 CRISPR mutant derivatives) and Escherichia coli
strains (DH5a, SM10kpir, BL21(DE3)) were cultured at 37°C in lysogeny broth (LB) or on
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LB agar supplemented with antibiotics at the following concentrations when appropriate:
ampicillin, 100 pg mL! for E. coli; carbenicillin, 300 pg mL™! for P. aeruginosa; gentamicin,
30 pg mL! for E. coli and 50 pg mL™! for P. aeruginosa. Phages. Pseudomonas aeruginosa
phages JBD44, JBD30 and JBD30 derivatives, DMS3 and DMS3 derivatives were
propagated on PA14ACRISPR and stored in SM buffer (100 mM NaCl, 8§ mM Mg,S0O4, 50
mM Tris-HCl pH 7.5, 0.01% w/v gelatin) over chloroform at 4°C.

[0112] Method Details. Mass spectrometry of the JBD30 virion. Mass spectrometry
analysis was performed as previously described (Harvey et al., 2018). Briefly, 3.8 x 10°
phage particles from lysates were purified by cesium chloride density gradient
ultracentrifugation (Sambrook and Russell, 2006) and subjected to tryptic digest (Lavigne et
al., 2009). Liquid chromatography tandem-mass spectrometry spectra were collected on a
linear ion-trap instrument (ThermoFisher) (SPARC BioCentre, The Hospital for Sick
Children, Toronto, Canada). Proteins were identified using Mascot (Matrix Science) and
analyzed in Scaffold version 3.0 (Proteome Software). The cut-off for protein identification
was set at a confidence level of 95% with a requirement for at least two peptides to match a

protein.

[0113] Introduction of an anti-CRISPR locus into phage JBD44. The anti-CRISPR locus
of phage JBD30 was PCR amplified and cloned as a Sall restriction fragment into the
transposon of pBTK30 (Goodman et al., 2004). This construct was transformed into E. coli
SM10kpir. Conjugation was then used to move the transposon into a JBD44 lysogen of
PA14. Following conjugation, lysogens were grown to log phase (ODspe = 0.5) and
prophages were induced with mitomycin C (3 pg mL™). Lysates were plated on lawns of
PA14 expressing a crRNA targeting phage JBD44 from pHERD30T to isolate phages
carrying and expressing the anti-CRISPR locus.

[0114] Phage plaque and spotting assays. For spotting assays, 150 pL of overnight culture
was added to 4 mL of molten top agar (0.7%) supplemented with 10 mM MgSO4 and poured
over prewarmed LB agar plates containing 10 mM MgSO4 and antibiotic as needed. After
solidification of the top agar lawn, 10-fold serial dilutions of phage lysate were spotted on the

surface. The plates were incubated upright overnight at 30°C.

[0115] For plaque assays, 150 pL of overnight culture was mixed with an appropriate
amount of phage and incubated at 37°C for 10 minutes. The bacteria/phage mixture was

added to 4 mL of molten top agar (0.7%) supplemented with 10 mM MgSO4 and poured over
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prewarmed LB agar plates containing 10 mM MgSO4 and antibiotic as needed. The plates
were incubated upright overnight at 30°C. Plaques were counted and expressed as the number
of plaque forming units (PFU) mLl. Plaque sizes were analyzed using ImageJ (Schneider et
al., 2012). Images of plaque assays were converted to 8-bit (grayscale). The image threshold
was then adjusted to isolate plaques from the image background. The area of each plaque was
measured in pixels squared. Image sizes were calibrated using the diameter of the petri dish

in the image.

[0116] Phage infection time course. Overnight cultures of PA14 or PA14ACRISPR were
subcultured 1:100 into LB and grown with shaking at 37°C to an ODego of 0.4. After
removing 1 mL of culture for an uninfected control, phage JBD30 was added at a multiplicity
of infection (MOI) of 5 or 8. Samples were removed after 0, 2, 4, 6, 8, 10, 20, 30, 40, 50, 60,
and 70 minutes. Cells were pelleted and flash frozen. One round of infection was stopped at
70 minutes post phage addition. To help synchronize the infection, cells were pelleted 10
minutes post phage addition and resuspended in fresh pre-warmed LB. Lysogens were

subcultured 1:100 from overnight cultures and grown for 5 hours prior to RNA extraction.

[0117] RNA extraction and RT-qPCR. Cell pellets were resuspended in 800 pL LB and
mixed with 100 uL lysis buffer (40 mM sodium acetate, 1% SDS, 16 mM EDTA) and 700 pL.
acid phenol:chloroform pre-heated at 65°C. The mixture was incubated at 65°C for 5 minutes
with regular vortexing and centrifuged at 12,000 x g for 10 minutes at 4°C. The aqueous
layer was collected, extracted with chloroform, and precipitated with ethanol. Total RNA was
resuspended in water and subsequently treated with DNase (TURBO DNA-free kit, Ambion)
according to the manufacturer’s instructions. cDNA was synthesized using SuperScript IV
VILO master mix (Invitrogen) and quantified using PowerUp SYBR green master mix
(Applied Biosystems) with primers listed in Table 5. For the purpose of quantification,
standards were generated by PCR. Data were analyzed using BioRad CFX manager 3.1

software.

[0118] Cloning of aca genes and associated promoter regions. acal and its associated
promoter region were PCR amplified from lysates of phage JBD30 using the primers listed in
Table S2. acal was cloned as a Ncol/HindlIII restriction fragment into pHERD30T (for anti-
CRISPR activity assays in P. aeruginosa) or into BseR1/HindIIl cut p15TV-L (for protein

expression and purification in E. coli). The promoter region was cloned as a Ncol/HindIIl
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restriction fragment into the promoterless [-galactosidase reporter shuttle vector pQFS50

(Farinha and Kropinski, 1990).

[0119] The anti-CRISPR locus from Pectobacterium phage ZF40 (NC_019522.1: 19220-
19999) and the anti-CRISPR upstream region and Aca3 coding sequence from Neisseria
meningitidis  strain ~ 2842STDY5881035  (NZ_FERWO01000005.1:  56624-56978;
NZ_FERWO01000005.1: 55654- 55893) were synthesized as gBlocks (Integrated DNA
Technologies). aca? and aca3 were PCR amplified from their respective gBlocks using
primers list in Table 5. Each fragment was gel purified and cloned into pCM-Str using
isothermal assembly (Gibson et al., 2009). The anti-CRISPR upstream regions from ZF40
and N. meningitidis were amplified by PCR and cloned as a Ncol/HindlIlI restriction fragment

into pQF50. All plasmids were verified by sequencing.

[0120] p-galactosidase reporter assays. P-galactosidase reporter plasmids were
transformed into DH5a and PA14. Overnight cultures of transformed cells were subcultured
1:100 and grown for ~3 hours with shaking (ODeoo = 0.4-0.7). -galactosidase activity was
then quantified using a method derived from Zhang and Bremer, 1995. Briefly, 20 uL of
culture was mixed with 80 uL of permeabilization solution (0.8 mg mL-! CTAB, 0.4 mg mL!
sodium deoxycholate, 100 mM Na,HPOs, 20 mM KCI, 2 mM MgSO4, 5.4 pL mL! B-
mercaptoethanol) and incubated at 30°C for 30 minutes. 600 pl of substrate solution (60 mM
Na;HPOs, 40 mM NaH,POs, 1 mg mL? o-nitrophenyl-B-galactosidase) was added and the
reaction was allowed to proceed at 30°C for 30 minutes to 1.5 hours. The reaction was
stopped with the addition of 700 uL of 1 M NaxCOs, A4zo and Assp were measured, and Miller

Units were calculated.

[0121] Designing and introducing Acal amino acid substitutions. Key residues of the
Acal HTH domain were identified using HHPRED and modeled onto the helix-turn-helix
domain of PlcR (PDB: 3U3W) using PyMol to generate a reference homology model of
Acal. Alanine substitutions at key Acal residues were introduced by site-directed
mutagenesis with Phusion polymerase (Thermo Scientific) in either pHERD30T (for P.

aer§uginosa activity assays) or p15TV-L (for protein expression and purification in E. coli).

[0122] Purification of Acal proteins. Overnight cultures of E. coli BL21(DE3) carrying
the appropriate Acal expression plasmid were subcultured 1:100 and grown with shaking at
37°C to an ODeoo of 0.5. Protein expression was induced with 1 mM IPTG for 4 hours at
37°C. Cells were lysed by sonication in binding buffer (20 mM Tris-HCI pH 7.5, 250 mM
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NaCl, 5 mM imidazole). Clarified lysates were batch bound to Ni-NTA agarose resin
(Qiagen) at 4°C for 1 hour, passed through a column at room temperature, and washed
extensively with binding buffer containing 30 mM imidazole. Bound protein was eluted with
binding buffer containing 250 mM imidazole and dialyzed overnight at 4°C in buffer
containing 10 mM Tris-HCI pH 7.5 and 150 mM NaCl. All Acal mutant purified at levels
similar to wild-type. Proteins were purified to greater than 95% homogeneity as assessed by

Coomassie-stained SDS-PAGE.

[0123] Electrophoretic mobility shift assay. Varying concentrations of purified Acal or
Acal mutants were mixed with 20 ng of target DNA (gel purified PCR product or annealed
oligo) in binding buffer (10 mM HEPES pH 7.5, 1 mM MgCl;, 20 mM KCI, 1 mM TCEP,
6% vi/v glycerol) and incubated on ice for 20 minutes. The DNA-protein complexes were
separated by gel electrophoresis at 100 V on a 6% native 0.5X TBE polyacrylamide gel. Gels
were stained at room temperature with Sybr gold (Invitrogen) and visualized according to the
supplier’s instructions. Bands were quantified using Image Lab 6.0 software (BioRad). The
percent DNA bound was plotted as a function of Acal concentration in Prism 7.0

(GraphPad).

[0124] Annealed oligos were generated by mixing complementary oligonucleotides in a 1:1
molar ratio in annealing buffer (10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM EDTA), heating at

95°C for 5 minutes, and cooling slowly to room temperature.

[0125] Operator and Acal mutant phage construction. Point mutations were introduced
into each inverted repeat of the anti-CRISPR promoter on a recombination cassette (JBD30
genes 34 to 38; Bondy-Denomy et al., 2013) by site-directed mutagenesis using primers listed
in Table 5. Alanine substitutes of key Acal residues were introduced into the wild-type
JBD30 recombination cassette by site-directed mutagenesis. Mutant phages were then
generated using in vivo recombination as previously described by Bondy-Denomy et al.,

2013. All mutations were verified by sequencing.

[0126] Construction of a JBD30 mutant phage bearing an anti-CRISPR promoter
deletion. A recombination cassette consisting of genes 34 to 38 of phage JBD30 (anti-
CRISPR locus with large flanking regions) in plasmid pHERD20T was previously generated
(Bondy-Denomy et al., 2013). This plasmid was linearized by PCR using primers that
excluded the anti-CRISPR promoter, and then re-circularized using In-fusion HD technology

(Clontech) to generate a recombination cassette with an anti-CRISPR promoter deletion.
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Using this cassette, mutant phages were generated as previously described (Bondy-Denomy

et al., 2013).

[0127] Lysogen construction. P. aeruginosa lysogens were generated by either streaking
out cells to single colonies from the center of a phage-induced zone of clearing or by plating
cells infected with phage and isolating single colonies. The presence of a prophage was

confirmed by resistance to superinfection from the phage used to generate the lysogen.

[0128] Bioinformatics. Protein sequence similarity searches were performed with PSI-
BLAST (Altschul et al., 1997). Protein sequence alignments were performed with MAFFT
(Katoh et al., 2002), and nucleotide sequence alignments were performed with ClustalO
(Sievers et al., 2011). HHPred was used to predict the location of HTH motifs (Soding et al.,
2005).

[0129] Aca3 misannotation. A nucleotide alignment of several anti-CRISPR loci from
Neisseria meningitidis revealed that many aca3 homologs had one to two in-frame start
codons (ATG) upstream of their annotated start that would result in a N-terminal extension of
8 to 10 amino acid residues. aca3 was cloned with and without this N-terminal extension.
Aca3 repressor activity was best with the inclusion of the N-terminal extension (sequence
shown below with new residues in bold). Thus, this version was used in all experiments
presented here. All other Aca protein sequences are as annotated.

Aca3:
MKMRRIWRAGMIDNPELGYTPANLKAIRQKYGLTQKQVADITGATLSTAQKWE
AAMSLKTHSDMPHTRWL LLLEYVRNL

[0130] Quantification and statistical analysis. All experiments were performed with at
least three biological replicates (n > 3). Statistical parameters are reported in the Figure

Legends.

Table 2. Virion proteins of phage JBD30 detect by mass spectrometry

JBD30 ORF Accession ID Prot.em Le.:ngth Function
(amino acids)
32 YP_007392339.1 526 portal protein
33 YP_007392340.1 428 homolog of phage Mu gpF
37 YP_007392344.1 365 protease/scaffold
38 YP_007392345.1 304 major head
41 YP_007392348.1 138 head-tail joining
42 YP_007392349.1 157 tail terminator
44 YP_007392351.1 256 tail tube

46 YP_007392353.1 1158 tape measure
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47 YP_007392354.1 318 putative tail protein

48 YP_007392355.1 307 putative tail protein

49 YP_007392356.1 567 tail protein; phage lambda gpM-like
50 YP_007392357.1 273 tail protein; phage lambda gpL-like
53 YP_007392360.1 735 central fiber

54 YP_007392361.1 382 putative pilus binding protein

Table 3. List of genomes and anti-CRISPR protein identifiers used in FIG. 1

Source

Genome ID

Anti-CRISPR ID

Pseudomonas phage DMS3

NC_008717.1

YP_950454.1

Alcanivorax sp. KX64203

NZ_LVIC01000002.1

WP_063139756.1

Pectobacterium phage ZF40

NC_019522.1

YP_007006940.1

Halomonas sinaiensis DSM 18067 NZ_BDEO01000016.1

WP_064700809.1

Neisseria meningitidis 23231

NZ_OALB01000002.1

WP_042743676.1;
WP_042743678.1

WP_003722517.1;

Listeria monocytogenes JO161 NC_017545.1 WP_003722518.1
Streptococcus phage Sfi2l NC_000872.1 NP_049988.1
Streptococcus phage D1811 MH000604.1 AV022749.1
Sulfolobus islandicus rudivirus 3  NC_030884.1 YP_009272954.1

Table 4. List of genomes and Aca protein identifiers used in FIG. 11

Source Genome ID Aca ID
Phaseolibacter flectens NZ_JAEE(01000001.1 WP_036985669.1
Proteus penneri GG661994.1 EEG86165.1
Shewanella xiamenensis JGVIN1000034.1 KEK29120.1
Vibrio parahaemolyticus NZ_JPKT01000003.1 WP_080285139.1
Vibrio cyclitrophicus KP795522.1 AKN37111.1
Pectobacterium phage ZF40 NC_019522.1 YP_007006939.1

Oceanimonas smirnovii

NZ_KB908455.1

WP_019933869.1

Brackiella oedipodis NZ_KK211205.1 WP_028357637.1
Nme NmSL13x2 NZ_NGAT01000003.1 WP_002212356.1
Nme 22472 NZ_OAFV01000002.1 WP_002255676.1
Nme M40030 NZ_QQEWO01000023.1 WP_118803841.1
Nme 2842STDY5881035 NZ_FERW(01000005.1 WP_042743680.1
Nme NMS80179 NZ_ALXV(01000004.1 WP_002231710.1
Nme 2842STDY5881013 NZ_FERN01000021.1 WP_061695140.1
Nme WUE2121 NZ_CP012394.1 WP_061384811.1

Table 5. Oligonucleotides used in this study

Purpose
Cloning of IBD30 anti-

Sequence (5°-3")
F: GGGCCCGTCGACTGGCCACTTTCGGACAAG
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Purpose
CRISPR locus into
pBTK30 transposon

Generation of RT-qPCR
standard for gene A

RT-qPCR of gene A

Generation of RT-qPCR
standard for gene G

RT-qPCR of gene G

Generation of RT-qPCR
standard for acriF1

RT-qPCR of acriF1

Generation of RT-qPCR
standard for acal

RT-qPCR of acal

Generation of RT-qPCR
standard for gene 37
(protease/scaffold)

RT-qPCR of gene 37

Generation of RT-qPCR
standard for clpX

RT-qPCR of clpX

Generation of RT-qPCR
standard for rpoD

RT-qPCR of rpoD

Cloning of anti-CRISPR
promoter from JBD30

Generation anti-CRISPR
promoter deletion
recombination cassette

Cloning Acal

wild-type anti-CRISPR
promoter substrate for
EMSA

IR1 mutant anti-CRISPR
promoter substrate for
EMSA

Sequence (5°-3")
R: CCCGGGGTCGACTCACGCAGATGGCGGGTCGT

: TGGTTCAGCCCTCAACAACT

: TCTTGAGCATGGCGAGCA
GCCTCGGTTCAACAGTACGA

: AACGTGGTACTCCATCGCTTT
AGTTCGCCTTTATGGACGAG

: ATTTCGGCTCAAGGCTGTTA

CGGGTCCAACTTGGTCTATG
: TTTCGTCGAACGGCAGATA

ATGAAGTTCATCAAATACCTC

: TCAGGGGTTTTCACGCCGGG
AATACCTCAGCACCGCTCAC
: TTGCCGTTTACGACGTTCTC

ATGAGATTTCCCGGCGTGAA

: TCACGCAGATGGCGGGTCGT

TCAAGAAAGCCGGCATCA
: TCCTTGATGTCCTCGCTCAG
GAAAAGAACCGCCTACTCGTT

: TGGCTTTCAGGAGTTCATCC

ATGAGCACCAGACCCTCAAG
: GGGCTGTGTATTCGACACG

CTGCAAGAGTTTCTGGATGATG

: CTTTATCTGCGACGAGTGTGTC

CGCTTGTAGTGGTTGTATACCG
: AAAGTAGTGGGCACAAACTTCC

GAGATGCGGTTGAGCTTGTT

: GTCGACAGCGTCCTGAAGAG
GGGCGAAGAAGGAAATGGTC
: CAGGTGGCGTAGGTAGAGAA

CCCGGGCCCCATGGTGGCCACTTTCGGACAAG
: CCCGGGAAGCTTGGTTTGAATCCTTGTTGGCGCC
AGCCGAAATCGGTAGAACGGCGAGGCGCCAACAAG

: CTACCGATTTCGGCTCAAG

F: CCCGGGCCATGGCCAGATTTCCCGGCGTGAA

R: CCCGGGAAGCTTTCACGCAGATGGCGGGTCGT
sense: ACAAGCGGCACACTGTGCCTATTGCGAATTAGG
CACAATGTGCCTAATCTAACG

anti-sense: GGTTAGATTAGGCACATTGTGCCTAATTCGC
AATAGGCACAGTGTGCCGCTTGT

sense: ACAAGCGTCGTACTGTGCCTATTGCGAATTAGG
CACAATGTGCCTAATCTAACG

anti-sense: CGTTAGATTAGGCACATTGTGCCTAATTCGC

AT AT RTIATATA VAT AN DFTA VAT DATA T ATA T
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Purpose

IR2 mutant anti-CRISPR
promoter substrate for
EMSA

IR1+IR2 mutant anti-
CRISPR promoter
substrate for EMSA

Generation of IR1
mutations in anti-CRISPR
promoter

Generation of IR2
mutations in anti-CRISPR
promoter

Generation of R33A Acal
mutant
Generation of R34A Acal
mutant

Generation of
R33A/R34A Acal mutant

Generation of R44A Acal
mutant

Cloning of Aca2

Cloning of Aca3

Amplification of pCM-Str
for Aca cloning

Cloning of aca?2
associated upstream
region

Cloning of aca3
associated upstream
region

Sequence (5°-3")

AATAGGCACAGTACGACGCTTGT

sense: ACAAGCGGCACACTGTGCCTATTGCGAGCTAGT
CCCAATGTGCCTAATCTAACG

anti-sense: CGTTAGATTAGGCACATTGGGACTAGCTCGC
AATAGGCACAGTGTGCCGCTTGT

sense: ACAAGCGTCGTACTGTGCCTATTGCGAGCTAGT
CCCAATGTGCCTAATCTAACG

anti-sense: CGTTAGATTAGGCACATTGGGACTAGCTCGC
AATAGGCACAGTACGACGCTTGT

sense: GGCCACTTTCGGACAAGCGTCGTACTGTGCCTAT
TGCGAATT

anti-sense: AATTCGCAATAGGCACAGTACGACGCTTGTC
CGAAAGTGGCC

sense: TGACGTTAGATTAGGCACATTGGGACTGCTTCG
CAATAGGCACAGTGTGCC

anti-sense: GGCACACTGTGCCTATTGCGAAGCAGTCCCA
ATGTGCCTAATCTAACGTCA

sense: TCGGCTGCGCGCGCCTGGCTGATGCC

anti-sense: GGCATCAGCCAGGCGCGCGCAGCCGA

sense: CAGCTCGGCTGCGGCCCGCTGGCTGATG
anti-sense: CATCAGCCAGCGGGCCGCAGCCGAGCTG
sense: CAGCTCGGCTGCGGCCGCCTGGCTGATGCCG
anti-sense:
CGGCATCAGCCAGGCGGCCGCAGCCGAGCTG

sense:
GTAATAGCGCATCACCGCGTCACTGAGGCCGAGC
anti-sense: GCTCGGCCTCAGTGACGCGGTGATGCGCTA
TTAC

F: TAGTTGCGGCCGCAAAATGGATGAATGGTCAAGAAT
TAAAAAAAG

R:
GCGGCCGCAGGCAAAGGATATTAGATTAAATCCGCG
TGAC

F: TAGTTGCGGCCGCAAAATGGATGAAGAAATTTGAAG
CCC

R: GCGGCCGCAGGCAAAGGATATTATTTTAATGAATCC
AAAAGTTTTTG

F: TATCCTTTGCCTGCGGCC

R: CCATTTTGCGGCCGCAAC

F: CCCGGGCCATGGAGCCTCACCTCCGGCG

R: CCCGGGAAGCTTCTCGAACCGATGAATAAATTATAT
GT

F: CCCGGGCCATGGAATTGAATCCGCAATGGTGAAA

R: CCCGGGAAGCTTTTTGAAATCCTTTCGTTTATCCTTG

Table 6. Plasmids used in this study

Plasmid ID Purpose

Backbone
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Overexpression of IBD44-targeting crRNA in P.

pES102 . pHERD30T
aeruginosa
pSY100 Overexpression of IBD30 Acal in P. aeruginosa pHERD30T
pSY115 Overexpression of R33A Acal mutant in P. aeruginosa pHERD30T
pSY116 Overexpression of R34A Acal mutant in P. aeruginosa pHERD30T
pSY117 Overe?ipression of R33A/34A Acal mutant in P. pHERD30T
aeruginosa

pSY118 Overexpression of R44A Acal mutant in P. aeruginosa pHERD30T
pSY107 Generation of JBD30APacr pHERD20T
pSY108 Generation of JBD30 IR1 mut pHERD20T
pSY109 Generation of JBD30 IR2 mut pHERD20T
pSY110 Generation of JBD30 IR1+IR2 mut pHERD20T
pSY119 Generation of JBD30aca®¥34 pHERD20T
pSY120 Generation of JBD30aca®¥*4 pHERD20T
pSY121 Generation of JBD30acaR33A/R34A pHERD20T
pSY122 Generation of JBD30aca®*** pHERD20T
pSY105 Encodes anti-CRISPR locus carrying transposon pBTK30
pSY101 Determining anti-CRISPR promoter region activity pQF50
pSY102 Determining IR1 mutant promoter activity pQF50
pSY103 Determining IR2 mutant promoter activity pQF50
pSY104 Determining IR1+IR2 mutant promoter activity pQF50
pSY138 Determining aca2-associated promoter activity pQF50
pSY139 Determining aca3-associated promoter activity pQF50
pSY123 Expression and purification of JBD30 Acal pl5TV-L
pSY124 Expression and purification of R33A Acal mutant pl5STV-L
pSY125 Expression and purification of R34A Acal mutant pl5TV-L
pSY126 Expression and purification R33A/34A Acal mutant pl5TV-L
pSY127 Expression and purification of R44A Acal mutant pl15TV-L
pSY146 Constitutive expression of acal in E. coli pCM-Str
pSY144 Constitutive expression of acaZ in E. coli pCM-Str
pSY 145 Constitutive expression of aca3 in E. coli pCM-Str

Table 7. Sequences for cloning of aca2, aca3, and associated promoter regions

Description

Reference

Sequence
Sequence d

AGCCTCACCTCCGGCGTTGCCGTGGCGCTGTG
TGATTTACAGGAAATAAAAAGGCCACGAATG
CGGCCTTAGCGATTAAAAAATATGAAATGCCT
TGCTTGTTCGCGATTGCGAACATATAATTTATT
CATCGGTTCGAGATGGCTCGAATCGCTCCTAA
CGAGGATTCCACAATGTCTACTGCTTACATCA
TCTTTAACTCATCCGTCGCGGCCGTAGTTGATA
CTGAGATCGCTAATGGCGCTAATGTCACATTC
TCAACAGTGACCGTTAAAGAAGAAATTAACGC
GAACCGTGATTTCAATCTGGTTAACGCTCAGA
ACGGGAAAATCTCACGCGCAAAACGCTGGGG
AAACGAGGCGTCAAAATGTGAGTATTTTGGCC
GAGAAATAAACCCAACCGAGTTTTTCATCAAA

Anti-CRISPR
locus phage
ZF40

NC_019522.1
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TAATGTGGTCAAAATGACAAACAAAGAACTTC
AGGCAATCAGAAAACTGTTAATGCTGGATGTA
TCAGAAGCGGCTGAACACATTGGCCGCGTTTC
CGCCCGGAGTTGGCAATATTGGGAGTCTGGAC
GCTCTGCTGTTCCTGATGATGTTGAGCAGGAA
ATGTTGGATTTAGCGTCAGTCAGGATAGAAAT
GATGTCCGCTATAGACAAGCGTCTCGCCGATG
GCGAACGTCCTAAATTACGTTTTTATAACAAG
TTGGATGAATACCTGGCTGACAACCCCGATCA
CAATGTGATCGGGTGGCGTCTGAGCCAGTCTG
TTGCCGCACTCTATTACACTGAGGGTCACGCG
GATTTAATCTAA

Anti-CRISPR

promoter
region and NZ_FERWO010000
aca3 gene 05.1

from Neisseria
meningitidis

TCCCAATTACCTGTTTGAAGCAGTATTTGTTTC
TCAAATGACCAATTTTITAACCAAAGGCCGCTA
ATGTGGCCGTTTTTTTTGTTCTCATACTCTTCT
AATTTAGGGTCTCTGCCTCCAAGCTCCCGGTCT
CGCCGCCGACGGCTCGGGAGCAGGGCATAGC
CATAAAAGCTTACATTGTGTGCTAGACTATAT
CAAACTACAACTACGAAAGGAAATCCGAACA
CTATGAATAAAACTTATAAAATTGGAAAAAAT
GCCGGGTATGATGGCTGCGGTCTTTGTCTTGC
GGCCATTTCTGAAAATGAAGCTATCAAAGTTA
AGTATTTGCGCGACATTTGTCCTGATTACGAT
GGCGATGATAAAGCTGAGGATTGGCTGAGAT
GGGGAACGGACAGCCGCGTCAAAGCAGCCGC
TCTTGAAATGGAGCAGTACGCATATACGTCGG
TTGGTATGGCCTCATGTTGGGAGTTTGTTGAA
CTATGAAGAAATTTGAAGCCCCTGAAATTGGC
TATACACCTGCCAATCTTAAAGCACTGAGAAA
ACAATTTGGGCTTACACAAGCTCAGGTAGCAG
AAATTACTGGTACAAAAACCGGATACAGCGTC
CGCAGGTGGGAAGCAGCAATTGATGCCAAAA
ATCGCGCGGATATGCCGCTCGTAAAATGGCAA
AAACTTTTGGATTCATTAAAATAATGA

Example 2. AcrlIA1 NTD represses the deployment of anti-CRISPRs from phages (FIG.

12A).

[0131] Four phages encoding Type II-A anti-CRISPRs were used to infect strains

expressing AcrllAl FL (full length), the N-terminal domain (NTD), or no protein (EV) in

backgrounds that contain (Cas9) or where it was knocked out, ACas9. Each phage replicates

well in the absence of Cas9 or when the anti-CRISPR AcrlIAl is expressed. In the presence
of Cas9 EV, note that the phage with its anti-CRISPR deleted AOO6A is unable to replicate as
well as the phage with the anti-CRISPR (A006) or where an anti-CRISPR is expressed in
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trans. Moreover, we observe that the expression of the AcrlIA1 NTD (which does not possess
anti-CRISPR activity) actually limits the ability of anti-CRISPR phages to deploy their anti-
CRISPRs. The A1-NTD impact is dependent on Cas9, consistent with inhibiting anti-
CRISPR deployment and not another aspect of phage biology.

Example 3. Expression of the AcrlIA1 NTD can re-activate Cas9 that was inhibited by Acrs

(FIG. 12B).

[0132] A western blot is shown, measuring the level of Cas9 protein and a loading control
in Listeria monocytogenes bacteria. In the absence of a prophage or any expressed protein,
Cas9 is highly abundant (Lane 1). In lanes 2-4, a prophage is present in the strain, expressing
the indicated anti-CRISPR locus, with AcrlIA1 and AcrlIA2. The expression of the AcrllA1
anti-CRISPR causes the loss of Cas9 protein, and while EV or overexpression of A1-FL do
not prevent this Cas9 loss, we observe (Lane 4) that overexpression of the A1-NTD
reactivates Cas9 expression. This is due to the ability of the NTD to repress the anti-CRISPR
promoter. This is not seen in the presence of A1-FL because the CTD of this protein is what

mediates the Cas9 loss.

Example 4. Phage anti-CRISPR promoters are repressed by AcrlIA1-NTD (FIG. 120).

[0133] The promoter sequences of 5 distinct anti-CRISPR Listeria phages with the binding
site highlighted in yellow. The panlindrome sequence is shown below the alignment and was
fused to RFP as a reporter. In the reporter, RFP is well expressed from the anti-CRISPR
promoter, but repressed in the presence of AcrllA1-FL or just the A1-NTD. When the
palindrome is mutated at two positions, AcrlIA1-FL is no longer able to repress its

transcription.

Example 5. AcrllA1 protein binds to the phage anti-CRISPR promoter (FIG. 12D).

[0134] Raw data of a binding assay is shown, where the green line depicts the strong
binding of AcrlIA1l protein to the phage anti-CRISPR promoter (34 nM binding constant).

Mutations to the DNA sequence (depicted in red) weaken binding.

Example 6. Quantification of repressor activity of AcrlIA1 point mutants (FIG. 12E).

[0135] The Acr promoter-RFP reporter construct was used to test AcrllAl mutants to
confirm the important region of the protein responsible for DNA binding. This mutagenesis

revealed key residues in the NTD required for function and also in the dimerization interface.
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Example 7. Quantification of repressor activity of AcrllA1 homologs (FIG. 12F).

[0136] Homologs of AcrllAl are shown, with their %seq ID to the model protein from
phage A006. The ability of the protein to repress their ‘cognate promoter’ (i.e., their own
endogenous promoter) or the A0O6 promoter is quantified. Lastly, the ability of A006

AcrlIA1 to repress the promoters from the indicated elements are indicated.

Example 8. Key residues in the NTD of AcrllA1 for DNA binding/repression (FIG. 12G).

[0137] Protein alignment of AcrllAl NTD helix-turn-helix motif with key residues
implicated in FIG. 12E highlighted. Note the horizontal line that depicts where the strong
identity breaks, which also corresponds with lost ability of these proteins to repress the A0O06

promoter and vice versa.

Example 9. Non-limiting lists of exemplary Aca and AcrllA1 proteins.

[0138] Table 8 providesa non-limiting list of exemplary Aca proteins that can be used in
the present methods. The table include the amino acid sequences and accession numbers of
the Acas, the names and accession numbers for their associated Acr proteins, as well as

citation information, species, and information regarding sequence homology to related family

members.
Table 8.
Associat | Associated
Aca Aca ed Acr Acr SEQ
name Accession Aca sequence name accession Citation Species Notes ID
MRFPGVKTPDASNHDP
DPRYLRGLLKKAGISQRR
AAELLGLSDRVMRYYLS AcrlF1: Pseudomonas
YP_007392 EDIKEGYRPAPYTVQFAL YP_0073923 Bondy- aeruginosa phage
Acal 343.1 ECLANDPPSA AcrlF1 42.1 Denomy 2013 JBD30 Type Acal 1
MQLKPRNTVPRPDASS
HNPDPRYLRGLLKKAGI AcrlF4:
SQRRAAELLGLGDRVM KSQ64856.1, | Bondy-
KSQ64855. RYYLSEDAKDGYRPAPY AcrlF4, AcrlE3: Denomy 2013, | Pseudomonas 91% 1D to
Acal 1 TVQFALECLANDPPSA AcrlE3 KSQ64857.1 Pawluk 2014 aeruginosa Type Acal 2
MKPDASNHNPDPRYLR
AcrlES:
ELIERAGVSQRQAAELIG
WP_07497 WP_074973 Pseudomonas 78% ID to
MSWEGFRRYLRDVDAP
Acal 3302.1 AcrlES 300.1 Marino 2018 otitidis Type Acal 3
GYRVADYRVQFALECLA
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APGT
Cand E:
MPLQQRSTVRKPDASN SDK41378.1,
HNPNPRYLRGLVERSGK | Cand E AcrlF4: Bondy-
SQRQAAELLGLSWEGF (IC5), SDK41283.1, | Denomy 2013,
SDK41238. RNYLRDESHPLHRSAPY AcrlF4, AcrlE3: Pawluk 2014, Pseudomonas 65% ID to
Acal 1 TVQFALECLAEAE AcrlE3 SDK41332.1 Unpublished delhiensis Type Acal
Cand B:
KSR23770.1,
MKPDSSKHNPDPQYLR Cand B AcrlF3: Bondy-
GLYERAGLKQEEAARRI (IC3), KSR23771.1, | Denomy 2013,
OPE36160. GITARALRNYVSETAGR AcrlF3, AcrlE1: Pawluk 2014, Pseudomonas 53% ID to
Acal 1 EAPYPVQFALECLASES AcrlEl KSR23772.1 Unpublished aeruginosa Type Acal
MTNKELQAIRKLLMLDV
SEAAEHIGRVSARSWQY
WESGRSAVPDDVEQE
MLDLASVRIEMMSAIDK
RLADGERPKLRFYNKLD
YP_007006 EYLADNPDHNVIGWRL AcrlF8:YP_0O Pectobacterium
Aca2 939.1 SQSVAALYYTEGHADLI AcrlIF8 7006940.1 Pawluk 2016a phage ZF40 Type Aca2
MPLLFRSFIMTNQELKQ
LRRLLFIEVSEAAALIGEC
EPRTWQRWEKGDRAIP
NDVSREIQMLALTRLER
LQVEFDETDPNYRYFET
FDEYKAYGGTGNELKW AcrIF9:
WP_08028 | RLAQSVATSLLCETEADK WP_031500 Vibrio 42% 1D to
Aca2 5139.1 WREEETID AcrlF9 045 Pawluk 2016a parahaemolyticus Type Aca2
MTNTELKQLRTLLFLDV
TEAAQHIGDCEPRTWQ
RWEKGDRAVPVDVAQ
TMQMLALTRVDMLQV
EYDAADPMYQYFSEYE
DFKAATGATGASVLKW AcrIF10:
RLAQSVSAQLVSEQQAE WP_037415 Shewanella 41% 1D to
Aca2 KEK29120.1 | IWRAEETI AcrlF10 910.1 Pawluk 2016a xiamenensis Type Aca2
MNGQELKKARALLNLS
QQEAAKLIGDVSKRSW
VFWESGRPSIPODVQEK
FNDLLMRRKAIVQPFID
KTISPSNVYRIYLDQNDL AcricL:
AFISDPIELRLLOGVALTL
WP_02835 WP_028357 Brackiella 44% 1D to
HFDYDLPLVDFDMKDY
Aca2 7637.1 AcriC1 638.1 Pawluk 2016b | oedipodis Type Aca2
EQWLQDQDKTDDPTTR
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SEWASTNHPCSSKISD
MTHYELQALRKLLMLEV
SEAAREIGDVSPRSWQY
WESGRSPVPDDVANQI
RNLTDMRYQLLELRTEQ
IEKAGKPIQLNFYRTLDD
YEAVTGKRDVVSWRLT AcrIF6:
WP_01993 | QAVAATLFAEGDVTLVE WP_019933 Oceanimonas 50% ID to
Aca2 3869.1 QGGLTLE AcrlF6 870.1 Pawluk 2016a smirnovii Type Aca2 10
MKMRRIWRAGMIDNP
ELGYTPANLKAIRQKYGL AcrlIC2:WP_
TOKQVADITGATLSTAQ 042743678.1
KWE R Neisseria
WP_04274 | AAMSLKTHSDMPHTR AcrlIC2, AcrlIC3:WP_ meningitidis
Aca3 3680.1 WL LLLEYVRNL AcrlIC3 042743676.1 | Pawluk 2016b | 2842STDY5881035 | Type Aca3 11
MTPDQFDALAELIRLRG
GASQEAARLVLVDGMS
PSDAARQVEASPQAVS AcriF11:
WP_07938 | NVLASCRRGLALVLRAS WP_034011 Pseudomonas
Acad 1596.1 GKGATA AcriF11 523.1 Marino 2018 aeruginosa 12
MTKEQFSALAELMRLR
GGPGQDAARLVLVNGL AcriF12:
WP_02308 | KPTEAARQTGITPQAVN WP_023086 Pseudomonas
Acad 6532.1 KTLSSCRRGIELAKRVFT AcrlF12 531.1 Marino 2018 aeruginosa 13
MMTGEQFGALAELLRL
RGGASQEAARLVLVEGL
APAEAARQAGTTPQAV | Cand
EWC40190. | SNALASCRRGLELARVA 1Z36 Cand JZ36: Marino 2018, Pseudomonas
Acad 1 AG (1C6) EWC40191.1 | Unpublished stutzeri 14
MTAEQFSALAELLRLRG
GASQEAARLVLVEQLTP
AEAARAAGCSPQAVSN | Cand Cand JZ36:
WP_10119 | VLASCRRGLELAHAAVG | JZ36 WP_101192 Marino 2018,
Acad 2670.1 H (1C6) 669.1 Unpublished Pseudomonas sp. 15
MPLIEYIRLTFSGNKSEF
ARHMGVDRQKVQVWI AcriF11:
WP_05010 | KGEWIVVGNKLYAPRR WP_050101 Yersinia
Aca5 1207.1 DIPDIRLDTVSQRLD AcrlF11 208.1 Marino 2018 frederiksenii 16
MNKMNARTLSDYIAFY AcrIF1L:
WP_01256 HNGNQAEFARHMGYN WP_000765
Aca5 5004.1 RAQVTKWIKGGWIVIN AcrlF11 122.1 Marino 2018 Escherichia coli 17
HQLFSPQRDIPENISHG
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GSAL
MNNDNLVSGRTLLGYI
NIFHNGSQADFARHMD
VTPQAVTKWISGEWIV AcriF11:
WP_07403 | VNHQLFSPKRDVPENIS WP_074032
Aca5 22341 GGESAGN AcrlF11 235.1 Marino 2018 Serratia fonticola 18
MKLSEFIDTEFSGSRAEF
ARLMGVRPQKVNDWL AcriF11:
WP_05708 | VAGMIIHIDENGQAFLC WP_057083
Aca5 3779.1 SVRRDIPAWNRKTNFA AcrlF11 778.1 Marino 2018 Dickeya solani 19
MSLTEYIDKNFGGNKAA
FARHMGVDAQAVNKW AcriF11:
WP_03955 IKSEWFVSTTDDNKIYLS WP_039558 Pectobacterium
Aca5 8032.1 SARREIPPLK AcrlF11 031.1 Marino 2018 carotovorum 20
MNARTLSDYIEFYHNGN
QSDFARHMGVNRQQV
TKWLNGGWVVINHQOL AcriF11:
WP_07205 | YSPQRDVPEFVTGGGSA WP_045331 Enterobacter
Aca5 0017.1 L AcrlF11 704.1 Marino 2018 cloacae complex 21
MSLTEYIDKNFAGNKAA
FARHMGVDAQAVNKW AcriF11:
WP_03949 IKSEWFVSTTDDNKIYLS WP_039494 Pectobacterium
Aca5 4319.1 SVRREIPPVA AcrlF11 318.1 Marino 2018 carotovorum 22
MTAMKEWRARMGWS
QRRAAQELGVTLPTYQS AcriF11:
WP_03545 WEKGIRLSDGSPIDPPLT WP_026949
Acab 0933.1 ALLAAAAREKGLPPIS AcriF11 101.1 Marino 2018 Alcanivorax sp. 23
MTAMKDWRTRMGWS
QRRAAQELGVTLPTYQS AcriF11:
WP_06313 | WERGVRLSDGSLIDPPL WP_063139
Acab 9755.1 TALLAAAAREKGLDPI AcriF11 756.1 Marino 2018 Alcanivorax sp. 24
MIDARKHYDPNLAPELV
RRALAVTGTQKELAERL
DVSRTYLOLLGKGQKS AcriF11:
WP_06470 | MSYAVQVMLEQVIQD WP_064702 Halomonas
Aca7 2654.1 GET AcriF11 655.1 Marino 2018 caseinilytica 25
MIDARKYYNPDLAPELV
SRALAVTGTQKELAERL
DVSRIYIQLLGKGQKTM AcriF11:
WP_06470 | SYAVQVMLEQVIQGGE WP_064700 Halomonas
Aca7 0810.1 N AcrlF11 809.1 Marino 2018 sinaiensis 26
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OorfB

WP_04975
4274.1

MPIKDLTGMRFGRLVV
KEATSRRTSDGNVIWRC
QCDCGNVTEVPGHSLT
RGNTRSCGCGEEENRRE
SGNNRNKAVVKEHSRA
DSFLSPKPRADTTLGIRG
ILRRPSGRYAARITFKGK
TTCLGTYDSLEEAANAR
REAEIEIFDPYLIANGLPP
TSEEEWQKILARALEKEK
DNADTSTKARPGKIRAR
KNKAVON

Cand E
(AcrICS)

Cand E:

672.1

WP_012802 Rauch 2016,

Unpublished

Cryptobacterium

curtum

27

[0139]

Table 9 provides a non-limiting list of exemplary AcrlIA1 proteins that can be used

in the present methods. The table include the amino acid sequences and accession numbers of

the AcrllAls, the names and accession numbers for their associated Acr proteins, as well as

citation information and species.

Table 9.
Autoreg.
DNA- Function
binding Associat Experim.
Protein | Acces ed Acr Associated Confirm SEQ
Name sion# | Amino Acid Sequence name Acr accession Citation Species Notes ed? ID
MTIKLLDEFLKKHDLTRYQLSKLTGISQ,
NTLKDONEKPLNKYTVSILRSLSLISGLS
VSDVLFELEDIEKNSDDLAGFKHLLDKY
AcrllAl WP_0 KLSFPAQEFELYCLIKEFESANIEVLPFT AcrllA2: Listeria
_LmoJO | 03722 | FNRFENEEHVNIKKDVCKALENAITVL WP_00372251 monocyt | Type
161 518.1 KEKKNELL* AcrllA2 7.1 Rauch 2016 | ogenes AcrllAl | Yes 50
MSIKLLDEFLKKHNKTRYQLSKLTGISQ,
NTLNDYNKKELNKYSVSFLRALSMCA
GISTFDVFIELAELEKSYDDLAGFKYLLD Osuna
AcrllAl KUG3 KHKLSFPTQEFELYCLIKEFESANIEVLP AcrllA3: 2019, Listeria 77% 1D
_LMO1 7233. FTFNRFENETHADIEKDVKKALNNAIA WP_01493093 | unpublishe monocyt | to Type
o] 1 VLEEKKRRTVIKTIDYYDYS* AcrllA3 1.1 d ogenes AcrllAl | Yes 51
AcrllAl AcrllA2:
MNILDEFLNEHQITRYRLSKITGISNQL
B WP_07794954 | Osuna
LLQYTKKTLEEYPVWLLRALAAATDQT
LmoCFS | WP_O 5.1, orfl: 2019, Listeria 41% 1D
IEEVLNKLEILETEKHQLYGIRSFLEKYN
ANO265 | 61665 AcrllA2, WP_06166567 | unpublishe monocyt | to Type
CSFPQEEWMLYRALYLVEALNMDLEE
87 673.1 orfl 4.1 d ogenes AcrllAl | Yes 52
MKFDRFEKEEHANIEKDVQEAVSNAV
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STIDMIRRKKLKGHFKN*
MKTNLLDTFLKRHGITRYRLSKLAGISQ
NTLKDYTEKSLNKYTVSFLRSLSFVTGE
DVTDVLLELAEIENGYDDLAGFKYLLD Osuna
AcrllAl WP_0 KYKLSFPALEFELYCIIKEFESANIEISPFT AcrllA2: 2019, Listeria 74% ID
_LmoFR | 85696 | FNRFENETHVDIEKDVKKALONAVTV WP_00991764 | unpublishe monocyt | to Type
RB2887 | 370.1 LEERKEELL* AcrllA2 3.1 d ogenes AcrllAl | Yes 53
MKINLLDEFLKRHNITRYRLSKLAGISQ
NTLKDYTEKSLNKYTVSFLRSLSFATGE
SVTDILLELAELEKDYDDLAGFKYLLDK Osuna
YKLAFPALEFELYCLIKEFESANIEISPFT 2019, 74% ID
AcrllAl EFS02 | FNRFESETHTDIEKDVKKALONAVTVL AcrlIA2: unpublishe Listeria to Type
_Lsee 359.1 EERKEELL* AcrllA2 EFS02358.1 d seeligeri AcrllAl | Yes 54
MNKFIHYLKIERKQTMNLLDKFLNKR
NLTRQQLSNISGYSTGRLFDYNNKELN
KYPVALLRTLAKISSMSLTDTLKELEEIE
ASYDSLLGFRKLLEQYELSFPDLEFELYC Osuna
WP_0 | TIKDLESLKVKVEPFTFNRFEEEGHNNI AcrllAl: 2019, Enteroco | 56%ID
AcrliAl | 69698 | ASDCRKAMENAISMLSEALENVRKGK | AcrllAl WP_06969859 | unpublishe | ccus to Type
_Eriv 591.1 APFEDEEI* (self) 1.1 d rivorum AcrllAl | Yes 55
MKLDDYLKLNNTTRYEVAKISGIPETSF
KSIRNRDVNNLSGRFYRAIGLVLGKTG
GQVYDEITADENTVFNFLGKHHIHDK Osuna
CUR6 ERVTELLDYMLYFKKHDIDVTNVSFNR 2019, Leucono 29% 1D
AcrllAl 3869. FENEIENGHILGDEDDVLQVIDNLIESF | AcrllAl AcrllAl: unpublishe stoc to Type
_Lgel 1 KTMKENVEAGNLPTPEKMD* (self) CUR63869.1 d gelidum AcrllAl | Yes 56
MNNHVIDLTNKKFGRLTVKEFVRSEN
GNALWNCFCVCGNEKEVLAQHLKRG
HVQSCGCLARDNGRKHADKNLRSET AcrllAL:
AQKNALKRKLEVDAVDGTMKSALTRS WP_00372251
orfB_L WP_0 | LSARNKSGIKGVRWDEKRNKWEASIT 8.1, AcrllA2: Listeria
mol016 | 03722 | FQKKLHFLGRFEKKDDAVKARRDAED | AcrllAl, WP_00372251 monocyt
1 519.1 KYFKPILDKMN* AcrllA2 7.1 Rauch 2016 | ogenes No 57
30% ID
MKGFLKRYAQEKKGWSLYKLAKESGI to Type
QDTTLSFANSKSVHNLSALNIKLISEAV AcrllAl
GETPGTVLDELTELEKEMEMETTYWY N-
orfD_L EHY6 NEGTGTLLTWKEYKAKIESEARDWLE Listeria termin
moFSL 1391. DLQEEEEELDDSDKTSLETLVQLSFENE AcrllAd: monocyt | al
1-208 1 SDFVLSDSEGNPIKEW* AcrllA4 EHY61390.1 Rauch 2016 | ogenes domain | No 58
orfD_b MNELRSLEMSINAKDYATRLESGEGSL Rauch
70 YP_0O | YIRFGDSEDYPVHASTNSTIKETFIELFK Acrling AcrllAd: 2016, Listeria No 59
69059 | NGWNGYEEDEQELAEDMQEIAQELIL YP_00690594 | unpublishe | phage
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40.1 EELTDIFEEYEFSTDEIDTDLFSGFTFHV 0.1 d $P70
DMDNDEAVYLMDAINATKYFEARPS
SWYALLEVSYCG*
Type
orfln2;
MKGLLELSTIDLFLKKYGITRNKVATQ 32% 1D
NIKHKISNNALAQANLRPVETYSVKLIL to Type
GLSEAVNEAPEKVMAQLLEIEKSQTNS orfl: AcrllAl
ESAQKKEAYQFGNIILEGILNTNRSTHE WP_02518801 | Mahendra N-
WP_0 IRLVQYLGKRTLFCTYVSGVGAMNWS 9.1, orfinl: 2019, Enteroco | termin
orfln2_ | 02401 | VSDYKEIAETLKIDDVDIRFRTSENDQF | orfJ, WP_00240183 | unpublishe ccus al
Efae 838.1 | WDVSESYRY* orfinl 9.1 d faecalis domain | Yes
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Example 10. Critical anti-CRISPR locus repression by a bi-functional Cas9 inhibitor

Summary

[0140] Bacteriophages must rapidly deploy anti-CRISPR proteins (Acrs) to inactivate the
RNA-guided nucleases that enforce CRISPR-Cas adaptive immunity in their bacterial hosts.
Listeria monocytogenes temperate phages encode up to three anti-Cas9 proteins, with acrllAl
always present. AcrlIAl inhibits Cas9 with its C-terminal domain; however, the function of
its highly conserved N-terminal domain (NTD) is unknown. Here, we report that the
AcrTTAINTD g a critical transcriptional repressor of the anti-CRISPR promoter. The strong
anti-CRISPR promoter generates a rapid burst of transcription during phage infection and the
subsequent negative feedback from AcrlTAINTP is required for optimal phage replication,
even in the absence of CRISPR-Cas immunity. In the presence of CRISPR-Cas immunity, the
AcrlIA1 two-domain fusion acts as a “Cas9 sensor,” tuning acr expression according to Cas9
levels. Finally, we identify AcrITA1N™ homologues in other Firmicutes, and demonstrate that
they have been co-opted by hosts as “anti-anti-CRISPRs,” repressing phage anti-CRISPR

deployment.
Introduction

[0141] The constant battle for survival between bacterial predators (phages) and their hosts

has led to the evolution of numerous defensive and offensive strategies in both phages and
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bacteria (Stern and Sorek, 2011). Bacteria employ various mechanisms to combat phages,
including CRISPR-Cas adaptive immune systems that keep a record of past viral infections in
a CRISPR array with phage DNA fragments (spacers) stored between repetitive DNA
sequences (Mojica et al., 2005). These spacers are transcribed into CRISPR RNAs (ctRNAs),
which bind CRISPR-associated (Cas) proteins to guide the sequence-specific detection and
nucleolytic destruction of infecting phage genomes (Brouns et al., 2008; Garneau et al.,

2010).

[0142] To evade this bacterial immunity, phages have evolved many tactics, including anti-
CRISPR (Acr) proteins (Borges et al., 2017). Anti-CRISPRs are highly diverse and share no
protein characteristics in common; they contain distinct amino acid sequences structures
(Hwang and Maxwell, 2019; Trasanidou et al., 2019). However, the anti-CRISPR genomic
locus displays some recurring features, containing up to three small anti-CRISPR genes and a
signature anti-CRISPR-associated (aca) gene within a single operon (Borges et al., 2017).
aca genes are almost invariably present in anti-CRISPR loci and they encode repressor
proteins that contain a characteristic helix-turn-helix (HTH) DNA-binding motif (Birkholz et
al., 2019; Stanley et al., 2019).

[0143] Listeria monocytogenes prophages contain a unique anti-CRISPR locus without an
obvious standalone aca gene. These phages do, however, encode acrllAl, a signature anti-
CRISPR gene, which contains an HTH motif in its N-terminal domain (NTD) (Rauch et al.,
2017). The AcrlIA1 HTH motif is highly conserved across orthologues, yet it is completely
dispensable for anti-CRISPR activity, which resides in the C-terminal domain (CTD)
(companion manuscript; Osuna et al., 2020a). Thus, the role and function of the AcrITA1NTP
remains unknown. Here, we show that AcrllA1l is a bi-functional anti-CRISPR protein that
performs a crucial regulatory role as an autorepressor of acr locus transcription that is
required for optimal phage fitness. AcrITAIN™ orthologues in phages and plasmids across the
Firmicutes phylum also display autorepressor activity. We also show that the bacterial host
can exploit the highly conserved anti-CRISPR locus repression mechanism, using the
AcrTTAINTD ag an “anti-anti-CRISPR” to block phage anti-CRISPR expression during phage

infection and lysogeny.
Results

[0144] AcrITIAIN™P promotes general lytic growth and prophage induction. While

interrogating anti-CRISPR phages in Listeria, we observed that two phage mutants displayed
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a lytic replication defect when their anti-CRISPR locus was deleted (®JO161aAacrlIAI-2 and
DA006Aacr), even in a host lacking Cas9 (FIGS. 13A and 13B). The only gene that was
removed from both phages was acrllAl, suggesting that aside from acting as an anti-
CRISPR, AcrllAl is also generally required for optimal phage replication. AcrlIA1 is a two-
domain protein with a CTD that inhibits Cas9 (Osuna et al., 2020a) and an NTD of
uncharacterized function that contains a helix-turn-helix (HTH) motif similar to known
transcriptional repressors (Ka et al., 2018). We hypothesized that the putative transcriptional
repressor activity of AcrIIAIN™ is necessary for phage replication, even in the absence of
CRISPR-Cas immunity. Indeed, complementation with acrlIAI*P in trans rescued the lytic
growth defects of both phages containing anti-CRISPR locus deletions (FIGS. 13A and 13B).
Rare spontaneous mutants (~107 frequency) of the ®J0161aAacrlIA1-2 phage that grew in
the absence of acrlTA NP complementation were isolated, revealing that mutations in the -35
and -10 promoter elements suppressed the growth defect, as did a large deletion of the region,

consistent with a vital cis-acting role for AcrllA1 (FIG. 13C).

[0145] A panel of ®AO06-derived phages engineered to study anti-CRISPR deployment
during phage infection (Osuna et al., 2020a) was next examined in a host lacking Cas9. The
lytic growth defect was again apparent in each phage that lacked AcrITA1 or AcrITAINT and
providing acrlIAIY in trans or in cis (i.e. encoded in the phage acr locus) ameliorated this
growth deficiency (FIG. 13B and 17A). The phage engineered to express acrlIAI¢™ alone
(DPAO006-IIA1¢™), which is naturally always fused to acrlIAIN™, displayed the strongest lytic
defect amongst the ®A006 phages and generated minuscule plaques (see spot titration, FIG.
13B). The plaque size and phage titer deficiencies of ®A006-IIA1C™ were fully restored
with acrlTAIN™ supplemented in trans and most notably, when acrlIA IV was added to the
phage genome as a separate gene (DPAO06-IIAINTP+CTD FIG. 13B). Together, these data
suggest that the HTH-containing AcrIIAIN® enacts an activity that is a key determinant of

phage fitness, irrespective of CRISPR-Cas immunity.

[0146] To test whether AcrlTAINP is also important during lysogeny, prophages were
induced with mitomycin C treatment and the resulting phage titer was assessed. The
®JO161aAacrllA-2 prophage displayed a strong induction deficiency, yielding 25-fold less
phage, compared to the WT prophage or the acrllAl-complemented mutant (FIG. 13D).
Attempts to efficiently induce ®A006 prophages were unsuccessful, as previously observed

(Loessner, 1991; Loessner et al., 1991). Therefore, AcrllAl is a bi-functional protein that not
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only acts as an anti-CRISPR, but also plays a critical role in the phage life cycle, promoting

optimal lytic replication and lysogenic induction irrespective of CRISPR-Cas9.

[0147] AcrIIAINTD js a repressor of the anti-CRISPR promoter and a Cas9 “‘sensor”.
The AcrITAIN™Y domain bears close structural similarity to the phage 434 cI protein (Ka et
al., 2018), an autorepressor that binds specific operator sequences in its own promoter
(Johnson et al., 1981). Analysis of the anti-CRISPR promoters in ®A006, ®J0161, and
DA118 revealed a conserved palindromic operator sequence (FIG. 14A and 18A), suggesting
transcriptional control by a conserved regulator such as AcrllAl. An RFP transcriptional
reporter assay showed that full-length AcrlIA1 and AcrIIAINTP, but not AcrIIA1¢™, repress
the ®AO06 anti-CRISPR promoter (FIG. 14B, left panel). In vitro MST binding assays also
confirmed that AcrlIA1 (Kp = 26 + 10 nM) or AcrITAIN™ (Kp = 28 + 3 nM), but not the
AcrlIA1¢™, bind the anti-CRISPR promoter with high affinity (FIG. 14C and 18B).
Moreover, mutagenesis of the terminal nucleotides of the palindromic operator sequence
prevented AcrllAl-mediated repression of the ®A006 anti-CRISPR promoter (FIG. 14B,
right panel) and abolished promoter binding in vitro (FIG. 14C). Alanine scanning
mutagenesis of conserved residues predicted to be important for DNA binding and
dimerization (Ka et al., 2018) identified AcrIIAINTP residues L10, T16, and R48 as critical
for transcriptional repression, whereas AcrlIA1¢™ mutations had little effect (FIG. 14D).
These data show that AcrITAIN'P represses anti-CRISPR transcription by binding a highly
conserved operator, and together with the suppressors isolated above, we conclude that this

repression is important due to the need to silence a strong promoter (see Discussion).

[0148] We next hypothesized that the ability of AcrlIAl to repress transcription with one
domain and inactivate Cas9 with another would enable the tuning of acr transcripts to match
the levels of Cas9 in the native host, L. monocytogenes. A reporter lysogen was engineered
by inserting a nanoluciferase (nluc) gene in the acr locus. Low acr expression was seen in
the absence of Cas9, or during low levels of Cas9 expression, however acr reporter levels
increased by ~5-fold when Cas9 was overexpressed (FIG. 14E, left). acr induction was not
seen in the absence of AcrlIA1¢™ (FIG. 14E, right), the Cas9 binding-domain, supporting a
model where Cas9 “sensing” de-represses the acr promoter. After confirming de-repression
through an increase in Cas9 levels, we sought to confirm that AcrITA1IN is also capable of
further repressing lysogenic anti-CRISPR expression. We therefore expressed the
AcrTTAINTD repressor in trans and assessed anti-CRISPR function. The Cas9 degradation

normally induced by prophage-expressed AcrllAl activity (companion manuscript; Osuna et
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al., 2020a) was successfully prevented by AcrlTAIN™® (FIG. 14F). These data collectively
demonstrate that AcrllAl autoregulates acr transcript levels in L. monocytogenes and can

increase acr expression in response to increased Cas9 expression.

[0149] Transcriptional autoregulation is a general feature of the AcrIIA1 superfamily.
Recent studies have reported transcriptional autoregulation of anti-CRISPR loci by HTH-
proteins in mobile genetic elements of Gram-negative Proteobacteria (Birkholz et al., 2019;
Stanley et al., 2019). To determine whether anti-CRISPR locus regulation is similarly
pervasive amongst mobile genetic elements in the Gram-positive Firmicutes phylum, we
assessed AcrllA1 homologs for transcriptional repression of their predicted cognate
promoters and our model ®A006 phage promoter. Homologs sharing 21% (i.e. Lmo orfD) to
72% amino acid sequence identity with AcrlTAIN'® were selected from mobile elements in
Listeria, Enterococcus, Leuconostoc, and Lactobacillus (FIG. 15A and 19A). All AcrllAl
homologs repressed transcription of their cognate promoters by 42-99%, except AcrllAl
from Lactobacillus parabuchneri, where promoter expression was undetectable (FIG. 15A
and 19B). Strong repression of the model ®AQ06 promoter was only enacted by Listeria
orthologues possessing >68% protein sequence identity (FIG. 15A). Likewise, AcrllAlaacos
only repressed the promoters associated with orthologues that repressed the ®A006 promoter
(FIG. 15B). Interestingly, an AcrITAIN'® palindromic binding site resides in the protein-
coding sequence of the AcrllAlrmoio homolog, which displayed no anti-CRISPR activity
despite possessing 85% AcrlIA1¢™ gequence identity (FIG. 15C and 19A). When this
AcrIIAINTD binding site was disrupted with silent mutations, AcrllAlimoio anti-CRISPR
function manifested (FIG. 15C), confirming that intragenic anti-CRISPR repression can also
occur. Altogether, these findings demonstrate that the anti-CRISPR promoter-AcrIIA 1N
repressor relationship is highly conserved and likely performs a vital repressive function in

these diverse mobile genetic elements.

[0150] Host-encoded AcrITIAINTP blocks phage anti-CRISPR deployment. AcrlIA1NT
orthologues are encoded by many Firmicutes including Enterococcus, Bacillus, Clostridium,
and Streptococcus (Rauch et al., 2017). In most cases, AcrlTAINT is fused to distinct
AcrIIA1¢™s in mobile genetic elements, which are likely anti-CRISPRs that inhibit CRISPR-
Cas systems in their respective hosts. Interestingly, there are instances where core bacterial
genomes encode AcrlTAINY orthologues that are short ~70-80 amino acid proteins
possessing only the HTH domain. One example is in Lactobacillus delbrueckii, where strains

contain an AcrITAIN® homolog (35% identical, 62% similar to AcrllAloaccs) with key



WO 2020/243627 PCT/US2020/035403
80

residues conserved (e.g., L10 and T16). Given that AcrlTAIN™ represses anti-CRISPR
transcription, we wondered whether bacteria could co-opt this regulator and exploit its
activity in trans, preventing a phage from deploying its anti-CRISPR arsenal. Remarkably,
we observed that the L. delbrueckii AcrIIAIN® homolog is always a genomic neighbor of
either the Type I-E, I-C, or II-A CRISPR-Cas systems in this species (FIG. 16A), and these
CRISPR-associated AcrITAIN'Y proteins are highly conserved (>95% sequence identity).
This association is supportive of an “anti-anti-CRISPR” role that aids CRISPR-Cas function
by repressing the deployment of phage inhibitors against each system. Although there are no
specific anti-CRISPR proteins identified in Lactobacillus phages and prophages that express
anti-CRISPRs, we reasoned that phages with their own acrl/lIA] homolog might have acr loci
that would be vulnerable to repression by the host protein. Fluorescent reporters were built,
driven by seven different Lactobacillus phage or prophage promoters that possess an acrllAl
homolog in their downstream operon (FIG. 19C). This enabled the identification of one
promoter, from phage Lrm1, that was robustly repressed by L. delbrueckii host AcrITTAINTD,
This confirms that a bona fide acr locus in a Lactobacillus phage can be repressed by a host

version of a hijacked acr repressor (FIG. 16B).

[0151] To interrogate the anti-anti-CRISPR prediction in a native phage assay, we
expressed AcrITAINT® from a plasmid (FIG. 16B and 20B) or from an integrated single-copy
acrlTAIN™ driven by its cognate phage promoter (FIG. 20B) in L. monocytogenes. A panel
of distinct anti-CRISPR-encoding phages became vulnerable to Cas9 targeting when
AcrlIATNY was expressed by the host (FIG. 16C and 20B), whereas expression of full-
length AcrllA1, AcrlTA1¢™, or AcrlIA4 had the expected anti-CRISPR phenotype (FIG.
16C and 20A). Each of these phages possesses complete or partial spacer matches to the
Lmo10403s CRISPR array. In contrast, replication of the non-targeted phages, ®JO161a
(FIG. 16C) and ®P35 (FIG. 20B), was unperturbed. Additionally, the acr::nluc reporter
phage was used in a similar experiment, confirming that acr expression rapidly occurs during
infection and can be silenced by expression of AcrlIA1 or AcrlIAIN® (FIG. 16D), while a
model late promoter (ply::nluc) was not silenced (FIG. 16E). These data demonstrate that
hosts can use the anti-CRISPR repressor to block anti-CRISPR synthesis, rendering a phage

unable to express its Acr proteins.

Discussion
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[0152] The Listeria phage anti-CRISPR AcrlIAl was first described as a Cas9 inhibitor,
and here we demonstrate that it is also a transcriptional autorepressor of the acr locus
required for optimal lytic growth and prophage induction. Notably, this bi-functional
regulatory anti-CRISPR has the ability to tune acr transcription in accordance with Cas9

levels.

[0153] Transcriptional autorepression is seemingly the predominant regulatory mechanism
in bacteria and phages, as 40% of transcription factors in E. coli exert autogenous negative
control (Thieffry et al., 1998). Due to their short response times, negative autoregulatory
circuits are thought to be particularly advantageous in dynamic environments where rapid
responses improve fitness. A strong promoter initially produces a rapid rise in transcript
levels and after some time, repressor concentration reaches a threshold, shutting off its
promoter to maintain steady-state protein levels (Madar et al., 2011; Rosenfeld et al., 2002).
During infection, phages must rapidly produce anti-CRISPR proteins to neutralize the
preexisting CRISPR-Cas complexes in their bacterial host. Consistent with the rapid response
times exhibited by negatively autoregulated promoters, we observed a burst of anti-CRISPR
locus expression within ten minutes post infection using a reporter phage (FIG. 16C and
20C). During lysogeny, autorepression by AcrllA1 presumably tempers anti-CRISPR locus

expression, generating steady-state anti-CRISPR levels to maintain Cas9 inactivation.

[0154] Negative autoregulation maintains precise levels of the proteins encoded by the
operon to prevent toxic effects caused by their overexpression (Thieffry et al., 1998), as
classically observed with the & phage genes cIl and N (Shimatake and Rosenberg, 1981). In
this study, the engineered ®A006-IIA1¢™ phage, which only contains the AcrlIA1¢™ and
lacks the AcrITAIN™ autorepressor, displayed a pronounced lytic growth defect, even
stronger than the defect of the ®A0064" phage that completely lacks anti-CRISPRs (FIG.
13B). This suggests that the AcrIIAIN™ autoregulatory domain is fused to AcrlIA1¢™ in
nature to limit the expression of an anti-CRISPR domain that can be toxic to the phage.
Phages expressing only AcrllA4 or AcrllA12 were only mildly affected by the absence of
AcrITAINTP (FIG. 13B). However, other Listeria phage anti-CRISPRs (such as AcrITA3)
have been shown to exert toxic effects (Rauch et al., 2017), underscoring the need for an
autoregulatory mechanism that tempers anti-CRISPR levels. The ®JO161a phage displays a
remarkably strong growth defect when AcrllAl is absent (®JO161aAacrlIAI-2, FIG. 13A),
which is suppressed by promoter mutations or deletion of orfA (FIG. 13C), suggesting that

misregulation of a gene within the acr locus may be deleterious. Constitutively strong
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promoter activity may also have other deleterious effects. A recent study demonstrated that
neighboring phage genes can be temporally misregulated in the absence of an anti-CRISPR

locus autorepressor, Acal (Stanley et al., 2019).

[0155] Beyond cis regulatory auto-repression, prophages may also use AcrITAIND to
combat phage superinfection, benefitting both the prophage and host cell. The phage lambda
cl protein, for example, represses prophage lytic genes and prevents superinfection by related
phages during lysogeny (Johnson et al., 1981). Similarly, a lysogen could use AcrlIAIN™ to
bolster the activity of a second CRISPR-Cas system in its host (such as the Type [-B system
that is common in Listeria) by preventing incoming phages from expressing their Type I-B
anti-CRISPRs. Host expressed AcrITAINY does manifest as an anti-anti-CRISPR, blocking
anti-CRISPR expression from infecting or integrated phages (FIG. 16B and 20B). We also
demonstrate that AcrITAIN™ orthologues that reside in non-mobile regions of bacterial
genomes can perform as a bona fide anti-CRISPR repressor. Thus, the importance of the
conserved anti-CRISPR locus repression mechanism may represent a weakness in the phage,

which can be exploited by the host through the co-opting of this anti-CRISPR regulator.

Example 11. Inhibition of AcrIC1 by acal.

[0156] One potential impediment to the implementation of any CRISPR-Cas bacterial
genome editing tool is the presence of anti-CRISPR (acr) proteins that inactivate CRISPR-
Cas activity. In the presence of a prophage expressing AcrlC1 (a Type I-C anti-CRISPR
protein) from a native acr promoter, self-targeting was completely inhibited, but not by an
isogenic prophage expressing a Cas9 inhibitor AcrllA435 (FIG. 21A). To attempt to
overcome this impediment, we expressed acal (anti-CRISPR associated gene 1), a direct
negative regulator of acr promoters, from the same construct as the crRNA. Using this
repression-based “anti-anti-CRISPR” strategy, CRISPR-Cas function was re-activated,
allowing the isolation of edited cells despite the presence of acrIC1 (FIGS. 21A and 21B). In
contrast, simply increasing cas gene and crRNA expression did not overcome AcrICl-
mediated inhibition (FIG. 21A). Therefore, using anti-anti-CRISPRs presents a viable route
towards enhanced efficiency of CRISPR-Cas editing and necessitates continued discovery

and characterization of anti-CRISPR proteins and their cognate repressors.
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[0157] It is understood that the examples and embodiments described herein are for
illustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spirit and purview of
this application and scope of the appended claims. All publications, patents, and patent

applications cited herein are hereby incorporated by reference in their entirety for all

purposes.
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WHAT IS CLAIMED IS:

1. A method of activating CRISPR-Cas to target a nucleic acid in a
bacterial cell expressing an anti-CRISPR (Acr) protein, the method comprising:

introducing an anti-CRISPR-associated (Aca) protein into the bacterial cell,
wherein the Aca protein represses expression of the Acr protein, thereby allowing the Cas

protein to target the nucleic acid as directed by a guide RNA.

2. The method of claim 1, further comprising introducing the guide RNA

into the bacterial cell.

3. The method of claim 1 or 2, wherein the Cas protein is endogenous to

the bacterial cell.

4. The method of claim 1 or 2, wherein the Cas protein is exogenous to

the bacterial cell.

5. The method of claim 4, wherein the method further comprises

introducing the Cas protein into the bacterial cell.

6. The method of any one of claims 1 to 5, wherein the Cas protein is
selected from the group consisting of Cas3, Cas3, Cas6, Cas7, Cas8, Cas9, Casl0, Cas12, and
Casl3.

7. The method of claim 6, wherein the Cas protein is Cas3, Cas9, or

Casl2.

8. The method of any one of claims 1 to 7, wherein the introducing step
comprises introducing a polynucleotide encoding the Aca protein into the bacterial cell, and

wherein the Aca protein is expressed in the bacterial cell.

9. The method of claim 8, wherein the introducing step comprises
contacting the bacterial cell with a phage that encodes the Aca protein, wherein the phage
introduces a polynucleotide encoding the Aca protein into the bacterial cell and the bacterial

cell expresses the Aca protein.

10. The method of claim 8, wherein the introducing step comprises

contacting the bacterial cell with a conjugation partner bacterium comprising a
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polynucleotide that encodes the Aca protein, wherein the Aca protein or a polynucleotide
encoding the Aca protein is introduced from the conjugation partner bacterium to the

bacterial cell by bacterial conjugation.

11. The method of any one of claims 1-10, wherein the method occurs

within a mammalian host of the bacterial cell.

12. The method of claim 11, wherein the bacterial cell resides in the gut of

the mammalian host.

13. The method of claim 11 or 12, wherein the mammalian host is a
human.

14. The method of any one of claims 1 to 13, wherein the nucleic acid is
DNA.

15. The method of any one of claims 1 to 13, wherein the nucleic acid is
RNA.

16. The method of claim 14, wherein the DNA is present within the
bacterial chromosome.

17. The method of any of claims 1-16, wherein the Aca protein is
substantially (at least 60%, 70%, 80%, 90%, 95%) identical to any one of SEQ ID NOS: 1-27
or SEQ ID NOS: 50-60.

18. A polynucleotide comprising a promoter operably linked to a sequence
encoding an Aca protein substantially (at least 60%, 70%, 80%, 90%, 95% identical) to any
one of SEQ ID NOS: 1-27 or SEQ ID NOS: 50-60, wherein the promoter is heterologous to

the sequence.

19.  The polynucleotide of claim 18, wherein the promoter is a constitutive

promoter.

20. A plasmid comprising the polynucleotide of claim 18 or 19.

21. A phage comprising a polynucleotide encoding an anti-CRISPR

associated (Aca) protein, wherein the polynucleotide is heterologous to the phage.
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22. The phage of claim 21, further comprising a polynucleotide encoding a

guide RNA.

23. The phage of claim 21 or 22, further comprising a polynucleotide

encoding a Cas protein.

24. The phage of claim 23, wherein the Cas protein is selected from the
group consisting of Cas3, Cas5, Cas6, Cas7, Cas8, Cas9, Cas10, Cas12, and Cas13.

25. The phage of claim 24, wherein the Cas protein is Cas3, Cas9, or
Casl12.

26. The phage of any one of claims 21 to 25, wherein the Aca protein is
substantially (at least 60%, 70%, 80%, 90%, 95%) identical to any one of SEQ ID NOS: 1-27
or SEQ ID NOS: 50-60.

27. A bacterial cell comprising a polynucleotide encoding an anti-CRISPR

associated (Aca) protein, wherein the polynucleotide is heterologous to the cell.

28. The bacterial cell of claim 27, wherein the bacterial cell is from a
species selected from the group consisting of Pseudomonas aeruginosa, Pseudomonas
otitidis, Pseudomonas delhiensis, Vibrio parahaemolyticus, Shewanella xiamenensis,
Brackiella oedipodis, Oceanimonas smirnovii, Neisseria meningitides, Pseudomonas stutzeri,
Yersinia frederiksenii, Escherichia coli, Serratia fonticola, Dickeya solani, Pectobacterium
carotovorum, Enterobacter cloacae, Alcanivorax sp., Halomonas caseinilytica, Halomonas
sinaiensis, Cryptobacterium curtum, Pseudomonas sp., Corynebacterium sp., Bacillus
subtitis, Streptococcus pneumonia, Staphylococcus aureus, Campylobacter jejuni,
Francisella  novicida, Corynebacterium  diphtheria, Enterococcus  sp.,  Listeria

monocytogenes, Mycoplasma gallisepticum, Streptococcus sp., and Treponema denticol.

29. The bacterial cell of claim 27 or 28, further comprising a

polynucleotide encoding a guide RNA.

30. The bacterial cell of any one of claims 27 to 29, further comprising a

polynucleotide encoding a Cas protein.
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31. The bacterial cell of any one of claims 27 to 30, wherein the Aca
protein is substantially (at least 60%, 70%, 80%, 90%, 95%) identical to any one of SEQ ID
NOS: 1-27 or SEQ ID NOS: 50-60.
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