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Introduction

Phage infection poses a major threat to bacterial survival, and bacteria have evolved many
mechanisms to protect against it. One such system is the CRISPR-Cas system, which utilizes
sequence memory to protect bacteria from phage infection. CRISPR-Cas is a highly specific
adaptive defense mechanism that protects against invasion by all mobile genetic elements,
including phages, plasmids, and conjugative elements [1,2]. CRISPRs were first recognized in
Escherichia coli in 1987 [3] and have since been identified in the genomes of approximately
48% of eubacteria and 95% of archaea [4]. Their widespread occurrence highlights the impor-
tant role they play in the evolution of microbial and phage genomes.

CRISPR-Cas systems are composed of clustered regularly interspaced short palindromic
repeats (CRISPR) separated by short “spacer” sequences, and CRISPR-associated (cas) genes.
CRISPR systems are classified according to their gene complement and mechanism of action
[2]. There are several different types (I, IL, III) and subtypes (e.g., I-E, I-F) of CRISPR-Cas sys-
tems, most of which target DNA. The CRISPR system functions by incorporating one or more
CRISPR spacers at the leader end of a CRISPR locus when a novel phage or other mobile
genetic element infects the bacterial cell. These spacers are derived from the DNA of the invad-
ing phage, and their introduction into the CRISPR locus provides immunity to further infec-
tion by that phage. This adaptive immunity serves to protect the bacterial progeny; if the same
phage is encountered in the future, the CRISPR-Cas system will be activated and the foreign
genome destroyed. In turn, the phages mutate to evade CRISPR targeting, thereby creating a
constant evolutionary battle between them and the bacteria they infect.

Pseudomonas Phages Encode Proteins That Inactivate the
CRISPR-Cas System

Our group recently discovered that some Pseudomonas aeruginosa phages encode proteins that
inactivate the CRISPR-Cas system. A total of five distinct anti-CRISPR protein families that
inhibit the type I-F system [5] and four protein families that inhibit the type I-E system [6] were
identified. The genes encoding these proteins were found in a closely related group of Mu-like
phages, positioned between conserved genes encoding the head protease/scaffold and homo-
logues of the phage Mu gpG protein. All of the phages that carried this anti-CRISPR region also
possessed a gene immediately downstream of the anti-CRISPR genes, encoding a helix-turn-
helix protein that likely acts as a transcriptional regulator of the operon, and a very similar DNA
sequence upstream that appears to be a promoter, with -10 and -35 transcriptional initiation
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sequences. Together, this forms an independent module that allows the expression of the anti-
CRISPR genes from the prophage as well as during a lytic phage infection.

The anti-CRISPR operon was found in the same genomic position in a variety of related
Pseudomonas phages. However, the complement of particular anti-CRISPR genes that com-
prised the locus varied between phages. For example, of 24 related phages that possess an anti-
CRISPR operon, 15 encoded both type I-E and type I-F anti-CRISPR genes, one encoded only
type I-E, and eight encoded only type I-F [6]. Collectively, these phages provided a total of nine
distinct arrangements of various type I-E and I-F anti-CRISPR genes, illustrating that these
genes have re-assorted multiple times through horizontal gene transfer in a “mix and match”
manner. While it is difficult to trace the evolutionary origins of the anti-CRISPR proteins (as
they have few sequence homologues), their frequent occurrence in Pseudomonas phages
implies that they provide a significant evolutionary advantage.

Anti-CRISPR Proteins Function by a Variety of Mechanisms

The activity of the type I-F CRISPR-Cas system against phages is divided into three stages (Fig
1). First, the Casl and Cas2 proteins recognize a target sequence within the invading phage
genome and incorporate it into the CRISPR array as a spacer. Next, the CRISPR array is tran-
scribed into a long pre-CRISPR-RNA (crRNA) and cleaved at the repeat sequences to yield
mature crRNAs that provide complementary base pairing with invading foreign DNA. This
cleavage is mediated by the Csy4 protein endonuclease, which remains bound to the 3’ end of
the crRNA [7]. Finally, the crRNA-Csy4 complex interacts with the Csyl, Csy2, and Csy3 pro-
teins to form the Csy complex [8]. This complex surveys the bacterial cell and binds to invading
foreign DNA that is complementary to the crRNA. Once bound to DNA, the Csy complex
recruits the Cas3 helicase-nuclease protein, which mediates target DNA degradation [9,10].

The mechanisms of action of three different type I-F anti-CRISPR proteins have been char-
acterized and were shown to be unique [11]. In the Csy complex, a Csyl-Csy2 heterodimer is
bound at the 5’ end of the crRNA, a Csy4 monomer is bound at the 3’ end, and six Csy3 sub-
units are bound along the RNA spacer [7,12]. As shown in Fig 1, AcrF1 and AcrF2 interact
directly with this complex; both proteins block DNA-binding when bound to the Csy complex
before it interacts with the target DNA. AcrF2 bound to the Csyl-Csy2 heterodimer with a stoi-
chiometry of one anti-CRISPR molecule per complex. This inhibits the activity of the
CRISPR-Cas system by sterically blocking the 5’ end of the crRNA and competing with DNA
for the overlapping binding site. AcrF1 was shown to bind along the full length of the Csy3
“spine” of the complex, with a stoichiometry of three molecules per Csy complex. In contrast
with AcrF2, AcrF1 could bind the complex in the presence of bound DNA, suggesting that this
anti-CRISPR functions through an allosteric mechanism. Thus, while AcrF1 and AcrF2 both
bind the Csy complex, their mechanisms of activity are distinct; they bind different Csy com-
plex subunits with different stoichiometry and utilize steric versus allosteric DNA occlusion
mechanisms. The third anti-CRISPR protein, AcrF3, was found to interact directly with the
Cas3 helicase-nuclease protein and thereby blocks its recruitment to the Csy complex (Fig 1).
Thus, consistent with the diverse protein sequences, the mechanisms of activity of these anti-
CRISPR proteins imply independent evolutionary pathways, despite their common genomic
position in closely related P. aeruginosa phage genomes.

Anti-CRISPRs Convert the CRISPR-Cas System into a
Transcriptional Repressor

A significant feature of the CRISPR-Cas system is that it can be targeted to any DNA sequence,
allowing the system to be engineered for programmable transcriptional repression. It was
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Fig 1. A model of the mechanisms of action of three anti-CRISPR proteins. The type I-F CRISPR loci consist of direct repeat sequences (black
diamonds) separated by unique spacer sequences (colored rectangles) that were derived from foreign mobile genetic elements. During the acquisition stage,
a piece of DNA from an invading phage or other mobile element is captured and inserted as a spacer into a CRISPR array (yellow rectangle). Next, the
CRISPR-associated (Cas) proteins are produced, and the CRISPR loci are transcribed into long pre-CRISPR-RNAs. The Csy4 endonuclease then cleaves
the repeat sequences to yield mature CRISPR-RNAs (crRNAs), each containing a single spacer sequence (colored lines). The crRNA-Csy4 complex then
interacts with Csy1, Csy2, and Csy3 to form the surveillance complex. AcrF1 and AcrF2 directly interact with this complex and prevent DNA binding. By
contrast, AcrF3 binds to the Cas3 helicase—nuclease protein and blocks its recruitment.

doi:10.1371/journal.ppat.1005282.9001

shown that by combining a deletion of the E. coli type I-E cas3 helicase-nuclease gene with the
introduction of CRISPR arrays targeting specific gene promoter regions, both endogenous and
heterologous genes could be silenced [13]. In this system, the Csy complex stably bound to the
DNA target sequence. In the absence of Cas3 nuclease activity, the bound complex was able to
physically block access of RNA polymerase. Anti-CRISPR AcrF3, which inhibits the activity of
Cas3, provides a similar mechanism for the control of bacterial gene expression. When AcrF3
was expressed in vivo from a prophage along with a plasmid that encoded a crRNA targeting
the promoter of a gene required for production of the blue-green pyocyanin molecule (phzM),
it repressed transcription [11]. These cultures showed a complete lack of pigment production,
similar to that observed for a strain lacking cas3. This demonstrates that prophages have the
ability to exploit the organism’s native CRISPR-Cas system for transcriptional regulation. This
ability to control the activity of the type I-F CRISPR-Cas system via the expression of anti-
CRISPR proteins provides a novel strategy for prophages to regulate bacterial gene expression
and control bacterial phenotypes.

Anti-CRISPR Genes Are Found in a Variety of Mobile Elements

Bacterial CRISPR-Cas systems target and destroy foreign DNA from all mobile genetic ele-
ments, including phages, plasmids, transposons, and pathogenicity islands. Like phages, the
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fitness of each of these mobile genetic elements would be increased if they were able to inacti-
vate the CRISPR-Cas systems of bacteria upon invasion. Consistent with this, a number of
anti-CRISPR homologues are found in various Pseudomonas strains within genome regions
that are not phage-associated. These regions include several that are likely mobile elements, as
indicated by the presence of genes encoding proteins that are involved in DNA transfer and
conjugation [5,6]. Three of these non-phage-encoded anti-CRISPRs were shown to be active—
two type I-E and one type I-F—with one region encoding both a type I-E and a type I-F anti-
CRISPR protein [6]. These anti-CRISPR genes likely increase the fitness for the inter-strain
transfer of these mobile elements by inactivating the CRISPR-Cas system of the recipient
strain.

Anti-CRISPR proteins in mobile genetic elements may play important roles in increasing
the virulence of bacterial strains. For example, an anti-CRISPR homologue is found in an active
pathogenicity island of a highly virulent P. aeruginosa clinical isolate that is probably trans-
ferred between P. aeruginosa by conjugation [14]. This pathogenicity island contains 100%
identity matches to CRISPR spacers in a variety of P. aeruginosa strains, indicating that it
would be targeted and destroyed by the CRISPR system in these strains [15] without the pro-
tection provided by the anti-CRISPR protein. The discovery of anti-CRISPR genes in a variety
of mobile genetic elements suggests that they may play significant roles in lateral gene transfer
events by allowing incoming foreign DNA to bypass the CRISPR-Cas system.

Conclusion

In the evolutionary arms race between phages and bacteria, where phages are constantly evolv-
ing to overcome bacterial defense systems, phages have developed a means by which they inac-
tivate the CRISPR-Cas system. While anti-CRISPRs have thus far only been identified in
association with the type I-E and I-F CRISPR systems in Pseudomonas, their diverse protein
sequences and mechanisms of action, coupled with the strong selection imposed by the virus—
host arms race, suggest that there is likely an abundance of anti-CRISPR proteins yet to be
discovered.

Acknowledgments

I thank Alan Davidson and April Pawluk for their critical reading of the manuscript.

References

1. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, Moineau S, et al. CRISPR provides
acquired resistance against viruses in prokaryotes. Science. 2007; 315(5819):1709-12. doi: 10.1126/
science.1138140 PMID: 17379808.

2. Makarova KS, Haft DH, Barrangou R, Brouns SJ, Charpentier E, Horvath P, et al. Evolution and classifi-
cation of the CRISPR-Cas systems. Nature reviews Microbiology. 2011; 9(6):467—77. doi: 10.1038/
nrmicro2577 PMID: 21552286; PubMed Central PMCID: PMC3380444.

3. IshinoY, Shinagawa H, Makino K, Amemura M, Nakata A. Nucleotide sequence of the iap gene,
responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identification of the
gene product. Journal of bacteriology. 1987; 169(12):5429—-33. PMID: 3316184; PubMed Central
PMCID: PMC213968.

4. Jore MM, Brouns SJ, van der Oost J. RNA in defense: CRISPRs protect prokaryotes against mobile
genetic elements. Cold Spring Harb Perspect Biol. 2012; 4(6). doi: 10.1101/cshperspect.a003657
PMID: 21441598; PubMed Central PMCID: PMC3367551.

5. Bondy-Denomy J, Pawluk A, Maxwell KL, Davidson AR. Bacteriophage genes that inactivate the
CRISPR/Cas bacterial immune system. Nature. 2013; 493(7432):429-32. doi: 10.1038/nature11723
PMID: 23242138.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005282 January 7, 2016 4/5


http://dx.doi.org/10.1126/science.1138140
http://dx.doi.org/10.1126/science.1138140
http://www.ncbi.nlm.nih.gov/pubmed/17379808
http://dx.doi.org/10.1038/nrmicro2577
http://dx.doi.org/10.1038/nrmicro2577
http://www.ncbi.nlm.nih.gov/pubmed/21552286
http://www.ncbi.nlm.nih.gov/pubmed/3316184
http://dx.doi.org/10.1101/cshperspect.a003657
http://www.ncbi.nlm.nih.gov/pubmed/21441598
http://dx.doi.org/10.1038/nature11723
http://www.ncbi.nlm.nih.gov/pubmed/23242138

@’PLOS | PATHOGENS

10.

11.

12

13.

14.

15.

Pawluk A, Bondy-Denomy J, Cheung VH, Maxwell KL, Davidson AR. A new group of phage anti-
CRISPR genes inhibits the type I-E CRISPR-Cas system of Pseudomonas aeruginosa. mBio. 2014; 5
(2):e00896. doi: 10.1128/mBi0.00896-14 PMID: 24736222; PubMed Central PMCID: PMC3993853.

Haurwitz RE, Jinek M, Wiedenheft B, Zhou K, Doudna JA. Sequence- and structure-specific RNA pro-
cessing by a CRISPR endonuclease. Science. 2010; 329(5997):1355-8. doi: 10.1126/science.
1192272 PMID: 20829488; PubMed Central PMCID: PMC3133607.

Wiedenheft B, van Duijn E, Bultema JB, Waghmare SP, Zhou K, Barendregt A, et al. RNA-guided com-
plex from a bacterial immune system enhances target recognition through seed sequence interactions.
Proceedings of the National Academy of Sciences of the United States of America. 2011; 108
(25):10092-7. doi: 10.1073/pnas.1102716108 PMID: 21536913; PubMed Central PMCID:
PMC3121849.

Westra ER, van Erp PB, Kunne T, Wong SP, Staals RH, Seegers CL, et al. CRISPR immunity relies on
the consecutive binding and degradation of negatively supercoiled invader DNA by Cascade and
Cas3. Mol Cell. 2012; 46(5):595-605. doi: 10.1016/j.molcel.2012.03.018 PMID: 22521689; PubMed
Central PMCID: PMC3372689.

Huo Y, Nam KH, Ding F, Lee H, Wu L, Xiao Y, et al. Structures of CRISPR Cas3 offer mechanistic
insights into Cascade-activated DNA unwinding and degradation. Nat Struct Mol Biol. 2014; 21(9):771—
7. doi: 10.1038/nsmb.2875 PMID: 25132177; PubMed Central PMCID: PMC4156918.

Bondy-Denomy J, Garcia B, Strum S, Du M, Rollins MF, Hidalgo-Reyes Y, et al. Multiple mechanisms
for CRISPR—Cas inhibition by anti-CRISPR proteins. Nature. 2015; 526(7571):136-9. doi: 10.1038/
nature15254 PMID: 26416740

van Duijn E, Barbu IM, Barendregt A, Jore MM, Wiedenheft B, Lundgren M, et al. Native tandem and
ion mobility mass spectrometry highlight structural and modular similarities in clustered-regularly-inter-
spaced shot-palindromic-repeats (CRISPR)-associated protein complexes from Escherichia coli and
Pseudomonas aeruginosa. Mol Cell Proteomics. 2012; 11(11):1430—41. doi: 10.1074/mcp.M112.
020263 PMID: 22918228; PubMed Central PMCID: PMC3494201.

Luo ML, Mullis AS, Leenay RT, Beisel CL. Repurposing endogenous type | CRISPR-Cas systems for
programmable gene repression. Nucleic acids research. 2015; 43(1):674-81. doi: 10.1093/nar/gku971
PMID: 25326321; PubMed Central PMCID: PMC4288209.

Battle SE, Meyer F, Rello J, Kung VL, Hauser AR. Hybrid pathogenicity island PAGI-5 contributes to
the highly virulent phenotype of a Pseudomonas aeruginosa isolate in mammals. Journal of bacteriol-
ogy. 2008; 190(21):7130-40. doi: 10.1128/JB.00785-08 PMID: 18757543; PubMed Central PMCID:
PMC2580712.

Semenova E, Jore MM, Datsenko KA, Semenova A, Westra ER, Wanner B, et al. Interference by clus-
tered regularly interspaced short palindromic repeat (CRISPR) RNA is governed by a seed sequence.
Proceedings of the National Academy of Sciences of the United States of America. 2011; 108
(25):10098-103. doi: 10.1073/pnas.1104144108 PMID: 21646539; PubMed Central PMCID:
PMC3121866.

PLOS Pathogens | DOI:10.1371/journal.ppat.1005282 January 7, 2016 5/5


http://dx.doi.org/10.1128/mBio.00896-14
http://www.ncbi.nlm.nih.gov/pubmed/24736222
http://dx.doi.org/10.1126/science.1192272
http://dx.doi.org/10.1126/science.1192272
http://www.ncbi.nlm.nih.gov/pubmed/20829488
http://dx.doi.org/10.1073/pnas.1102716108
http://www.ncbi.nlm.nih.gov/pubmed/21536913
http://dx.doi.org/10.1016/j.molcel.2012.03.018
http://www.ncbi.nlm.nih.gov/pubmed/22521689
http://dx.doi.org/10.1038/nsmb.2875
http://www.ncbi.nlm.nih.gov/pubmed/25132177
http://dx.doi.org/10.1038/nature15254
http://dx.doi.org/10.1038/nature15254
http://www.ncbi.nlm.nih.gov/pubmed/26416740
http://dx.doi.org/10.1074/mcp.M112.020263
http://dx.doi.org/10.1074/mcp.M112.020263
http://www.ncbi.nlm.nih.gov/pubmed/22918228
http://dx.doi.org/10.1093/nar/gku971
http://www.ncbi.nlm.nih.gov/pubmed/25326321
http://dx.doi.org/10.1128/JB.00785-08
http://www.ncbi.nlm.nih.gov/pubmed/18757543
http://dx.doi.org/10.1073/pnas.1104144108
http://www.ncbi.nlm.nih.gov/pubmed/21646539

