ABSTRACT

GOMAA, AHMED ABDELSHAFY MAHMOUD. Sequence specificCRISPRbased
antimicrobials for treating multidrugesistant infectiongUnder the direction of Dr. Chase
Beisel).

Once considered a revolution in modern medicinebitics are becoming obsolete with
the increaing reports of antibioticesistant infectionsOn the other hand, discovering new
antibiotics is a costly and lengthy process that requires screening and testing millions of
moleculesl n t hi s Aarms raceod it has Hedavaeopmentc!| ear
of treatments, and human medicine is losing ground. Furthermtiejotics decima the
multitude of beneficial bacteria in the human boldaving us susceptible to opportunistic
infections and chronic illnesseBhese challenges demd rovel antimicrobial agents that are
(1) able to treatnultidrug-resistant infectiong2) can be designed and programmed rather than

discovered, and (3) can discriminaietween pditogenic and symbiotic bacteria.

This thesis describestargeted strategyféreating ranging bacterial infections that relies
on CRISPR Clustered Regularly Interspaced Short Palindromic Rep€ais (CRISPR
associated) systemthese RNAdirected defense systerare naturally employed by bacteria
and archaea to recognize anéasle the DNA of foreign invaders. Small CRISPR RNAs bind
their complementary sequences in the foreign DNA directing cleavage or degradation by Cas
proteins. By designing and expressing synthetic gerangeting CRISPR RNAs, we can
reprogram CRISPfas sytems to induce bacterial cell death. We found that this strategy
could achieve potent and sequespecific killing of multidrugresistant bacteria regardless

of the type or location of the targeted region and using either imported or native CR#SPR



sydgems. Additionally, we were able to distinguish between even highly related sisaire|

as between commensal and pathogenic bacteria.

A reliable delivery method for the CRISRPBas DNA is needetb further develop this
strategy as a therapeutitowardthis goal, we engineedthe genome of théroadhost range
P1 bacteriophage as a delivery platform that can be used for multiple enteric pathogens. We
identified and validated multiple landing sitetiereforeign DNA can be introducedvhile
maintaining he function of thebacteriophage. The engineered P1 bacterioplgage®me
showedmore efficient DNA deliveryo multiple Enterobacteriaceaescompared to the state
of-art P1 phagemid systems. Finally, we utilileel P1 genomi® deliverand expresgenome
targeting CRISPARRNASs ina multidrugresistanstrain ofE. coliand eradicaté. We envision
using this strat e g-antbiotic tredtments capgble @f simuamventing n o n
common modes of resistance while readily distinguishing between pathagd symbiotic

bacteria.

In a separate study, the genetaggeting killing assay has been employed to analyze the
single guide RNAs for CRISRRas Type Il systems. By swapping different components from
the guide RNAs of two different Type |l systems, were able to show that the nexus and

hairpinare essential for defining the orthogonality between CRISB&Type Il systems.
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Chapter 1

Antibiotics drawbacks and possible alternatives



Antibiotics have served as our first line of defense against bacterial infections for decades.
Throudh widespread use and mismanagement, pathogens resistant to these compounds have
become increasingly prevalent their first global report on antibiotic resistance (2014), the
Worl d Health Organization (WHO) haentecaaqmi
imaj oro threat that can af flefkesecdheemyhavebeen of a
raised and echoed by other leading health organizations such as the Center for Disease Control
(CDCY. In order for humanity toegain the uppehandagainst bacterial infections, a novel
generation of treatments is required.

Currently, a number of novel treatmamethods are under development. While these
methods provide possible alternatives to antibiotics, they share common limitations with
respect to discovery and applicability. In order to win the war against bacterial infections, a
sustainable treatment plath needs to be developed where a treatment against a pathogen can
be designed rather than discovered. In this work, | was able to develop a programmable
platform based on CRISPRas systems, capable of selectively targeting and eliminating
bacteria. Furtermore, | developed a bacteriophdgesed delivery mechanism to introduce the
CRISPRCas systems to the target bacteria.

1.1 Drawbacks of antibiotics

Since the development of penicillin as an
have been the proiple means of treating bacterial infectioAsitibiotics are small molecules

that act by killing bacteria bactericidal or by nullifying baterial growth (bacteriostatic),



placing a strong environmental pressure on microbes. Under such pressure, niak@bes
developed different means of antibacterial drug resistarugtibiotic resistancecan be
conferred through diverse mechanisms including expressin of enzymes that cleave
antibiotics, mutabn of antibiotictarget sites, andxpression ofransporterghat reduce the
intracellular oncentration of drugs’. Many of these mechanisntsin confer resistanceo
multiple drugs posing major health threatgloreover, drug resistance is conferred by genes
encoded on male genetic elements such as plasmids, whasheasily be transferred between
bacteria. The problem of antibiotic resistance has escalated in recent years, with over 2 million
drug resistant illnesses and 23,000 deaths reported annually in the Uaitesi &one In

2014, the World Health Organization revealed its first global report on antibiotic resistance
where Dr. Kei ji F u k u d a-GeneldlHf@ dHealthASeauiitys dtated t Di
fiwithout urgent, coordinated action by many stakeholders, the world is headed for a post
antibiotic era, in which common infections and minor injuries which have been treatable for

decades can %once again killo

Another significant drawback of antibiotics is the lack of specificity. The use of antibiotics
(especially broagpectrum antibiotics) results in indiscriminant killing of symbiotic bacteria
in the human body. Thesemeficial bacteria residing in our intestines provide major health
benefits including excretion of essential vitamins (e.g. vitamins B and K), helping break down
indigestible molecules, and preventing invasion by pathogenic orgdnidrhen beneficial
bacteria are eradicated as a result of wusin

and susceptible topportunistigpathogens leading teealth complications such as Antibiatic



associatediarrhea (AAD) . AAD occurs between 5% to 39% of patients treated by antibiotics.
The common AAD treatment is to withdraw antibiotics if still taken, which might result in
incomplete courses, complicationgh treating the underlying infection, and even promotion
of antibiotic resistance. A severe form of AAD @ostridium difficileassociatedliarrhea
(CDAD) caused by bacteriuf. difficileis responsible for 250,000 illnesses and 14,000 deaths
annually in the United States alone, even though difficile itself poses no significant

resistance to antibiotigs

These challenges call for novel treatment strategies that can overcome antibiotic resistance
while selectively targeting pathogens. Some of the treatments currently under development are
discussed in the following section.

1.2 Antibiotic alternatives

1.2.1 Lytic bacteriophages

Bacteriahave their own natural predators (bacteriophage) that can infect the bacterium
and inject their DNA to #'°. Some bacteriophages undergo what is known as the lytic life
cycle (Figure 11)°. During the lytic cycle, the bacteriophage hijacks the bacterial cell
machinery to replicate and assemble more bactesugg particles. Then, the bacterium is lysed
releasing the bacteriophage progeny to attack other cells. The use of lytic bacteriophage to treat
a bacterial infection is known as fAPhage t h
killing through te lytic cycle that is enough to alleviate the bacterial infectimerest in

phage therapy begann t he early 19006s with the discov
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Figure 1.1:Bacteriophage lytic life cycle (usually 30 minutes long). 1. Attachment to the host bacteriu
2. Bacteriophage DNA injection.3. Disrupting bacterial genome and replicating bacteriophage DNA.
Replicating bacteriophage components using thgacterial cell machinery. 5. Assembly of new phage particle

6. Lysing the bacterium and release of progeny. Figure adopted from Thiel, 280

bacteriophageim vitro'*'2 However, the industrialization of antibiasic i n 19406s al o
the inconsistent therapeutic results of phage therapy shifted the focus of western medicine
away from phage treatmeft$® Over 60 years later, phage therapy is experiergietpirth

with the growng concern wer antibiotic resistance. It provides a number of advantages over
antibiotics including specificity, fast and low cost production, low induction of resistance, and

ecological safetyf. On the other hand, phage therapy faces a number of regulatory challenges



due to the lack of controlled studies and the need to use phage cocktails (mixture of different
phage strains) in order to achiew@otent treatment against a certain infection. Also, from an
IP perspective, bacteriophages are natural and have been known for over a hundred years,

making natural variants unpatentable

1.2.2 Antimicrobial peptides

Antimicrobial peptides are small proteipgoduced by the immune systems of some plants,
and animals to destroy bacteria. Some peptides isolated from frogs, alligators, and cobras
have shown to be effective against epithelial infections. These peptides can even be modified
to increase potency. @rexample is pexiganan, based on a peptide extracted from frog skin,
is currently in phase Il clinical trials to treat diabetic foot ul¢énd/hile peptides pose a
possible alternative to antibiotics, their synthesis can be very expensive and their uses will

probably be limited to epitheliahfections.

1.2.3 Predatory bacteria

Naturally, some bacteria prey on others either by producing antibacterial peptides (known
as bacteriocins) or smatholecular antibiotics (such as erythromycin) to kill them. Some even
prey on their targets by replicatirigside of thent"!°. Micavibrio aeruginosavoruss an
example of a predatory bacterium that preys on a number of pathogens inBiselirtpmonas
aeruginosa and Klebsiela pneumoniae The therapeutic potential ofMicavibrio
aeruginosavoruss currently being investigated by researcHe®he use of predatory bacteria

is currently in early proebf-principle stages, questions about spedificdevelopment of



resistance, sideffects, and drug delivery remain to be answered. Another example of using
bacteria for therapy is engineeringscherichia coli to recognize and eradicate
pathogeni®seudomonas aeruginosalls by secreting a bactecin!’. These methods involve

the introduction of a nedomestic live bacterium to the body. Further studies would need to
investigate the longerm effects on the microbial consortia and the fate ofiritreduced

organism after eliminating the pathogen.

1.2.4 Limitations of existing antibiotic alternatives

A common feature in all proposed antibiotic alternatives is specificity towards the target
pathogen. Such specificity will protect beneficial bacteria amdid side complications
discussed in section 1.1. Furthermore, it will slow down the development of resistance since
only the pathogen is placed under pressure to develop resistance, versus antibiotics where all
susceptible microbes share the goal of tgieg resistance. The downside of such specificity
is the need to do extensive research and screening in order to find an effective treatment that

will be specific to a certain pathogeihisresulsin a costly and lengthy discovery process.

In order tohave a sustainable treatment platform, a treatment system needs to be
programmable aneasily adapted to efficiently target speeifi pathogensDuring initial
investigationd identified CRISPRCas systemaspromising candidatefer designing sucl
platform These systems possess the ability to target specific DNA sequences and cleave or
degrade their target. Hence, they can both provide specificity and programmability. In the

following section, CRISPRCas systems are discussed in further detail.



1.3 Introduction to CRISPR-Cas systems

CRISPRCas systems have been recently revealed as immune systprokaryote$™
22 0One component of these systems is the CRISPR array, comgisiigof palindromic
repeat sequences separategldnjablespacer sequenceadioinformatic studies determined the
size ofidentified repeats between 21 and 48 nucleotides while the spacers vary between 26 and
73 nucleotide®. Within a single CRISPR locus, the number of spacers vary between 2 and
375°. Genomic searas revealed that most spacer sequences are homologous to infectious
plasmids or phages (bacterial virug&sYsing these spacer sequesgcthe CRISPRas
system provides sequenspecific protection against foreign DNA, and in some systems RNA.
Flanking the CRISPR loci are a set of 4 to 20 homologous genes (named CidiSiRiated
genes orcas genes). These genes were found to encodeiprdtinctions ranging from

helicases and nucleic adninding proteins to exonucleases and endonucl&Ses

CRISPRCas system act as RNAdirected adaptive immune systems in bacteria and
archaea through the recognition and cleavage of foreign nucleic*®z€idEhe general
defensive mechanism of CRISRRas systems can be divided into three stages: adaptation,
expression, and interferertéé’%. In the adaptation staga new spacer sequence caléed
protospacer is excised from the foreign invadecleicacidand i nserted at t he
CRISPR locus. This step can be approximated as buildiggreeticlibrary of potentidly
harnful invadersthat the CRISPFCas systems can recogniaring the expression stage,

the CRISPR locus is transcribed into a-poesor CRISPR RNA and then processed by Cas



proteins to producenature CRISPR RNAs (crRNAs). Each crRNA contains one spacer
sequence that is complementary to a singtetospacerfinally, during the interference stage
crRNAs guide Cas proteins to cleave ttmresponding viral or plasmid sequefi¢@3133,
Later studies suggest additional roles for CRISFHR systems in gene regulation and

virulence control in pathogetfs®.

1.3.1 CRISPR-Cas systems: classification and applications

CRISPRCas systems can be dividedainwo classes based on the effector module that binds
the crRNA. Class 1 is characterized by a multisubunit criRRiféctor module involving
multiple proteins and includes Type I, Type Il and Type IV systems. In contrast, Class 2 is
characterized by a giie effector protein and includes Type II, Type V and Type VI systems.
The following figure depicts the different types and proteins involved in each. For the purpose
of this thesis, only the expression and interference functions of Type | and |l sysedarther

discussed in the following sections.
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Figure 1.2 Dashed outlines refer to dispensable components. Multiple colors used for Cas10, Cas9, and Cpfl
reflect the use of these proteins in multiple steps in CRISRRas mechanism. Types IV and V functins are proposed
based on homology to cognate components of other systems, and have not been verified experimentally. LS proteins:
represent a Large Subunit in the multisubunit crRNA-effector module, SS proteins: represent Small Subunits in the
multisubunit effector crRNA-effector module, SS* refers to the fusion of the SS to the LS (Cas8) in multiple Type |

systems. Figure adopted from Makarova et al., 2015.

1.3.2 Type | CRISPR-Cas systems

Type | systems are the most abundant CRISRR systenis. Two main protein elements
are involved in DNA targeting for #se systems, Cascade (CRIS&#Rociated complex for
antiviral defense) and the signature protéas3or its variantC a s Gadcade is a multimeric
complex composed of three to six protein subunits and is involved in processing CRISPR
arrays®, facilitating the lasepairing between the crRNA and the complementary target
DNA3, and recruitingCas3°. Cas3is responsible for the cleavage and degradation of target

DN A40|' 43.

10



The conditions required for targeting a DNA using Type | systems are (i) complementarity
between the CRISPR RNA (spacer) and the target DNA (protospacer), (ii) a protespacer
adjacent motif (PAM) fetedssimakd ofhtige potbspat®e®.athasnd o f
also been reported that miatohes between the spacedarotospacer are tolerated except in
the fseedo regi ¢ Type & syktems dnavet been adapfdd gene
silencing’*® and for programmable killing of bacterial strains through the wescribedn

this thesi€’.

1.3.3 Type Il CRISPR-Cas systems

Type Il CRISPRCas systems are by far the simplest with regards to the number of genes
involved. A single signaturgrotein Cas9, combines the funati® of the crRNAeffector
complex and target DNA cleavafeA second protein, RNase Ill, is also required for crRNA

processing-.

For DNA targetingType Il systems also require complementarity between the spacer and
the protospacer, as well as a PAM. However, for these systems the PAMflamks 8 6 of t h
targeted protospac®dr The compactness of Type Il systems motivated their use for various

applications including genome editifg”°"%? and gene regulativin bacterial and human

cell$364
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1.4 Using CRISPRCas systems to induce bacterial cell death using genome

targeting

In eukaryotic gaomeediting applications, cleaved DNA is repaired by +m@mologous
end joining (NHEJ¥>3>% However, in the absence of NHEJ, genome targeting can be lethal.
Natural systems wh acquired genomtargeting spacers show inactive systems or modified
target loct®. Evaluatirg bacteriophageefense by CRISPRassystem in hyperthermophilic
archaeonSulfolobus solfataricsi revealed that challenging withacteriophageharboring
genometargeting crRNAs resulted in the replicatiorbaicteriophagéacking crRNA®. In the
bacteriumEscherichiacoli harboring a Type-E systemthe expressionf synthetic crRNAs
targetng & bacteriophagekill ed over 98% of strains harboring bacteriophagdysogen$’.
ChallengingE. coli with genometargeting plasmids resulted in a low recovery of viable
transformant®:536467 Finally, in the bacterial phytopathogeRectobacterium atrosepticum
harboring a native TypeHR system, the expression of genetameting spacers from a tightly
regulated plasmid was cytotoxic and led to multiple deletions in the targt Tids evidence
presents an opportunity to program CRISE&S systems for the sequerspeecific killing of

becterial strains by targeting their genomic DNA.

1.4.1 Type I versus Type Il systems for sequenespecific killing

In the previous sections, Types | and Il have been discussed with respect to genes involved
and mechanism of action. For the purposes of seqiggacéic killing, each type would have

its own merits. For example, Type | systems require three to six genes in addition to Cas3 in

12



order to target and degrade DNA. Separately, Type |l systems are more compact (only Cas9
and RNase Il are required). The dder RNase Il is even eliminated using a chimeric single
guide RNA modef. Such merit gives Type Il an advantage with respect to delivery to target
bacteria. On the other hand, Type | systems cleave and degrade #teDidAg making it

difficult for the cell to repair such damggehereas, Type Il systems only cause a double
stranded DNA break that can be repaired providimgans of escape. There is recent evidence

of bacteria surviving genome targeting by Type Il eys through genomic island excision in
Streptococcus thermophifignd by homolgous recombination iEscherichia coli®. Similar

modes of escape have not been observeat®in Type | systerfrs

1.5 Delivery of CRISPR-Cas systems usinyyacteriophages

Drug delivery is an obstacle when it comes to introducing new treatmethe dase of
CRISPRCas systems, a delivery vehicle is required to inject the CRIS&FDNA tatargeted
bacterial cells. One possible method is using bacteriophages. Using phagemid systems,
bacteriophages have been used to deliver a DNA of interest to target BaéteAasimilar
approach can be used to deliver the CRISRR DNA (Cas genes in addition to the genome
targeting CRISPRirray) to a target pathogen. In this case, preferably aladerange phage
would be used to deliver the CRISRRs system to multiple pathogens. In turn, specificity

against a certain bacterium will be dictated using the crRNAs.

13



1.6 Overview of the thesis

This thesis explores the development of a treatment strategy based on GRASPR
systems. In Chapter 2, potent and sequapeeific killing was achieved using either native
or imported CRISPRCas systems regardless of the type or location of the tangggieah. In
addition, CRISPRCas systems were used to distinguish between even highly related strains,
as well as between beneficial and pathogenic bacteria. In Chapter 3, ahbsbadnge
bacteriophage was studied and engineered for efficient CRISPRdeMAry. A manuscript
of this work is in preparation. In Chapter 4, the CRISP& genome targeting approach has
been used to investigate the components of Type Il single guide crRNAs revealing multiple
components essential in defining orthogonality betwsystems. FinallyChapter 5 is a
discussion of future steps to further develop delivery methods for the CRIGPReatment

for bacterial infections.
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Chapter 2

Programmable removal of bacterial strains using genomargeting CRISPR-Cas

systems

*This work is published imBio
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Abstract

CRISPR (clustered regularly interspaced short palindrorepeatsCas (CRISPR
associated) systems in bacteria and archaea employ CRISPR RNAs to specifically recognize
the complementary DNA of foreign invaders, leading to sequspeeific cleavage or
degradation of the target DNA. Recent work has shown thaadhelental or intentional
targeting of the bacterial genome is cytotoxic and can lead to cell death. Here, we demonstrate
that genome targeting with CRISREas systems can be employed for the sequepeeific
and titratable removal of individual bactersétains and species. Using the Tyge CRISPR
Cas system ifescherichia colias a model, we found that this effect could be elicited using
native or imported systems and was similarly potent regardless of the genomic location, strand,
or transcriptionadctivity of the target sequence. Furthermore, the specificity of targeting with
CRISPR RNAs could readily distinguish between even highly similar strains in pure or mixed
cultures. Finally, varying the collection of delivered CRISPR RNAs could quantliative
control the relative number of individual strains within a mixed culture. Critically, the observed
selectivity and programmability of bacterial removal would be virtually impossible with
traditional antibiotics, bacteriophages, selectable markers|arethgrowth conditions. Once
delivery challenges are addressed, we envision that this approach could offer a novel means to
guantitatively control the composition of environmental and industrial microbial consortia and
may open new avenues for the depelne nt of HAsmart o anti biotics

resistance and differentiate between pathogenic and beneficial microorganisms.
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Importance

Controlling the composition of microbial populations is a critical aspect in medicine,
biotechnology, and emanmental cycles. While different antimicrobial strategies such as
antibiotics, antimicrobial peptides, and lytic bacteriophages offer partial solutions, what
remains elusive is a generalized and programmable strategy that can distinguish between even
closely related microorganisms and that allows for fine control over the composition of a
microbial population. This study demonstrates that Rht&cted immune systems in bacteria
and archaea called CRISRFas systems can provide such a strategy. These systambe
employed to selectively and quantitatively remove individual bacterial strains based purely on
sequence information, creating opportunities in the treatment of muhidsigjant infections,

the control of industrial fermentations, and the stofdyicrobial consortia.
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2.1 Introduction

Microorganisms play critical roles in human health and environmental nutrient cycles and
are regularly employed in diverse industrial processes. Within each context, a central challenge
is controlling the spefic composition of a mixed population. A few strategies can remove
some microorganisms but not otheFsg(re 21): defined growth conditions, conventional
antibiotics and antimicrobial peptides with some strain specificity, lytic bacteriophages, and
the expression of antibiotic resistance genes, auxotrophic markers, or toxins under unique
expression systentsUnfortunately, most of these approaches offer constrained opportunities
to selectively remove individual bacterial strains (e.g. antibiotics, antimicrobial peptides) or
require detiled knowledge of the genetics, metabolism, and physiology of each constituent of
the population (e.g. selective growth conditions). Lytic bacteriophages often offer exquisite
specificity 2. However, individual bacteriophages must be isalaagainst each strain and
would require additional screening to determine the degree of specificity. Furthermore, lytic
bacteriophages replicate as part of the infection cycle, eventually wiping out the entire target
population or breeding resistance. &/lhemains elusive is a generalized and programmable
strategy that can distinguish between even closely related microorganisms and that allows for
fine control over the composition of a microbial population. We proposed that CRISPR

systems could provalsuch a strategy.
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Figure 2.1 Selective removal of individual bacterial strains. Approaches are needed that can selectively rem

individual constituents (green) but not others within a diverse microbial population.
CRISPRCas systems are RNdirected adaptive immune systems in many bacteria and
most archaea that recognize nucleic acids of invading plasmids and vifuBegsognition is
direced by CRISPR RNAs that are processed from transcribed arrays of alternating target
specific fAspacerodo sequences and identical f
CRISPR RNA base pairs with complementary nucleic acids, driving cleavage or degradati

by the Cas proteins within minutes of invaston

Three typs of CRISPRCas systems have been defined, which vary in their specific
target and mechanism of action. Type | systems cleave and degrade DNA, Type Il systems
cleave DNA, and Type Il systems cleave DNA or RRNAype | and Il systems require two
principle factors to effectively target DNA: (i) complementarity between the CRISPR RNA
spacer and the target Apr ot o-adjaeesct enotib(PAVIR qu enc
specific to each CRISRRas system flanking the protospackt. Effective targeting can
occur even for multiple mismatches between the CRISPR RNA and the protospacer, although

mi smatches within the fiseedo r &%Similarfattdrank i ng
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are required for DNAargeting by Type Ill systems, where these systems evaluate base pairing

between the target sequence and the region flanking the protoshacer

While these factors help safeguard against accidental targeting of genomic sequences,
they provde a simple set of design rules to achieve DNA targeting. This has primarily been
exploited with Type Il systems for genome editing, whereby cleavage is followed by DNA
repair through nomomologous end joining (NHEJ) or homologous recombinatidfil>
However, within microorganisms with poor or absent NHEJ, genome targeting can be lethal.
For instance, natural systems that acquired gertangeting spacers appear to possess inactive
systems or mutated target lo&f, potentially explaining the evolution dPelobacter
carbinolicus harboring a Type -F CRISPRCas system'’. In the industrial bacterium
Streptococcus thermophilusultures under bacteriophage attack rarely integrate genome
targeting spacers and, in such an event, rapidly disappear from the poptilatiorthe
hyperthermophilic archaedBulfolobus solfataricusarboring a Type IHA system, infecting
cells with viral particles encoding a genostageting spacer slowed the growth of the culture
under selecting conditions and led to recombination between the virally encoded spacer and
the endogenous CRISPR arfdyin the bacteriuntEscherichia coliexpressing a TypeE or
II-A systemin trans transformatiorof a plasmid with spacers targeting endogenous genes or
a lysogenized bacteriophage led to extremely low recovery of viable transforth&is
Similar results were obtained in the bacterial path&fesptococcus pneumoniagpressing
a Type Il systenin trans wherein viable transformants contained mutationsetetins that

inactivated CRISPRCasmediated targeting?* Finally, in the bacterial phytopathogen
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Pectobacterium atrosepticummarboring a native Type-H system, induction of genome
targeting spacers from a tightly regulated plasmid was cytotoxic within a few hours of
induction and led to extensive deletions in téaget loci?®. This extensive evidence presents
an opportunity for the sequenspecific removal of microorganisms by repragming

CRISPRCas systems.

Here, we investigated the potential of CRISE&s systems for the sequesspecific
targeting and selective removal of individual strains of bacteria. Usirtg ttdi Type | system
as a model, we found that targeting Ehecdi genome led to potent removal of cells as long
as the target sequence contained a PAM and was complementary to the spacer. In contrast to
targeting of bacteriophages and plasmids, genome targeting accommodated multiple mutations
in the seed region. Fughmore, targeting was similarly effective regardless of genomic
location, strand, or transcriptional activity. Finally, using genomic sequence information, we
could selectively remove closely related bacterial strains whether in pure or mixed cultures.
The extent of removal could even be modulated by mixing targeting andangeting
plasmids. Our findings open the possibility of quantitatively controlling the composition of
microbial consortia and selectively treating multidrug resistant infectionsgcydarty with

ongoing advances in the delivery of nucleic acids to microorganisms.
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2.2 Results

2.2.1 Genome targeting with the Type {E CRISPR-Cas system irE. coli

We first evaluated the impact of targeting a natural genomic locus with the Jgpe |
CRISPRCas systen from Escherichia colK-12, one of the bestharacterized CRISPRas
systems talate. This system encodes sasgenes in two operonsgdsABCDE.cas3 required
for CRISPR RNA processing and the cleavage and degradation of target®DBétause the
casABCDEoperon is repressed byNS in E. coli K-12 under normal growth conditioR§
we used a previously developed system consisting of two plasmids (j#Casd pCas3,
Figure S2.) that inducibly express all sizas genes?®. In addition, we generated a third
plasmid encoding an altered version of the endogenous CRISPR1 aEagahK-12 that
accommodates the sequential insertion of engineered spacer sequences (pCRISPR, Figures S1
and S2). pCRISPR plasmids encoding engineered, getageting spacers wetansformed
into E. coli K-12 substrain BW25113 cells equipped with inducible expression of the T7
polymerase (BW251137) and harboring the twoasexpressing plasmids (pCadA and
pCas3Figure S2.1 As part of the assay, we measured the transformettiicrency, a proxy
for removal of strains in pure cultures, by dividing the number of viable transformants for each
genometargeting CRISPR plasmid by the number of viable transformants for the original
pCRISPR plasmid. Lower ratios or transformatioriceghcies indicate a greater extent of

removal.
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We began with a spacer that is complementary to the template strand of the essential
ftsAgene involved in cell divisionF{gure 2.2). The selected protospacer was immediately
downstream of AAG, one of thedr PAMSs for this CRISPRCas systeni. The resultind+
ftsAplasmid exhibited ~1%fold lower transformation efficiency in comgson to the original
pCRISPR plasmid Higure 2.B), paralleling the transformation efficiency of plasmids
encoding prophagemrgeting CRISPR RNA$22 In the absence of treasABCDEoperon,
the UftsA plasmid and the original pCRISPR plasmid yielded similar transformation
efficiencies Figure 2.B), ruling out transformation issues and confirming the role of the
casABCDEoperon. Forced expression of the chromosomally encedsdjenes through
deletion of thehnsgene also resulted in a low transformation efficieriéigyre S2.2) 2. In
total, these results demonstrate the potency of genome targeting using a Type | CRISPR

system.
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Figure 2.2: Potent and sequencespecific removal through genome targeting with CRISPRCas systems. (4
Design of a CRISPR RNA targeting thetsA gene inE. coliK-12. The 32nucleotide spacer sequence is in blue and 1
repeat sequence is in gray. The last two nucleotides of the spacer (in black) are fixedhtroduce restriction sites use:
for cloning additional repeat-spacer pairs. Flanking the protospacer (highlighted in blue) is the protospacexdjaceni
motif (PAM, highlighted in green) required for DNA targeting. Point mutations within the establishedseed region c
the spacer® and the protospacer tested in B are shown. (B) Transformato e f f i c i-fesAptasn@ds cootdining
different mutations in the seed region of the spacer. Single, double, and triple mutations to the spacer sequenc
shown in yellow, orange, and red, respectively. The transformations were conducted in BW2511I3 (WT) or
BW25113T7m2576 (m2, 5, 708) each hardasgrandregher tp@asAE f+HcasABODE]
pCasA-E 6-ca6ABCDB. Figure S2.1lillustrates the general transformation procedure. The transformation efficienc
was calculated as the numbreof transformants for each tested plasmid divided by the number of transformants fc
the original pCRISPR plasmid for the same culture. Values represent the geometric mean and S.E.M. of tr

independent experiments.
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Each experiment yielded a few colonies that presumably escaped genome targeting.
These colonies may have escaped through (i) alteration to the target genenuc (gif
disruption of the expression/activity of the CRISPR RNAs or Cas proteffisTo initially
explore the basis of escape, we inoculated 22 colonies for storage and further analysis. Less
than half of the colonies (10/22) exhibited substantial growth after 13 hours in liquid culture
selecting for all three plasmids, suggesting that the rate of survival is overestimated. We first
sequenced the genonfisAlocus of the 10 viable colonies plus 4 additional colonies from a
previous experiment. Interestingly, the locus was unaltered itafiolates, unlike previous
examples of escape®. Turning our attention to the expression plasmids, we found that the
isolated plasmids conferred resistance to all three antibiotics when transformed into a plasmid
free strain, ruling out integration of the resistance cassette ink ttadi genome. Fially, we
sequenced the CRISPR locus on thitsA plasmid, which revealed varying deletions that
removed the-tsAspacer Figure S2.% In total, alterations to the CRISPR RNAs appear to

principally account for surviving colonies, at least within ourezipental setup.

We next evaluated the sequence specificity of CRIS@Bmediated removal. We
introduced different point -ftBAspaxdrfigure 82A)] nt o t |
where the seed region for the Typle CRISPRCas system ii&. cdi was previously identified
as the first through fifth, seventh, and eighth nucleotides flanking the PANPrior work
demonstrated that single point mutations withiis region of the spacer for Type | CRISPR
Cas systems disrupted immunity against bacteriophdgel®ewever, we found that pui

mut ations to the second (m2), fifth (m5), or
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ftsAspacer only marginally disrupted removiigure 2.B). Pairing point mutations (m2,5;
m2,7; m5,7) further disrupted removal, while only the combinatiail tfiree point mutations

(m2,5,7) fully disrupted removal.

To further probe the specificity of removal, we introduced compensatory mutations
within the nativeftsAg e n e ( KFgure32.% The matched pairing of the m2,5,7 spacer
and t he amPesuiedin a largetextent removal, albeit less than the pairing of the WT
spacer and the WT straiRigure 2.8). Separately, the mismatched pairing of the WT spacer
and the m2,5, 706 str ai kiguseX.B), dxdutirgdhe podgsiityof gi bl e

unintended targeting at other genomic loci.

2.2.2 Potent removal by targeting diverse locationshroughout the genome

Programming CRISPfas systems to remove individual strains would greatly benefit
from the ability to readily target any PARBNking sequence throughout a genome. Previous
examples of genome targeting successfully targeted different genes on both strands of the
genome 11192025 However, a comprehensive and quantitative investigation of genome
targeting has not been conducted. Toward this goaldesigned 10 additional spacers that
target different protospacers flanked by a PAM throughouEtheoli K-12 genomeKigure
2.3A). The corresponding protospacers covered a diverse range of locations, including the
positive and negative strands of thenome, template strands and +template strands of
genes, and within untranscribed regions. Furthermore, we targeted both essential-and non

essential genes because of their relative capacity to tolerate mutations or deletions. In all cases,
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the extent bremoval was statistically similar to that of the origititsA spacer(p-values
between 0.05 and 0.8Bigure 2.8B), suggesting that removal is based on chromosomal injury
rather than perturbing the natural function of the target locus. Furthermaine, atbsence of

the casABCDEoperon, each plasmid and the original pCRISPR plasmid yielded similar
transformation efficienciesF{gure S2.5. The PAM was an essential feature similar to
previous studie& 2925 as targeting aeparate site within tHesAgene lacking a PAM resulted

in negligible removalKigure 2.8). Based on these results, we conclude that potent removal
can be achieved by targeting diverse locations throughout the genome as long as a PAM is
present. Intergingly, the simultaneous targeting of multiple locaticasd(msbA ftsA nusB
exhibited similar extents of removal as targeting only one of the locafitsA$ (p-value =

0.48,Figure S2.7.
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Figure 2.3: Similar efficiencies whentargeting diverse locations throughout the genome. (A) Protospac
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Values represent the geometric mean and S.E.M. of three independent experiments.
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To explore the broad potential of our approach througive CRISPRCas systems
outside ofE. coli, we explored the impact of genome targeting in the grasitive bacterium
Streptococcus thermophilugn particular, we assessed genome targeting through the two
native Type Il CRISPRCas systems (CRISPR1, CREB previously shown to be active
under normal growth conditiorfs®®. The transformation efficiencies of plasmids encoding
CRISPR1 ad CRISPR3 RNAs targeting tha&cZ gene were near the limit of detection (%10
fold lower than that of the empty plasmidjigure S2.8, Table S2.). Therefore, potent

removal can be achieved through different native CRISRR systems.

2.2.3 Sequencespecificremoval of individual strains

The flexibility and sequence specificity of genome targeting opens the intriguing
possibility of using CRISPEas systems to specifically remove individual microbial species
and strains. To begin exploring this possibility, fm@eused on two substrainsef coli. E. coli
K-12 (BW25113T7) andE. coliB (BL21(DE3)) Figure 2.4\). Because the genomes of these
strains bear over 99% sequence homology and almost all cellular processes are #entical
selectively removing one of the aitns would be extremely difficult with antimicrobial agents
or defined growth conditions. However, the distinguishing sequences afford ample
opportunities to selectively target either strain with programmed CR{S®Rsystems. Using
in silico genomic analses, we identified one PAfflanking sequence unique E coliK-12
(within the fucP gene involved in the transport offucose), one PAMIanking sequence

unique toE. coli B (within the ogr gene encoded within the P2 prophage), and one PAM
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flanking sequece shared by both strains (within ip@L gene involved in protein folding).
We subsequently designed CRISPR spacers that recognizeaBakknt protospacers in each
gene and measured removal in pure cultures harboring pEasWl pCas3Figure S2.). As
expected, targetinigicPonly removed the KL2 strain, targetinggr only removed the B strain,

and targetingroL removed both straingigure 2.8).
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B E coliK-12 100%
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Figure 2.4: Sequencespecific removal of individual bacterial strains in pure cultures. (A) Estimated homologie
between the genomes dE. coli K-12 BW25113T7 (blue), E. coli B BL21(DE3) (green), andS. entericaSB300A#:
(purple), a derivative of strain LT2 %8 The reported homologies are based on prior comparisons betweEncoli K-12
and E. coli B * aswell as betweerE. coli K-12 andS. entericaL T2 3L (B) Transformation efficiencies for pCRISPF
plasmids encoding spacers targeting a PAManking protospacer within the specified gene. The assay was conduc
following the scheme depicted irFigure S2.1for all three strains. See A for an explanation of the colorig schem
depicting each transformed strain. See Figure 2B for an explanation of the transformation efficiency. Values repres

the geometric mean and S.E.M. dfree independent experiments.
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One potential application of programmable removal with CRIERR systems is
targeting pathogenic beia while sparing commensal bacteria. Toward this goal, we focused
onE. coliK-12 (BW25113T7), a derivative of commensBl colithat naturally inhabits the
human digestive tract, and @almonella enteric§SB300A#1, a derivative of LT2), a major
food pathogen. Both species are Graggative enterobacteria and share ~71% sequence
homology Figure 2.4\) L. Using genomic analyses, we designed CRISPR spacers targeting
a PAM-lanking sequence unique E coli (within the arpA gene involved in the regulation
of acetytCoA biosynthesis), a PAMlanking sequence ugue toS. entericgwithin themviM
gene encoding a putative virulence factor), and a shared-fiklking sequence (within the
groL gene). The resulting plasmids were transformed into pure cultures harboring-BCasA
and pCas3HKigure S2.)1. As expected argetingarpA only removecE. coli, targetingmviM

only removedS. entericaand targetingroL removed both straingigure 2.48).

2.2.4 Selective and titratable removal of indivdual strains in mixed cultures

We next proceeded from pure cultures to mixeducedt in order to evaluate the selective
removal of target strains. We repeated the transformation experimentsEwitoli B
(BL21(DE3)) andE. coliK-12 (Bw25113T7), only both strains were aultured and plated
on agar with Xgal and IPTG. Under theséfing conditions, BL21(DE3) yields blue colonies
whereas BW251137 yields white coloniesHigure S2.8 Similar to the experiments with
pure cultures, targeting the PAN&nking sequence within thegr gene selectively removed

BL21(DE3), targeting the PM-flanking sequence within tHeicP gene selectively removed
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Bw25113T7, and targeting with the original pCRISPR plasmid maintained both strains
(Figure 2.%\). Furthermore, in the absence of tbeasABCDEoperon, both strains were
maintained in similar rabis regardless of the transformed plasriidyre 2.3\). These results
demonstrate that CRISP®as systems can be employed for the selective removal of bacterial

strains in mixed cultures.
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Figure 2.5: Selective and titratable removal of individual baterial strains in mixed cultures. (A) Selective removz
of BW25113T7 and BL21(DE3) in mixed cultures. Equal numbers of BW2511-37 and BL21(DE3) cells harboring
pCas3 and either pCasAE (+casABCDBE or pCasA-E 6 -caSABCDB were mixed prior to preparation for
electroporation. Mixed cultures electroporated with the indicated pCRISPR plasmid were plated on LB agar containi
IPTG, X-gal, L-arabinose, IPTG, and antibiotics. Only BL21(DE3) possesses thecZ gene that yields blue colonie
(Figure S2.9. Plates ae representative of three independent experiments. (B) Titratable removal of BL21(DE3)
mixed cultures. Transformations were conducted similar to A, only cells were transformed with different ratios of tt
E. coli B-targeting plasmid (pCRISPR-ogr) and the nontargeting plasmid (pCRISPR) for a total of 100 ng. The rati
of blue-to-white colonies was normalized to the ratio of blug¢o-white colonies for the same culture transformed wit

the pCRISPR plasmid. Values represent the geometric mean and S.E.M.tofee independent experiments.
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The above mixedulture experiments utilized single plasmids tthei remove or
maintain individual strains. We hypothesized that transforming combinations of targeting and
nonttargeting plasmids could remove a portion of targeted cells, conferring control over the
composition of the population. To test this hypothests transformed different amounts of
the pCRISPR plasmid and the BL21(DH8j)geting plasmidtétal of 100 ng)and then
guantitated the ratio of blue and white colonies. Remarkably, the fraction of the BL21(DE3)
targeting plasmid strongly correlated wittetselective removal of BL21(DEJjigure 2.1).

The almost perfect linear correlation?(R 1.00) further suggests that almost all transformed
cells received a single plasmid that either removed or sustgineali B. We thus conclude
that CRISPRCas syeems can be reprogrammed to quantitatively modulate the composition
of a mixed population.

2.3 Discussion

We demonstrated the sequerspecific removal of individual strains using CRISERSs
systems. While the extent of removal was extremely high (>99.999¢etkftsA plasmid,
Figure 2.B), a fraction of the transformed cells consistently survived targeting. Sequencing
survivors revealed consistent loss of the gentangeting spacer in the transformed pCRISPR
plasmid Figure S2.4, likely through recombinationdiween the identical repeats. This insight
is consistent with a recent study showing loss or inactivation of CRISPR elements under
evolutionary pressuré®. This insight also suggests one potential countermeasure against

surviving colonies: reducing the number of repeats within the CRISPR array. The array could
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even be reduced to a single reps@édcer, paralleling the engineering of singlede RNAs
for use with Cas$2 Other potential strategies incluégpressing multiple CRISRRas
systems or eliminating CRISP&coding plasmids that underwent recombination. Targeting
multiple sites at one time did not appear to be an effective strdtegyd¢ S2.7, perceivably

due to rearrangement of the CRISBRCaling plasmid Figure S2.4

We also demonstrated that potent removal could be achieved using Type | and Type Il
CRISPRCas systems. An interesting distinction between these systems is that Type | systems
cleave and degr ade DRN®A5 & herxoounguhc It ehaes ea,c t whoenr eod ¢
only cleave DNA®. The additional effect of DNA degradation by Type | systems may further
improve the potency of genome targgtiby preventing DNA repair, although a direct
comparison between Type | and Type |l systems would be needed to directly evaluate this

potential contribution.

We found that multiple mismatches within the seed region were required to fully
disrupt targetindoy the Type {E system fromE. coli (Figure 2.3. This may explain the
absence of mutations within the protospacer of surviving coloRigsrge S2.4 Separately,
the number of required mismatches contrasts with the single mismatches that disrupted
immurity to the M13 bacteriophadeThis discrepancy is intriguing considering that the same
Casencoding plasmids were used iresle studies. We speculate that fundamental differences

may exist when targeting genomic DNA or invader DNA that underlie the relative capacity of
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the seed region to accommodate mismatches. Such differences may help explain emerging

reports of elevated othrget effects associated with genome editthy.

Delivery arguably poses the most immediate challenge to the downstream use of
CRISPRCas systems for the selective and t#tbd¢ removal of microorganisms. However,
opportunities in nanoparticle development and the engineering of bacteriophages present
potential solutions. Nanoparticles have been used to deliver nucleic acids to B&diatia
little subsequent work has been done; the delivery of CRISPR RNAs may provide the impetus
to further investigate nanoparticles as delivery vehicles to microorganisms. Separately,
bacteriophages have been widelydug® heterologous protein expression, gene delivery, and
the treatment of bacterial infectiof%*°. Lysogenic bacteriophages or phagemids with broad
host ranges would be particularly beneficial for the delivery of CRiSB&encoding
constructs*'43, While silver nanoparticles and lytic bacteriophages atsad be used to
remove bacterid**> they lack the specificity or the programmability offered by genrome
targeting CRISPRCas systems and cannot be easily doseduantitatively control the

composition of a microbial consortia.

Once delivery challenges are overcome, we foresee CRCEBRsystems being
exploited to control bacterial populations in diverse ecological niches and scientific fields. In
biotechnology, CRISPRCas systems could be used to selectively clear contaminating
microorganisms or to quantitatively control the composition of microbial consortia in industrial

processes or in environmental samples. In medicine, CRG#3Rsystems could be used to
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cort r ol the composition of the gut flora or
transmitted modes of antibiotic resistance and distinguish between beneficial and pathogenic
bacteria. For applications that require the removal of more than ong stiatiple spacers

could be encoded in a single CRISPR array that target shared or unique sequences. The arrays
could also be combined with a complete setasigenes to instigate removal of strains lacking
functional CRISPRCas systemg®4¢ Because of the sequence specificity of targeting,
CRISPRCas systems could be used to distinguish strains separated by only a few base pairs.
The use of CRISPRassystems would require detailed knowledge of the genomic sequences
of the bacterial population, although the dwindling cost and increasing speed of high
throughput sequencing along with powerful metagenomics tools would alleviate this
challenge. Overall, CBPRCas systems offer a unique opportunity for the selective and
titratable removal of microorganisms for industrial and medical purposes that can be added to

the everexpanding applications of this versatile immune systeih?347:48
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2.4 Materials and methods

2.4.1 Strains and plasmid construction

SeeTable S2.%or a list of all strains used in this wotl. coliK-12 strain BW251137
was generated by transferrireyaB:: T7-RNAptetA from 1Y5163 to BW25113 byP1
transduction. Successful transduction was verified by PCR. BW2ZbI13n2 , biguitd (
2.2A) was generated using three rounds of oligonucleatiddiated recombination with ftsA
m257-spacer.recomb and the pKD46 plasmid encodingpthel recombination gaees*®-°>°
The oligonucleotide contained two phosphorothioate linkages at each end to improve the
recombination efficiency’’®2 Successful recombinants were verifiegd BCR and by

sequencing.

SeeTable S2.2or a list of all plasmids used in this work. The origins of replication for
the pCas3, pCask, and pCRISPR plasmids used wih coli and S. entericabelong to
different incompatibility group$>2 To generate the pCagAplasmid lacking theasABCDE
operon (pCasA 6 ) , -ipwvaadigasted with Ncol/Notl, blueinded using Pfu polymerase,

and ligaed.

To generate the pCRISPR plasmid, the pBAD18 plasfihs linearized with Xbal
and amplified by PCR using primers pBAD18.fwd/pBAD18.rev. A chemiesflythesized
gBl oc k E (theDifisertedvdownstream of theaR promoter by Gibson assemistyy

The gBlock encoded fouepeats and three intervening spacers from the endogenous CRISPR
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locus inE. coliMG1655 Table S2.2 where the first spacer was modified to include a Kpnl
restriction site and an Xhol restriction site. These restriction sites allow the sequenti@rinsert
of engineered repeapacer pairsHigure S2.2 Each pair was chemically synthesized as two
oligonucleotides (IDT), phosphorylated with polynucleotide kinase, annealed, and ligated into

the pCRISPR plasmid digested with Kpnl and Xhol.

The pBAD18-asd,nsbA,ftsA,nusBplasmid was constructed in a similar manner to the
pPpCRISPR plasmid, wherein a chemicalyy nt hesi zed gBl ock E (1'DT
downstream of thedgp promoter of the linearized pBAD18 plasmid by Gibson assefibly
The gBlock encoded the first repeggtacer sequence from the endogerbusoli CRISPR
locus, followed by five repeatnd four intervening spacers targeting four different locations

in E. coliBw25113 &sd msbA ftsA nusB (Table S2.2

To generate pORI2& with engineered spacers, pORI28 and each insert generated
through PCR assdnty were digested with BamHI and Sacl and ligated together. To generate
the insert encoding the lacZ1 spacer, temgdiae PCR was conducted with €cZ1.fwd/C1
lacZl.rev, followed by using the resulting product in a subsequent PCR wih C1
BamHI.fwd/C1C3Sacl.rev. To generate the inserts encoding the lacZ2 and lacZ3 spacers, first
the CRISPR3 leader region was amplified by PCR from E®MBenomic DNA with C3
leader.fwd/C3eader.rev. Next, the resulting product was used as the template in a subsequent
PCR with C3leader.fwd/C3acz2.rev or C3deader.fwd/C3aczZ3.rev. Finally, each PCR

product was used as template in a final round of PCR witle@$er.fwd/C1C35acl.rev. All
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oligonucleotides and enzymes were purchased from IDT and NEB, respectively. &lil clon

plasmds were verified by sequencing.

2.4.2 Growth conditions

All E. coliand Salmonella strains were cultured in LB medium (10 g/L tryptone, 5 g/L
yeast extract, 10 g/L sodium chloride) at@7and 250 rpm with appropriate antibiotics. The
same strains werplated on LB agar (LB media with 1.5% agar) supplemented with
appropriate inducers and incubated &t@7S. thermophilu$MD -9 was cultured in Elliker
broth (Elliker medium (Difco) supplemented with 1% beef extract) and plated on Elliker agar
(Elliker broth with 1.5% agar)®. Both culturing and plating of LM was conducted at 32.
Antibiotics were administered at the following final concentrations:.ggthl streptomycin, 50
eg/ml kanamycin, 5@ g/ml ampicillin, 2eg/ml chloramphenicol, and &/ml erythromycin.
Inducers were administered at the following final concentrationsnM1PTG and 0.02% L

arabinose.

2.4.3 Design of native CRISPR RNAs

An overview ofthe approach to design and insert spacer sequences into the CRISPR array
within the pCRISPR plasmid is shown Kigure S2.2 The spacers were designed by
identifying one of the known PAMs for the Typ&ICRISPRCas system ift. coli (AAG,

GAG, GAG, ATG).The downstream 32 nucleotides were then used as the spacer within the

engineered repegpacer pair. Note that the last two nucleotides of the spacer are fixed as TC
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because of the adopted cloning stratdggyre S2.2. However, these nucleotides fall Nve

outside of the seed region and therefore are expected to have a negligible effect on targeting.

The spacers fo6. thermophilusvere designed by identifying a known PAM for
CRISPR1 NNAGAAW) or for CRISPR3NGGNG) 1°. The sequence of the 31 nucleotides
upstream of each PAM was integrated into oligonucleotides that were used to generate a leader
region followed by a single repespaceirepeat that was subsequently cloned into pORI28.

This construct relies on pecessing through the native tracrRNA and RNase I

2.4.4 Transformation assay

Freezer stocks d&. coliand Salmonella strains harboring pCas3 and p&agdt pCasA
E6) were streaked to isolation on LB agar.
media and shaken overnight at°’@7 The cultures then were badKuted into 25 ml of LB
media and grown to an AB& of 0.6 1 0.8 that was measured on a Nanodrop 2000c
spectrophotometer (Thermo Scientific). The cells were then pelleted and washed-watla ice
10% glycerol two times before being resuspended in118380 €l of 10% glycerol. The
resuspended cells (80 were transformed with 50 ng of pCRISPR or pCRISPR encoding the
indicated spacer using a MicroPulser Electroporator (BioRad) and recov&@@kinof SOC
media (Quality Biological) for 1 houE( coli) or for 2 hours (Salmonella). After the recovery
period, 200! of different dilutions of the cells were plated on LB agar with inducers. The
transformation efficiency was calculated by dividihg number of transformants for the tested

plasmid by the number of transformants for the original pCRISPR plasmid. To normalize for
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experimental variability in transformation efficiency, the same batch of cells prepared for

electroporation were transfoed with each tested plasmid and the original pCRISPR plasmid.

TheS. thermophilustrain LMD-9 harboring pTRK669 was grown in 50 ml of Elliker
broth and prepared for electroporation as described previously, which concentrated the culture
100-fold °’. The resusended cells (561) were transformed with &g of the pORI28 control
plasmid or pORI28 containing the indicated spacer. Transformed cells were recovered in 950
el of Elliker broth overnight and pl atsed on
in a Coy anaerobic chamber with a gas mixture of 10% hydrogen, 5% carbon dioxide, and 85%
nitrogen before the number of colonies were countdek transformation efficiency was
calculated by dividing the number of transformants for the tested plasntite byumber of

transformants for the pORI28 control plasmid.

The average limit of detection of the killing assay, calculated as 1/(# transformants for
the control plasmid) was 7 x I0or E. coli, 4 x 10’ for Salmonella, and 2 x TOfor S.
thermophilus The high transformation efficiency for Salmonella was achieved by purifying

the pCRISPR plasmids, pCas3 plasmid, and pcaghasnid individually from SB300A#1.

2.4.5 Mixed culture transformation assay

The transformation assay for mixed cultures resemblefathtite pure culture with a few
notable differences. CulturesBf coliK-12 andE. coliB strains harboring pCas3 and pCasA
E(orpCasAEG6) wer e gr 0 Wwnss®8madrthert egualynuntbers oAcBIIS were

mixed from the backlilutions prior topreparing the culture for electroporation. An aliquot of
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the resuspended cell mixture (BI) was then transformed with pCRISPR plasmid, pCRISPR
encoding the indicated spacer, or a defined mixture of both plasmids for a total of 100 ng. The
transformed céd were recovered in 30f) of SOC media for 90 minutes. After the recovery
period, 200¢| of different dilutions of the cells were plated on LB agar with inducers and
appropriate antibiotics. The ratio of blug. (coli B) to white €. coli K-12) colonieson the
sample plate was divided by the same ratio on the pCRISPR plate, yielding the normalized
ratio. To normalize for experimental variability in transformation efficiency, the same batch of
cell mixture prepared for electroporation were transformed @atth tested plasmid mixture

and the pCRISPR control plasmid.

2.4.6 Analysis of escape mutants

Colonies from the transformation assay withlifesAplasmid (pCB304) were inoculated
into 5 ml of LB media with appropriate antibiotics and inducers. Growth was assessed based
on ABSsoo after 13.5 hours of growth. Cultures exhibiting measurable growth {B®.01)
were stored as glycerol stocksagmids were then isolated from each escape mutant and equal
amounts of DNA were resolved by agarose gel electrophoresis. Each isolated set of plasmids
were also transformed inte. coli K-12 and plated on LB agar containing one of the three
antibiotics. Fnally, the plasmids mixture from each escape mutant was sequenced using
primers that specifically bind within thesk» promoter or the double terminator of tbdtsA

plasmid. To analyze the protospacers, approximately 400 base pairs surrounding the
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protospacer within thé&sA gene of the escape mutant was P&Rplified and subjected to

sequencing.

2.4.7 Statistical analyses

All p-values were calculated using the &tud t -fest assuming legormal distributions,
two tails, and unequal variances.
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2.7 Supplementary material
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Figure S2.1: Quantitating the removal capacity of genomeargeting CRISPR spacers. Agenomic sequence is
inserted within the native CRISPR array of E. coli K-12 in the pCRISPR plasmid Figure S2.) and transformed into
BW25113T7 cells harboring the two casexpressing plasmids. The transformation efficiency is then assessed on plates
containing IPTG, L-arabinose, and antibiotics that select for all three plasmids. Although this scheme uses three

plasmids, more compact setups are possible (see Discussion).
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Figure S22: Design and insertion of spacer sequences into the pCRISPR plasmiithe protospacer is selected as
the 32 nucleotides immediately downstream of a protospacedjacent motif, or PAM (AAG, AGG, GAG, ATG for E.
coli K-12). The sequence and selected spacer within tfieA gene used irFigure 2.1 is shown at the top. The firs 30
base pairs of the protospacer are integrated into two chemically synthesized oligonucleotides. The last two nucleotides
of the spacer (outlined in blue) are fixed because they are part of the Xhol overhang. The overhangs of the annealed

oligonucleotides allow insertion into the pCRISPR plasmid digested with Kpnl and Xhol. Insertion recreates the Kpnl

and

sequential insertion of an unlimied number of new repeatspacer pairs into the CRISPR array as long as the 30th

nucleotide in each spacer is not a C. The base CRISPR array is contained within the gBlock showiSupplementary

Table S4

Xhol

PAM Protospacer

i 5 -GGT TGAAGTAGAAAARCGTGTTACAGCATCAGTTGGCT- 3
Genomic sequence 3, -CCAiACTTCnTCT']'I‘TTG-CAEABTGTCGTAGTCAACCGA- 5

Kpnl Xhol ¢ Xho!'

5 CACCTCGAGTTCCCCGCGCCAGCGG ARCCGCT ARAAC AG 37
3’ CATGGTGGAGCTCARGGGGCGCGGTCGCCCCTATTTGGCGACTTCATCTTTTTGCACARTGTCGTAGTCAGCT 5 ¢

Repeat Spacer

0 ®

pCRISPR

sites at the 56 end and destroys
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Figure S2.3: Removal of bacteria through the native Cas proteins. A) Removal ofEscherichiacoli through the
native Type I-E system. The wild type (WT, BW25113) andinsd e | e t ing 3WI1RAD2) strain of E. coli was

transformed with the pCRits8@RSPR $paceristiown irEigure 2.2Ai Tragsfotmbdecell§)
were plated on LB agar supplemented with Larabinose and ampicillin. Sedrigure 2.2B for an explanation of the
transformation efficiency. Values represent the geometric mean and S.E.M. of three independent experimenB) (
Removal ofStreptococcus thermophiluirough the native Type Il systems. The two systems are termed CRISPR1 and
CRISPR3 with distinct repeat sequences, Cas proteins, and PAMs. Strain LMB harboring the pTRK669 plasmid
was transformed with the pORI28 plasmid encodig a spacer targeting a PAMassociated protospacerwithin the lacZ
gene STER_1366; protein ID ABJ66539.). SeeFigure 2.2B for an explanation of the transformation efficiency, only
the original pORI28 plasmid served as the control plasmid. The gray backgund indicates the limit of detection of the
transformation assay, reflecting generally poor transformation efficiency in this bacterium. Values represent the
arithmetic mean and S.E.M. of five independent experiments. The arithmetic mean and S.E.M. wermployed because

many of the experiments resulted in zero colonies.
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Figure S24:Anal ysi s of mutant s t hftsAplasnidc (A)fPlasnid DeAnsolatedifronblyd t h e

Ce

escape mutants was resolved by agarose gel electrophoresis along with aAD&tder (M), each of the three plasmids

(pCas3, pCasAE, pCRISPR), and the three plasmids isolated from the same straiB) Depiction of sequencing results

of the CRI SPR-ftdAplasmis. Rédnlines designaie deletions. NR: no read from sequengi starting

upstream and downstream of the CRISPR locus, suggestive of the absence of the entire locus. These mutants also

showed much smaller DNA products than where pCRISPR should beiffy, suggesting | ar gftsA del et i ol

plasmid.
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Pro GIn Ala Glu Val Glu Lys Arg Val Thr Ala Ser Val Gly
T —Tr T T T T T T T T

T T >

ftsA (WT) 57 -GGTGAAGCTGAAGTAGAAAAACGTGTTACAGCATCAGTTGGCT- 37
3’ -CCACTTCGACTTCATCTTTTTGCACAATGTCGTAGTCAACCGA- 57

ftsA (m257°) 57 -CCACAAGCCGAGGCAGAAAAACGTGTTACAGCATCAGTTGGCT- 37
3’ -GGTGTTCGGCTCCGTCTTTTTGCACAATGTCGTAGTCAACCGA- 57

Pro Gin Ala Glu Ala Glu Lys Arg Val Thr Ala Ser Val Gly g

Figure S2.5: Compensatory mutations within theftsA coding region. The three mutations (m2, m5, m7) were
selected to minimize changes to the amino acid sequence of FtsA. The first two mutations (m2, m5) are silent whereas
the third mutation (m7) changes a valindo an alanine. Numbers above each amino acid designate the location within

the coding region offtsA. The short black bar above the wild type (WT) sequence designates the seed region.

BW25113-T7 BL21(DE3)

Figure S2.6: BW25113T7 and BL21(DE3) can be readily distinguished o LB agar with X-gal and IPTG. The
lacZ gene in BW25113T7 and BL21(DE3) is disrupted and intact, respectively. As a result, BW2511B7 colonies

remain white whereas BL21(DE3) colonies turn blue on LB agar supplemented with LB agar and-&al.
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Table S21: Protospacer sequences

ftsA i T  AAGTGAAGTAGAAAAACGTGTTACAGCATCAG  BW25113T7
ftsA i T  AAGOCGAGGCAGAAAAACGTGTTACAGCATCAG ~ BW25113
mut2,5,7 ' - - - T7m2576
ftsA + N  AAGATGTGACTCTTTCCCATAGTGAAGCAATCC  BW25113T7
ftsA i T  GCTGAAGTAGAAAAACGTGTTACAGCATCAGTT  BW25113T7
fucP i N ATGACCGCGAAGCAGAGTGCGGGGATCAGTTCA BW25113T7
fucP + T  ATGTCGATTCAGTACCCAACAATCTTCTCGCTG  BW25113T7
phoH i T  AAGATGAAATGGTTGGGATCGTCCGGTTCGGTA BW25113T7
arpA + T AAGGTGTCTGAGCGTTGAGGTAAAATTTCCAT  BW25113T7
asd + T AAGCGGATGGCAAGGTTACTGGATTGACGCTCG BW25113T7
nusB i T  AAGGGAAACGAAACGCTTTGATAAAGTCAGCA BW25113T7
msbA i T  AAGTGGAAACGAAACGCTTTGATAAAGTCAGCAAC BW25113T7
BW25113T7,
groL i T  AAGACGTAAATTCGGTAACGACGCTCGTGTGA  BL21(D3),
SB300#A1
Pentc i U AAGGGAGAGGGGGCAGAACGGCGCAGGACATCA BW25113T7
Popsr i U AAGACTGATCCCAGCGTTGCGCAAATCTGCTCT BW25113T7
P2ogr i, T AAGGCCGCCCATACTCGCAGCAGTTTTCAGGT BL21(D3)
mviM i T  AAGAGCGCGGGCAGGETBTCATCAAACCCA SB300#A1
lacz(1) i,N  ATTAAGAGATTGTCTTAACTTCATCTCCUCAGAAA LMD-9

lacZ (2) + T AGTATTTTGAATCTCTTGAAGAATTTTCRGAGG LMD-9
lacZ (3) + T TACAGCAAGCTGGTTGGAAGACCAAGATITAG LMD-9

& Characteristics of the target strand, which is cemgntary to the spacer, are designated: +,
positive strand of genomé; negative strand of genome; T, template strand of gene; N, non
template strand of gene; U, untranscribed region.

®PAMSs are in bold red lettering. Neecognized PAMs are in bold blatdttering. CRISPR
spacers were designed to match the protospacer sequence.
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Table S22: Strains, plasmids, and oligonucleotides used in this work

Escherichia colK12 P DE(araDaraB)567

BW25113 lacz4787(del)(::rrnB3) LAM' rph-1 CGSC #7636 pCB294
DE(rhaDrhaB)568 hsdR514

BW25113T7 Bw25113araB::T7-RNARtetA This study pCB295

BW25113 Bw25113T7 ftsAg.1185T>C; g.1188A>G; .

T7m2, 5,  g1190T>C] This study pCB296

JW12252 Escherichia colK-12 ph #746::karf CGSC#:9111 pCB297
Escherichia colB F ompT gal dcm lon

BL21(D3) hsds(rems) o ( DE3 [-T7agene 1 | Kelly group pCB298

ind1 sam?7 nin5])

Downs group

SB300#A1 Salmonella Typhimirium araB:: FRNARtetA (54) pCB299
. A 1 H
IYB5163 B W25 1 hn3arag:T7-RNAptetAa-c | -8 ! Qimron group pCB300
kar® (20)
LMD-9 Streptococcus thermophillaD -9 Klaenhammer NCK1125
group(52)

a8 CGSC: Coli genetic stock centdattfp://cgsc.biology.yale.edu
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Table S2.2 Continued

pRSF1b vector withcas3

pCas3 ; Kanamycin Qimron group  KCB301
Insert (PWUR397)(19)
pCDF1b vector with . Qimron group
pCasAE casABCDAEnsert Streptomycin - \wuRr4oo)(19) PCB302
pCasAE 6 gfcai‘:gf with casABCDE Streptomycin This study pCB339
pBAD18 vector with - .
pCRISPR CRISPR array insert Ampicillin This study pCB303
pCRISPR targeting templat
pPCRISPRitsA-T strand offtsAin E. coliK-  Ampicillin This study pCB30%4
12
pCRISPR targeting nen
pPCRISPRftsA-N template strand dfsAin E. Ampicillin This study pCB305
coli K-12
_ pCRISPR targeting
ﬁOCEL?APRﬂSA sequence lacking a PAM  Ampicillin This study pCB306
within ftsAin E. coliK-12
CRISPR pCRISPRftsA with a point
fP[sAmutZ mutation in location 2 of theAmpicillin This study pCB307
seed region
CRISPR pCRISPRftsA with a point
?tsAmutS mutation in location 5 of theAmpicillin This study pCB308
seed region
CRISPR pCRISPRftsA with a point
?tsAmut? mutationin location 7 of the Ampicillin This study pCB309
seed region
CRISPR PCRISPRftsA with two
?tsAmutZ 7 point mutations in locationsAmpicillin This study pCB310

2 and 7 of the seed region
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Table S2.2 Continued

CRISPR pCRISPRftsA with two
fF;sAmutZ 5 point mutations in locationsAmpicillin This study pCB311
' 2 and 5 of the seed region

CRISPR PCRISPRftsA with two . _
f?[sAmutSJ point mutations in locationsAMpicillin This study pCB312
5 and 7 of the seed region

PCRISPRftsA with three
CRISPR oint mutations in locations - .
f?[sAmutZ 57 FZ) 5, and 7 of the seed Ampicillin This study pCB313
region

pCRISPR targeting templat
pPCRISPRfucP-T strand offucPin E. coliK- Ampicillin This study pCB314
12

pCRISPR targeting nen
pCRISPRfucP-N template strand dficPin E. Ampicillin This study pCB315
coli K-12

pCRISPR targeting nen
pCRISPRphoH template strand gdhoHin  Ampicillin This study pCB316
E. coliK-12

pCRISPR targeting nen
pCRISPRarpA templatestrand ofarpAin  Ampicillin This study pCB317
E. coliK-12

pCRISPR targeting nen
pCRISPRasd template strand adisdin E.  Ampicillin This study pCB318
coli K-12

pCRISPR targeting nen
pCRISPRnusB template strand afusBin  Ampicillin This study pCB319
E. coliK-12

pCRISPR targeting nen
pCRISPRgroL  template strand ajroLin ~ Ampicillin This study pCB320
E. coliK-12 andS. enterica

pCRISPR targeting
pPCRISPRPentC promoter region oéntC Ampicillin This study pCB321
gene inE. coliK-12
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Table S2.2 @ntinued

PCRISPRPppsR

pCRISPRP20gr

pCRISPRmMviM

pBAD18
asd,msbA,
ftsA,nusB

pTRK669

pORI28

pORI28lacZ1

pORI28lacZ2

pORI28lacZ3

pCRISPR targeting
promoter region oppsR
gene inE. coliK-12

Ampicillin

pCRISPR targeting nen
template strand afgr
within the P2 prophage i&.
coliB

Ampicillin

pCRISPR targeting nen
template strand afiviMin
S. enterica

pBAD18 vector with
fi4Target so

Ampicillin

a Ampicillin

Helper plasmid for
replication of pORI28

Nonrreplicative broad host
range plasmid

pORI28 targetingacZ gene

Erythromycin

through CRISPRL Erythromycin
pORI28 targetingacZin S.
thermophilughrough Erythromycin
CRISPR3

pORI28 targetingacZin S.
thermophilughrough Erythromycin

CRISPR3

Chloramphenicol

This study

This study

This study

This study

Klaenhammer
group(51)

Klaenhammer
group(51)
This study

This study

This study

pCB322

pCB323

pCB324

pCB325

NCK1391

NCK1609
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Table S2.2Continued

CTACTGTTTCTCCATGTGGGTTGTTTTTATGGGAAAAAATGCTTTAAGA
RISPR aBlock TGTATACTTTTAGBAGTTCCCCGCGCCAGCGGGGATARATTGGCAGAC
CRISPR gBlock 5cGcGGCGaBTACAOCTABAGTCCCCGCGCCAGCGGGGATAABSGG
CGAAGCCAAAGGTGATGCCGAACAGBRENTCCCCGCGCCAGCGGGGAT
CCGGCTCCUGTCGGTTGTAATTGATAATGTBASTTCCCCCGCCTCTG!
GTAGAACTCOMGCTCCCATTTTCAAACCCAGGCTGTTTTGGCGGA

ACCTGACGCTTTTTATCGCAACTCTCTACTGTTTCTCCATGTGGGTTGT
TGGGAAAAAATGCTTTAAGAACAAATGTATACTTTBAGATCCCCGCGC(
GCGGGGATAAACTIEGATTCAGTACCCAACAATCTTGDT GGGAGTTCCC
CGCGCCAGCGGGGATAARIIITATGGCAAGGTTACTGGATTGACGC

ATargets gBlock AGTTCCCCGCGCCAGCGGECATAARTIARAACGAAACGCTTTGATAAAC
AGCAAGAGTTCCCCGCGCCAGCGGGGATARAGBABGTAGAAAAACGTC
TACAGCATCAGTIAGTTCCCCGCGCCAGCGGGGATARARCGECAACGGH
GTACTCGATAAAGCAGCERGTTCCCCGCCTCTGCGGTAGAAC PGIIT
CCCATTTTCAAACCCAGGCTGTTTTGGCGGATGAGAGAAGATTTTCAG
AC

pBAD18.fwd CCATTTTCAAACCCAGGCTGTTTTGGCGGATGAG
pBAD18.rev ATAAAAACAACCCACATGGAGAAACAGTAGAGAGTTGCG

ftsA-T- CACCTGGAQ TCCCCGCGCCAGCGGGGATAABTDGAAGTAGAAAAACATC
spacer.fwd TACAGCATCAG

AT TCGACTGATGCTGTAACACGTTTTTCTACTUGRI TTATCCCCGCTGGC
SA-1-Spacer.eV GG ABTEGAG TGGTAC

ftsA-N- CACCTGGAQ TCCCCGCGCCAGCGGGGATAAATGETBSACTCTTTCCCATA
spacer.fwd TGAAGCAATCC

(AN TCGAGGATTGCTTCACTATGGGAAAGAG TR TATCCGECTCGCG(
SA-N-SPacer.reVe G ABTCGAG TGGTAC

ftsA-noPAM- CACCT@GAQ TCCCCGCGCCAGCGGGGATAABBAGTAGAAAAACGTGTT
spacer.fwd CAGCATCAGTT

ftsA-noPAM- TCGAAACTGATGCTGTAACACGTTTTTCTACGIETTTATCCCCGCTGGC
spacer.rev GGGGABTGGAGTGGTAC

ftsA-m2- CACCTASAG@TCCCCGCGCCABGGGGATAAACCCGGAAGTAGAAAAACGT(
spacer.fwd TACAGCATCAG

ftsA-m2- TCGACTGATGCTGTAACACGTTTTTCTACTBG&EI TTATCCCCGCTGGC
spacer.rev GGGGABTGGAGTGGTAC
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Table S2.2 Continued.

ftsA-m5-
spacer.fwd

ftsA-m5-
spacer.rev

ftsA-m7-
spacer.fwd

ftsA-m7-
spacer.rev

ftsA-m25-
spacer.fwd

ftsA-m25-
spacer.rev

ftsA-m27-
spacer.fwd

ftsA-m27-
spacer.rev

ftsA-m57-
spacer.fwd

ftsA-m57-
spacer.rev

ftsA-m257
spacer.fwd

ftsA-m257-
spacer.rev

ftsA-

m257.recomb

fucP-T-
spacer.fwd

CACTGAATCCCCGCGCCAGCGGGCGATAABTGACGTAGAACGTGT
TACAGCATCAG

TCGACTGATGCTGTAACACGTTTTTCTACCEGEITTATCCCCGCTGGC
GGGGABTGGAGTGGTAC

CACTGAG@ TCCCCGCGCCAGCGGGGATAABTUGAAGCAGAAAAACGT(
TACAGCATCAG

TCGACTGATGCTGTAACACGTTTTTCTGCTCGEI TATCCCCGCTGGCC
GGGGABTGGAGTGGTAC

CACTGAG@ TCCCCGCGCCAGCGGGGATAABCGABGGTAGAAAAACGT!
TACAGCATCAG

TCGACTGATGCTGTAACACGTTTTTCTACCECGGGTTATCCCCGCTGGC
GGGGABTGGAGTGGTAC

CACT@GAQTCCCCGGCCAGCGGGGATAAACCGAAGCAGAAAAACGTH
TACAGCATCAG

TCGACTGATGCTGTAACACGTTTTTCTGCTCGGGTTATCCCCGCTGGC
GGGGABTCCAGTGGTAC

CACTGGAAQTCCCCGCGCCAGCGGGGATAACTEAGGCAGAAAAACGT(
TACAGCATCAG

TCRACTGATGCTGTAACACGTTTTTCTGCEIGGTTTATCCCCGCTGGC
GGGGABTCCAGTGGTAC

CACTGAA TCCCCGCGCCAGCGGGGATAABCGEGGCAGAAAAACGT
TACAGCATCAG

TCGACTGATGCTGTAACACGTTTTTCTGCCEGGETTATCCCCGCTGGC
GGGGABTGGAGTGGTAC

CGCTTGATCCACGAGCCAACTGATGCTGTAACACGTTTTTCTGCCTCG
CCGTTAAGATGTGACTCTTTCCCATAGTGAAGCAAT

CACT@GAA@TCCCCGCGCCAGCGGGGATAAACCGCGAAGCAGAGTGC
GGATCAGTTCA

TCGATGAACTGATCCCCGCACTCTGCTTCEGEITTATCCCGCTGGCG!

fucP-T-spacer.reVe s s s AR TG AG TGGTAC

fucP-N-
spacer.fwd

fucP-N-
spacer.rev

CACTGAG@ TCCCCGCGCCAGCGGGGATAANDGAST TCAGTACCCAACA
TCTTCTCGCTG

TCGACAGCGAGAAGATTGTTGGGTACTGARBIEHATATCCCCGCTGGC
GGGGABTCCAGTGGTAC
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Table S2.2 Continued.

Hor cyq CACTGBAG TCCCCECGCCAGCCGEEATAAATERAATGGTTGGGATCC
PROFrSpacer.wd ccGeTTCGGTA

Hokt TCGATACCGAACCGGACGATCCCAACCATCRBMTTATCCCCGCTGGC
PROFFSPACET.TeV 5aEEABTCGAGTGGTAC

CACTAGA@ TCCCCGCGCCAGCGGGGATAAAGTGTICTGAGCGTTGAG!
arpA-spacer.fwd AAAATTTCAT

oA ey TCGAATGGAAATTTTACCTCAACGCTCAGACGBGTTTATCCCCGCTGGC
arpA-Spacer.reV. e ABTGAGTGGTAC

4 g CACTEBAGTCCCCECECCAGCEEEGATAABGGETGGCAAGGTTACT!
asaspacer. ATTGACGCTCG

4 TCGACGAGCGTCAATCCAGTAACCTTGCCARER TATCCCCGCTGGC
asaspacer.rev  ceGEABTGAGGTGGTAC

5 iyq CACTABAGTCCCCECECCAGCEEEEATAARTITE CAACGGCGTACTC
nusEspacer.wd: araaaccacea

5 TCGATGCTGCTTTATCGAGTACGCCGTTGAUGAR TATCCCCGCTGGC
NUSESpacer.reV seeeABTIGAGTGGTAC

] cvq CACTQEAGTCCCCECECCAGCEEGGATARACGTAAAATTCGGTAACE
groL-spacer.wd  o;cTCcGTGTGA

. TCGATCACACGAGCGTCGTTACCGAATTTTAGGTTTATCCCCGCTGGC
grolL-spacer.rev saGEABTGAGTGGTAC

CACTGAG@ TCCCCGCGCCAGCGGGGATAABGEGAGGGGGCAGAAC(C
GCAGGACATCA

PentG TCGATGATGTCCTGCGCCGTTCTGCCCCCOGRII TATCCCCCCTGRT
enti-Spacer.réV s ABTEGAGTGGTAC

PppsR CACCTGGAQ TCCCCGCGCCAGCGGGGATAAACTEATCCCAGCGTTGCH!
spacer.fwd AAATCTGCTCT

N TCGABAGCAGATTTGCGCAACGCTGGGATEBGTTTATCCCCGCTGEC
PPSRSpacer.reV g ABTACAG TGGTAC

CACTGAG@ TCCCCGCGCCAGCGGGGATAANGCGGCCATACTCGCAG
AGTTTTCAGGT

oo TCGAACCTGAAAACTGCTGCGAGTATGGGCGGTATATCCCCGCTGGC
OQgFSpacer.reV saaEEABTIGAG TGGTAC

iM fwd CACT@GAATCCCCGCGCCAGCGGGGATAAAGCGCGGGCAGGGTATT
mviivi-spacer. CATCAAACCCA

PentGspacer.fwd

P2ogrspacer.fwd
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Table S2.2 Continued.

TCGATGGGTTTGATGAGAATACCCTGCCC@EGE&ITTATCCCCGCTGGC

MVIM-Spacer.rev gaaeABTEGAGTGGTAC

Cl-lacz1.fwd

Cl-lacZl.rev

C3-lacz2.rev

C3-lacZ3.rev

C3-leader.fwd
C3-leader.rev
C1-BamHl.fwd
C1C3Sacl.rev

asdspacer.rev

nusBspacer.fwd

CAAGAACAGTTATTGATTTTATAATCACTATGTGGGTATGAAAATCTCA,
CATTTGAGTTTTTGTACTCTCAAGATTTAAGTAACTGTAGAABAGAGAT
TGTCTTAACTT

AGCGGATAACAATTTOBCTAACAGTTACTTAAATCTTGAGAGTACAAA/
AGGGGAGATGAAGTTAAGACAATCTCTTAATGT

AGCGGATAACAATTTOABTCTTTGGAACCATTCGAAACAACACAGCTCTAA
TCAGAAAATTCTTCAAGAGATTCAAAATABTITTGGAACCATTCGAAACA,
ACAGCTCTAAAKTTCGTAGGATATCTTTTCTAC

AGCGGATAACAATTTCBO TTGGAACCATTCGAAACAACACAGCTCTAA
GAAGTCTTGGTCTTCCAACCAGCTTGCEBGTATGGAACCATTCGAAACA,
ACAGCTCTAAAATTCGTAGGATATCTTTTCTAC

AGCAGGATCTGGTAATAAGTATAGATAGTCTTG
CTCGTAGGATATCTTTTCTAC
AGCAGGATCCAAGAACAGTTATTGATTATAATC
TGCTGAGCTBGCGGATAACAATTTCAC

TCGACGAGCGTCAATCCAGTAACCTTGCCARIEE™ TATCCCCGCTGGC
GGGGABTGGAGTGGTAC

CACT@GAATCCCCGCGCCAGCGGGGATAAREIGI CAACGGCGTACT(C
ATAAAGCAGCA

2 Repeat sequences are hightied in light blue. Restriction sites are in bold lettering.
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Chapter 3

Engineering broad-host bacteriophages for multispecies DNA delivery and

CRISPR antimicrobials
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Abstract

CRISPRCas immune systems can be harnessed as seegpifie antimicrobials to
selectively eradicate individual bacterial pathogens. While realizing the full potential of these
antimicrobials requires efficient delivery into diverse bacteria, current approaches have relied
on narrowrange bacteriophages limited single species or strains. Here, weopted the
broadhost, temperate bacteriophage P1 for DNA delivasy CRISPRmediated
antimicrobials. We found that the P1 genome is more efficiently packaged and delivered than
a phagemid, and we identifiedrée distinct landing sites that can accommodate genetic
constructs without interfering with P1 maintenance, packaging, and delivery. The P1 genome
could be efficiently delivered to strains from two gen&scherichiaandShigellg and could
elicit progranmable killing when expressing components of a Type | CRISBR system.
These findings demonstrate the potential of engineering the genome of-hbsiad
bacteriophages as generalized delivery platforms for combatting multielsisgant infections

and shamg microbial communities.
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3.1 Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and their Cas
(CRISPR associated) proteins have proven to be powerful agents for antimicrobials and
potential replacements for broagectrum atibiotics*' . These systems naturally function as
RNA-guided immune systems in bacteria and archaea to recognize and cleave complementary
genetic material”8. Desiqing guide RNAs to target the bacterial genome can cause
irreversible DNA damage at the target site, resulting in seqespessfic cell killing 13,
Furthermore, designing the guide RNAs t@&mplasmids harboring multidrug resistance can

sensitize the bacterium to antibiotfcs

To exert their antimicrobial activity, CRISPRas systems must be delivered into the
bacterial cytoplasm. Delivery strategies to date have overwhelmingly relied on encoding the
system wihin DNA packaged by temperate or filamentous bacteriopBagiler within the
bacteriophage genome or within plasmids called phagemids that contain packaging signals for
the bacteriophage particlé® In these examples, delivery of the CRISE&s system resulted
in potent killing plasmid removal, or immunéion ofthe infected cells against the transiér
antibiotic resistance. While promising demonstrations, the associated bacteriophages are all
associated with a narrow host range limited to an individual species or strain. As a result, each
delivery platform already restricted the range of bactenahich CRISPR could be targeted.

To fully realize the potential of CRISPR antimicrobials, generalized delivery vehicles are

needed that can reach a much broader host range.
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Here, we engineered the breldst, temperate bacteriophage P1 for DNA delivery and
CRISPR antimicrobials. P1 functions as a temperate bacteriophage, where-kiege®@me
exists as an extrachromosomal, sirgi@y plasmid in its lysogenic stat® Importantly, P1
has been shown to inject its genome into a remarkably broad range ehggative bacteria
spanning diverse bactarwithin the phylum proteobacterta. Furthermore, P1 has been a
standard platform for DNA delivery through the rarekzging of genomic DNA or phagemids
1114 'we found that the P1 genome wasrenefficiently delivered than a P1 phagemid and
could accommodate synthetic DNA in three distinct landing sites. The engineered genome
could be efficiently delivered t&scherichia coliand Shigella flexneriand could elicit
sequencespecific killing wherdelivering a designed CRISP®as system. Engineering the P1
genome therefore represents a promising strategy to deliver CRISPR antimicrobials to diverse

bacteria.
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3.2 Results

3.2.1 The P1 genome is packaged and delivered more efficiently than the P1 phagemid

We first explored the most efficient means of packaging and delivering synthetic
constructs in P1 bacteriophage particles. Phagemids have become a standard means of
encoding synthetic constructs, where the P1 phagemid contains the lytieadniglicaton,
andpacApackaging sites along with inducible expression ofcthiggene that drives the P1
lytic cycle 114 While the P1 phagemid has been used for DNA delivery to diverse gram
negative bacteria and for transferring DNA librariés® the phagemid must compete with the
P1 genome for packaging. As a result, cells may receive either the P1 genome or the phagemid,

potentiallycomplicating DNA delivery and programmable killing.

To directly evaluate the delivery of the phagemid and the P1 genome, we replaced the
genomic copy ofimcB/coi operonin P1 with a kanamycin resistance marker. We then
combined this genome with the P1 ghmid or a plasmid with inducible expressiorcofin
anE. coliK-12 substrain KL739 and generated bacteriophage particles. Fresh MG1655 cells
infected with the resulting particles were plated on solid media that select for the P1 genome
(kanamycin restance), the phagemid/plasmid (chloramphenicol/ampicillin resistance), or

both Figure3.1A).
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Figure 3.1: Enhancing DNA delivery with the P1 genome. (A) Packaging and delivering the P1 genome or
engineered phagemid. The phagemid contains the packaging (pac) sites and the P1 lyticiorigf-replication, allowing the
phagemid to undergo replication, concatemerization, and packaging similar to the P1 genome. (B) Delivery efficiencie
the P1 genome and phagemid. P1 particles were generatedEn coli K-12 KL739 cells harboring P}-gimcB/coi::kan®
(kanamycin resistance) and either the P1 phagemid (chloramphenicol resistance) ocop (ampicillin resistance). The
particles were then used to infeckE. coli K-12 MG1655 orE. coli B BL21 followed by plating the infectal cells on LB aga

with the indicated antibiotics.
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We found that the P1 genome was delivered ~fb@Dmore frequently than the phagemid,
and ~4% of the cells that received the phagemid also received thedMeg@espite the large
excess of cells (multiplicity of infection (MOI) = 0.003). When the particles were generated
using the poi plasmid, the P1 genome exhibited ~30@ greater delivery, suggesting that
the phagemid might interfere with the P1 lytickgyor particle generation. Theg plasmid
was also delivered at ~33,00dld less frequently than the P1 genome. Similar trends were
observed when infecting. coliB substrain BL21, although this strain was infected at a lower
frequency than MG1655Fgure 3.1B). The P1 genome therefore offers a more efficient

delivery vehicle than the P1 phagemid.

3.2.2 P1 delivery efficiency varies with environmentakonditions

DNA delivery with bacteriophages is normally performed under specific media conditions,
such as PM medium (B medium containing 100 mM Mggand 5 mM CaG)** for P1
transduction and phagemid delivery. However, practical applications will involve varying
environments that could impact the delivery efficiency. To interrogate how DNA delivery with
P1 depends on these conditions, we transfderecbli K-12 BW25113cells gown in LB
medium to different media and measured delivery of the P1 genome using particles generated
with thepcoi plasmid Figure 3. Infectivity remained the same after removing Mglit not

CaCkb from PLM, in line with the importance of Cadbr cell adhesion®. However, CaG

was not sufficient for DNA delivery, as minimal medium with levels of Ga®hilar to PLM

exhibited greatly reduced deliveryigure3.2).
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Figure 3.2: Impact of environmental conditions on P1 delivery. P1 particles were exposed . coli K-12
BW25113 cultured in the indicated media. Values represent the geomi&trmean and S.E.M. of at least thre

measurements starting from independent colonies.

Interestingly, cells in fetal bovine serum and PLM medium vyielded similar delivery
efficiencies, suggeistg that P1 could efficiently deliver DNA in mone vivo settings. These

results underscore the importance of testing DNA delivery in the most appropriate
environmental conditions and creates opportunities to generate bacteriophages with enhanced

infectivity under these conditions.
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3.2.3 Multiple landing sites available for synthetic DNA constructs.

While theimcB/coi operonserved as a potential landing site for synthetic constructs, we
asked if other locations in the genome would be amenable to the intoodoictoreign DNA.
We reasoned that other genes and sites in P1 are dispensable for genome replication,
packaging, and delivery. We focused on two genomic sites: the insertion sequence 1 (IS1)
element with no known role in P1 function, and g§®ABC opeon implicated in blocking
superinfections Kigure 33A). The kanamycin resistance marker was successfully
recombineered into both sites, the cells lysed ugmrnnduction, and the resulting particles
allowed efficient delivery of the P1 genomeBW?25113cells (Figure 3.3B) Therefore, at
least three landing sitesr(cB/coi, IS1,simABC) are available for synthetic constructs that do
not disrupt P1 replication, packaging, and delivétgresuch landing sitelikely exist within

the P1 genome.
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Figure 3.3: Distinct landing sites for genetic constructs within the P1 genome. (A) Potential landing sites in
P1 genome. ThémcB/coioperon, IS1 site, andsimABCoperon were explored experimentally by replacing each locatic
with the kanR resistance cassette. (B) Delivery efficiencies of P1 variants. P1 particles were generatef.igoli K-12
KL739 harboring pcoi and either P1-qggmcB/coi::kanR, P1-qpl SkhnR, or P1-qsimABC::kanf and used to infectE. coli
K-12 BW25113 Infected cells were plated on LB agar with kanamycin. Values represent the geometric mean |

S.E.M. of at least three measurements starting from independent colonies.

3.2.4 Effect of deleting thesimABC operon on superinfection

The simABC operon has been implicated in preventing superinfection by blocking the
transfer of phage DNA from the periplasm into the cytopladsrmn the context of CRISPR
antimicrobials, superinfection could be impmttan case a cell receives a rfumctional
phage. To test the impact &imABC in superinfection, we generated MG1655 cells infected

with the P1 genome witimcB/coi or simABC replaced with the kanamycin resistance marker.
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We then infected the cellsitiy P1 withimcB/coi replaced with the chloramphenicol at a
MOI of 10 and measured the number of surviving colonies on either or both antiffadioe

34A).
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Figure 34: Evaluating the impact of simAB on superinfection. (A) Experimental procedure for testin
superinfection. Cells harboring either P1-gimcB/coi::kan®, or P1-gsimABC::kam® were infected with phage P43
gimcB/coi::cmR and plated on kan, cm, and kan+cm plates(B) Delivery efficiencies of PigimcB/coi::cm® in cells

harboring either P1-qgmcB/coi:kan®, or P1-gsimABC::karR.
Surprisingly, we observed similar number of cells that maintained the applied P1 genome
regardess of whether the cells initially harbored P1 lackingB/coi or sSimABC (Figure3.4B).
However, when evaluating cells resistant to both antibiotics, we only recovered cells initially
infected with P1 lackingimABC. These results would suggest tsahABC does not block

superinfection but instead plays a role in replication or copy number control during the

lysogenic cycle.
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3.2.5 DNA delivery and CRISPR-mediated killing in E. coli

We next asked if the P1 genome could accommodate components of a GRASPR
sydem and subsequently elicit CRISIfediated killing. To address this question, we utilized
the Type IE CRISPRCas system native . coli, which unlike Cas9 can elicit potent cell
death at all potential sités’. Specifically, we recombineeredpacer that targetiSe essential
ftsAgene inE. coli! into theimcB/coi, IS1, orsimARC landing sites of the P1 genome. The
resulting P1 bacteriophages were then used to iffecoli BW25113cells with or without
expression of the complete set of TypE Cas proteins (Cas3, Csel, Cse2, CaSaste,
Cas7). We then mixed cells and the bacteriophages at differend M@d measured the

turbidity of the culture after seven hours of growkig(re 3.5A.

We found that all cultures with cells lacking the Cas proteins exhibited substantial growth,
t hough the final t ur bi digurey3.5B Ingontrast,vedturesaft gr e
cells with the complete set of Cas proteins exhibited little to no detectable growth. These results
indicate that the P1 genome can be equipped with componeamtSRISPRCas system and

can elicit CRISPRmediated killing.
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Figure 3.5: Equipping the P1 genome with CRISPR for programmable killing.(A) Schematic of infecting cell
with or without Cas proteins.(B) In absence of the CRISPR equipped phage, both cells with and without Cas prote
show substantial growth after 7 hours. However, when the phage was included in the initial culture, no detable

growth was observed for the cells expressing a complete set of Cas proteins.
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3.2.6 Efficient DNA delivery to Shigella flexneri

We finally asked if the P1 genome could be used to infect other genera outside of
Escherichia To investigate this, we selected two strainSbigella flexneri This species is
associated wittthe worldwide diarrheal disease Shigellos&higellacauses about 500,000
cases of diarrhea in the United States annually, including 27,00@ekistant infections®,

We measured delivery of the P1 genome witbB/coi replaced with the kanamycin resistance
marker. We found that the resulting P1 particles effityadelivered the genome to both strains
of S. flexneri with the numberof colony forming unitsbetween thosebservedor E. coli
MG1655 andE. coli BL21 (Figure 3.¢. These results confirm that the P1 genome can be
delivered and stably maintained in riplle genera, opening the potential of utilizing P1 as a

multi-species delivery vehicle for CRISPR antimicrobials.
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Figure 3.6: Delivery efficiency of P1ggmcB/coi::kan® genome into twoShigella flexneri strains
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3.3 Discussion

Here, we demonstrated that the brbadt P1 bacteriophage can efficiently deliver DNA
to multiple species and can be used asatqyim for CRISPR antimicrobials. One advantage
of a broaehost bacteriophage is that a single platform can be generated from a single, industrial
production strain and applied against ranging bacteria. For instance, the P1 particles could be
created in anndustrial strain of commens&l. coli and then used to combat infections by
enteric pathogens such as enterohemorrhagicoli, Shigella or Klebsiella Being able to
separate production strains from infection strains in itself overcomes the biomannéact
challenge of having to culture large batches of a bacterial pathogen in order to generate
bacteriophage particles against the same pathogen. It also creates the possibility of readily

modifying the antimicrobial to target different species by merkbnging the CRISPR array.

We relied on the P1 genome instead of a phagemid for DNA delivery. The genome was
packaged and delivered much more efficiently than the phagemid, and a sizable percentage of
cells receiving the phagemid also received the gendheedownsides to using the P1 genome
is contending with thaativegenetic elements and packaging limits. However, removing other
dispensable elements could further simplify and streamline the genome. Furthermore, while
recombineering is more chafiging than cloning, advances in gene synthesis could allow for
the rapid and affordable construction of similar genomes. Through further advances in DNA
synthesis and understanding bacteriophage biology, we can begin identifying or engineering

broadhost lacteriophages that can become the next generation of CRISPR antimicrobials.
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3.4 Materials and methods

3.4.1 Strains, plasmids, and bactriophagegonstruction
All strains, plasmidsand bacteriophagessed in this work are reportedTiable S.1.

The pKD13Ball plasmid was generated by digesting the pKD13 plad€miith Sall
restriction enzymebluntended usg Pfu wlymerase, and ligated using T4 DNA ligase

(NEB).

To generate the pKDIfBall1E plasmid, the pKD1g5all backbone waamplified by
PCR using primerspKD13_1Earray.fwd/pKD13_1Earray.re\A chemicallysynthesized
gBl ockE encoding a strong constHQRISPRrepeat pr o mo
modified witha Kpnl restrction ste and an Xhol restriction site, and double terminator was
ordered from IDT and amplified by PCR usidgarray pKD13.fwd/1Earray pKD13.rev
Gibson assembly° was then wused to |igate thgBallampl i f
backbone upstream of the kanamy@sistance cassette. The Kpnl/Xhektriction sitesvere
included i n atlothe spdiéntatinséttiort of engineered regpacer pairs
This approach was followed insert an engineered spacer targeting the esstgfiglene in

E. coliinto pKD13y5all-1E in order to generate the pKOfif3all 1E-ftsA plasmid.

To generate theqoi plasmid, pBAD18 plasmid was linearized by Nhel/Sacl. Thei
gene was then PCR amplified using the primers coi.fwd/coi.rev from the P1 lysogen isolated

using Zymo Plasmid DNA purification kit. These primers introducedINimd Sacl sites on
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both ends of the amplifiedoi gene. The PCR product was then digested by Nhel/Sacl and

ligated to the linearized pBAD18 plasmid downstrezrthe pBAD promoter.

To integrate the kanamycin resistance cassette into P1 bacteriophageegéehe
kanamycin resistance cassette was R@®Rlified from pKD13 using primers with P1 genome
specific homology regions at the 56 end. The
througha-red mediated recombinationto the P1 bacteriophage lysogen presertk.ircoli
KL739 strain harboring the pKD46 plasrhidThe same approach was followed to integrate
the chloramphenicol resistance gecat)(or theType FE CRISPR arrayisAspacer to the P1
bacteriophage genome. In these cases, the chloramphenicol resistance cassette was amplified
from the pKD3 asmid® and theType FE CRISPR arraftsAspacer was amplified along with
the kanamycin resistance cassettenftbhe pKD18all1E-ftsAplasmid. All plasmids have

been screened by colony PCR and verified by sequencing.

3.4.2 Growth conditions

All strains were culturedin 5 mL Fal conE round LBmédiuom t ub e
(10 g/L tryptone, 5 g/L yeast extract, 10 gfodium chloride) with appropriate antibiotiat
37°C or 3C°C and 250 rpmThe same strains were plated on LB agar (LB media WhPo
agar) supplemented with appropriate antibioticgl incubated at 3T. Antibiotics were
administered at the following fah concentrations50 € g/ml kanamycin, 5@ g/ml ampicillin,
and 34 eg/ml chloramphenicol Inducers were administered at the following final

concentration99.2% L-arabinose.
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3.4.3 Transduction assays

Freezer stocks oOE. coli and Shigellastrainswere streaked to isolation on LB agar
Individual colonies were inoculated into 3 ml of LB media and shaken overnight@a8d
250 rpm The cultures then weelleted and resuspended in 1 mL of the infection medium
andthe ABSeoo was measured on a Nanodrop 2000c spectrophotometer (TBererdific).
Based on th&BSsoovalue and the assumption that AB$f 1 is equivalent to 8E08 cells/mL,
the number colony forming units per mL (CFU/mL) was determined. The cultures were then
mixed by pipetting with the bacteriophage lysate at a spadifit based on the experiment.
In some cases, the cultures needed to be diluted in the infection medium to an appropriate
CFU/mL for the targeted Kl The culture/bacteriophage mixture was then shakef060
minutes at37°C and 250 rpm Finally, 200300 ul of appropriate dilutions of the
culture/bacteriophage mixture were plated on LB agar supplemented with the appropriate
antibiotics and incubated 87°C overnight. The number of colonies grown on the plate per

mL of bacteriophage lysate added was adgr®d an indication of the delivery efficiency.

For the superinfection experiments, freezer stocksEofcoli harboring eitherP1-
cqimcB/coi::kan?, or PEgsimABC::kaf were streaked to isolation on LB agar supplemented
with the appropriate antibiotic. Inddual colonies were inoculated in 3 mL of LB media
supplemented with the appropriate antibiaied shaken overnight at @7 and 250 rpm

Following the same transduction protocol stated above, the cultures were infectédl-with
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gimcBcoi::cnf and plated o.B plates supplemented with kanamycin, chloramphenicol, or

both.

3.4.4 Phage particle production

Freezer stocks dftrains harboring the P1 lysogen and either tta plasmid or the P1
phagemidvere streaked to isolation on LB agar. Individual colonies wereuiated into 3 ml
of LB media and shaken overnight at’@7and 250 rpmThe overnight cultures were back
diluted 1:100 in 5 mL of P1 lysis mediRl(M; LB media containing 100 mM Mg&and 5
mM CaCl)'* and allowed to grow té\BSso0 ~0.6-0.8 by shaking aB7°C and 250 rpmL-
arabinosewas then added to inducket expression othe coi gene and trigger the P1
bacteriophage Iytic cycle. The cultures were left to lyse #ohdurs byshaking aB7°C and
250 rpm. Lysed cultures were then transferred to 15 mL Eppendorf conical tubes, chloroform
was added to a final concentration206 wt% and mixed by inverting the tube several times.
Lysed cell debris was then pelleted by centrifugation for 10 minuteSGat Hnally, the

supernatant into fresh 15 mL Eppendorf tubes. All lysates were stortd.at 4

3.4.5 CRISPR-mediated killing assay

Freezer stocks @&. coliK-12 BW25113 ané. coliK-12 BW25113«xas3harboringocas3
plasmidwere streaked to isolation on LB agar. Individual colonies were inoculated into 3 ml
of LB media and shaken overnight af@7and 250 rpmThe cultures then wepelleted and
resuspended in 1 mL of PLMnd the ABSgo0 was meased on a Nanodrop 2000c

spectrophotometer (Thermo Scientifithe cultures were then diluted in PLM to AB®f
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0.001 and the appropriate amount of bacterio
or 10. The culture/phage mixture was mixed byefiipg and shaken &7°C and 250 rpm.

ABSesoo measurements were taken every 30 minutes up to 7 hours.
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3.6 Supplementary material

Table S3.1 Strains, plasmids, andbacteriophagesused in this work

Escherichia colK12 F DE(araDaraB)567
BW25113 lacz4787(del)(::rrnB3) LAM' rph-1 CGSC #7636
DE(rhaDrhaB)568 hsdR514

BW25113

as3 BW25113 [sedL:[BRIBLIOP C Beisel group

Escherichia colB F ompT gal dcm lon
BL21(D3) hsds(rems) a( DE3 [-T7agene 1 Kelly group
ind1 sam?7 nin5])

Escherichia colihr-1 leuB6(Am) fhuA21
l acY1l gl nfxCAL thiEPSk+pra-

KL739 89 CGSC #5686
P1 lysogen
MG1655 Escherichia colK-12 F &l ilvG' rfb-50 rphl  Beisel group
Shigella ATCC #12022
flexneri and ATCC
#700930

2CGSC: Coli genetic stock centdattfp://cgsc.biology.yale.edu

95


http://cgsc.biology.yale.edu/

Table S3.1 Continued

L-arabinosanducible

pPBAD18 plasmid with araC regulatof'JlranIIIIn Beisel group
pcoi %2'2518 vector withcoi Ampcillin This study

Plasmid encoding
pKD13 kanamycin resistance geneKanamycin Ref. 19
flanked by IRT sites

pKD13 plasmid missing
PKD13ysall Sall restriction site

pKD13gsallwith CRSIPR
pKD13gsall-1E locusinsert containing 1 ~ Kanamycin This study
repeat, no spacers

pKD13g5all-1E encoding a
spacer to targdtsAgene

Kanamycin This study

pKD13g5all-1E-ftsA Kanamycin This study
Plasmid encoding ta

pKD3 cassette flanked by FRT  Chloramphenicol Ref. (19)
sites

L-arabinosenducible
ex pr es srédgemneso
pKD46 on a plasmid with a heat  Ampicillin Ref. (19)
sensitive origirof-
replication

pBAD33 with constituiely

pcas3 expressedas3gene

Chloramphenicol Beisel Lab.

P15a vector with arabinose
induciblecoi gene in
addition togfp, cin, repL,
andpacAgenes.

P1 phagemid Chloramphenicol Ref. (14)
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Table S3.1 Continued

P1 bacteriophage  witl
- kanamycin resistance ger , )
Pl-gimcB/coi::kan® inserted in place of ih<anamycin This study

imcB/coioperon

P1 bacteriophage wittat
P1-gimcB/coi::cni cassette inserted in place cChloramphenicol This study
theimcB/coioperon

P1 bacteriophage with This study
kanamycin resistance gene
inserted in place of the
simABCoperon

P1-gsimABC:kan® Kanamycin

P1 bacteriophage with This study
kanamycin resistance gene
inserted in place of th&1
site

P1-gdS1:kan® Kanamycin

P1 bacteriophage with This study
kanamycin resistance gene
and Type {E CRISPR locus
encodingftsAtargeting
spacer inserted in place of
theimcB/coioperon

Pl-gdmcB/coi::kan®-ftsA Kanamycin

P1 bacteriophage with This study
kanamycin resistance gene
and Type {E CRISPR locus
encodingftsAtargeting
spacer inserted in place of
thesimABCoperon

P1-gsimABC:kanR-ftsA Kanamycin

P1 bacteriophage with This study
kanamycin resistance gene
and Type {E CRISPR locus
encodingftsAtargeting
spacer inserted in place of
thelS1site

P1-gdS1::kanR-ftsA Kanamycin

97



3.7 References

1. Gomaa, A. Aet al.Programmable removal of bacterial strains by use of getiargeting

CRISPRCas systemdviBio 5, 00928913 (2014).

2. Bikard, D. et al. Exploiting CRISPRCas nucleases to produce sequespecific

antimicrobials Nature Biotechnolog$2,1146 1150 (2014).

3. Citorik, R. J., Mimee, M. & Lu, T. K. Sequenspecific antimicrobials using efficiently

delivered RNAguided nucleaseslat. Biotetinol. 32,1141 1145 (2014).

4. Brouns, S. J. &t al. Small CRISPR RNAs guide antiviral defense in prokary@egence

321,960/ 964 (2008).

5. Marraffini, L. A. & Sontheimer, E. J. CRISPR interference limits horizontal gene transfer

in Staphylococci byargeting DNA.Science (New York, N.Y322,1843 1845 (2008).

6. Garneau, J. Eet al. The CRISPR/Cas bacterial immune system cleaves bacteriophage and

plasmid DNA.Nature468,67i 71 (2010).

7. Edgar, R. & Qimron, U. TheEscherichia coli CRISPR system pretc t s from

lysogenization, lysogens, and prophage inductioBacteriol.192,6291 6294 (2010).

8. Manica, A., Zebec, Z., Teichmann, D. & Schleper, C. In vivo activity of CRiSieRiated

virus defence in a hyperthermophilic archaddol. Microbiol. 80,481 491 (2011).

98



9. Yosef, I.,, Manor, M., Kiro, R. & Qimron, U. Temperate and lytic bacteriophages
programmed to sensitize and kill antibietesistant bacterid®roceedings of the National

Academy of Scienc&42,7267 7272 (2015).

10.Go b o ¢ k agtal. Menont of bacteriophage Riburnal of Bacteriologyl86, 7032

7068 (2004).

11. Westwater, C., Schofield, D. A., Schmidt, M. G., Norris, J. S. & Dolan, J. W. Development
of a P1 phagemid system for the delivery of DNA into Grasgative bacteria.

Microbiology 148,943 950 (2002).

12. lkeda, H. & Tomizawa, J. I. Transducing fragments in generalized transduction by phage

P1. . Molecular origin of the fragments. Mol. Biol. 14,851 109 (1965).

13. Thomason, L. C., Costantino, N. & Court, D. L. E. coli gme manipulation by P1

transductionCurr Protoc Mol BiolChapter 1, Unit 1.17 (2007).

14. Kittleson, J. T., DeLoache, W., Cheng;¥.& Anderson, J. C. Scalable plasmid transfer

using engineered Pdased phagemidA.CS synthetic biology, 583 589 (2012)

15. Watanabe, K. & Takesue, S. The requirement for calcium in infection with Lactobacillus

phageJournal of General Virologg7,19i 30 (1972).

16. Kliem, M. & Dreiseikelmann, B. The superimmunity gene sim of bacteriophage P1 causes

superinfection exclusn. Virology 171,350 355 (1989).

99



17. Cui, L. & Bikard, D. Consequences of Cas9 cleavage in the chromosome of Escherichia

coli. Nucleic Acids Re2016). doi:10.1093/nar/gkw223

18.CDC - Annual Reports - Antimicrobial Resistance. (2012). Available at:
http://www.cdc.gov/drugresistance/annualReports.html#arll. (Accessed: 13th October

2012)

19. Datsenko, K. A. & Wanner, B. L. Omsep inactivation of chromosomal genes in
Escherichia coliK-12 using PCR product®roc. Natl. Acad. Sci. U.S.A7, 6640 6645

(2000).

20. Gibson, D. G. Enzymatic assembly of overlapping DNA fragménéth. Enzymo#98,

349361 (2011).

21. Guzman, L. M., Belin, D., Carson, M. J. & Beckwith, J. Tight regulation, modulation, and
high-level expression by vectors containing the arabenRBap promoter.Journal of

Bacteriologyl77,4121% 4130 (1995).

100



Chapter 4

Guide RNA functional modules direct Cas9 activity and orthogonality

*This work is published itMolecular Cell
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Summary

The RNA-guided Cas9 endonuclease specifjc@rgets and cleaves DNA in a sequence
dependent manner, and has been widely used for programmable genome editing. Cas9 activity
is dependent on interactions with guide RNAs, and evolutionarily divergent Cas9 nucleases
have been shown to work orthogdgaHowever, the molecular basis of selective Cas9:guide
RNA interactions is poorly understood. Here, we identify and characterize six conserved
modules within native crRNA:tracrRNA duplexes and single guide RNAs (sgRNAS) that direct
Cas9 endonuclease adty. We show the bulge and nexus are necessary for DNA cleavage,
and demonstrate that the nexus and hairpins are instrumental in defining orthogonality between
systems. In contrast, the crRNA:tracrRNA complementary region can be modified or partially
removed. Collectively, our results establish guide RNA features that drive DNA targeting by

Cas9 and open new design and engineering avenues for CRISPR technologies.

102



4.1 Introduction

Clustered regularly interspaced short palindromic repeats (CRISPR) anc&ss@as
proteins constitute the CRISRBas system, which provides adaptive immunity against
invasive genetic elements in bacteria and archaea (Barrangou et al., 2007; Garneau et al., 2010;
Makarova et al., 2011; Sapranauskas et al., 2011). In Type IBRMRCas systems, the
signature RNAguided endonuclease Cas9 specifically targets sequences complementary to
CRISPR spacers and generates dosbtiended DNA breaks (DSBs) using two nickase
domains (Garneau et al., 2010; Gasiunas et al., 2012; Jinek2étl&l, Makarova et al., 2011;
Sapranauskas et al., 2011). Any DNA sequence may be targeted, as long as it is flanked by a
Cas9specific protospaceadjacent motif (PAM) (Garneau et al., 2010; Gasiunas et al., 2012;
Jinek et al., 2012; Sapranauskas et28l11; Sternberg et al., 2014). Targeting and cleavage
by Cas9 systems rely on a RNA duplex consisting of CRISPR RNA (crRNA) &nathsa
activating crRNA (tracrRNA) (Deltcheva et al., 2011). This native complex can be replaced
by a synthetic single guide RNsSgRNA) chimera which mimics the crRNA:tracrRNA duplex
(Jinek et al., 2012). sgRNAs in combination with Cas9 make convenient, compact, and
portable sequenespecific targeting systems that are amenable to engineering and
heterologous transfer into a vetiy of model systems of industrial and translational interest.
Accordingly, the Cas9:sgRNA technology, which provides a practical means to generate
DSBs, has revolutionized genome editing (Cong et al., 2013; Jiang et al., 2013; Mali et al.,

2013; Sander el., 2014), opened new avenues for Higloughput genomeide genetic
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screens (Shalem et al., 2014; Wang et al., 2014), and expanded the toolbox for transcriptional
control (Gilbert et al.2013; Qi et al., 2013). Furthermore, the absence of -int&sctions
between evolutionarily distant Cas9:sgRNAs (Chylinksi et al., 2013; Esvelt et al., 2013;
Fonfara et al., 2013) has allowed multiple, independent targeting to be achieved within a cell
when ceexisting functional Type Il CRISPRas systems operatenmurrently (Barrangou et

al., 2007; Horvath et al., 2008). Despite the widespread use of these molecular machines, the
critical features of sgRNAS, and their involvement in defining functionally orthologous Cas9
endonucleases remain to be characterizededd, early attention on Cas9 targeting and
cleavage focused on spacer:target complementarity and PAM sequence sensitivity, while there
remains a paucity of information defining the elements that drive Cas9:sgRNA interactions
and that dictate orthogonalibetween Type Il CRISPRas systems. Therefore, we set out to
identify and characterize features within sgRNAs that impart Cas9 targeting and cleavage

specificity to open new engineering avenues for CRISPR technologies.

104



4.2 Results

4.2.1 Identification of sgRNA functional modules

Recent structural studies have provided insights intcStheptococcus pyogen&as9
(SpyCas9) interaction with a sgRNA and complementary strand target DNA (Jinek et al., 2014;
Nishimasu et al., 2014). Distinct portions of the sgR&A predicted to form various features
that interact with Cas9 and/or the DNA target. However, the boundaries and respective roles
of these portions remain to be determined. To address this, we generated a series of SQRNA
variants in which we modified poons of the sequence and/or structure (Supplemental Tables
S1, S2 and S3, Supplemental Text for materials and methods). We then assessed the ability of
the sgRNA variants to support Cas9 cleavage of an AAVS1l DNA sequence both
biochemically,using a doubletranded DNA cleavage assay, and in human 128K cells
(Supplemental Text for materials and methods) using a T7E1 assay. sgRNA variants that
supported Casflependent cleavage biochemically were generally also active in cells, although
cell-based activitywas not measurable for some variants exhibiting weak cleavage activity
biochemically(Figure 4.1 Supplemental Figure S1). Similar data were obtained from a subset
of sgRNA variants for a second spacer targeting a sequence from the VEGFA gene
(SupplementiaFigure S2, Supplemental Table S2). Results established six distinct structural
modules that constitute sgRNAs: the spacer, the lower stem, the upper stem, the bulge, the

nexus, and the hairping-igure 4.1). It has been established previously that tpacsr
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sequence determines the location of Cas9 endonucleolytic cleavage (Garneau et al., 2010;

Gasiunas et al., 2012; Jinek et al., 2012; Sapranauskas et al., 2011). Therefore, we focused on
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the five sgRNA modules located downstream of the spacer sequncégsted 77 unique

sgRNAVvariants with modified sequences (Supplemental Table S3).
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Figure 4.1: sgRNA functional modules (A) Overview and nomenclature of modules for the sgRNA of tf
Streptococcus pyogen€as9 (SpyCas9). The six modules include tispacer responsible for DNA targeting (black); th
upper stem (blue), bulge (orange), and lower stem (green) formed by the CRISPR repeat:tracrRNA duplex; and
nexus (red) and hairpins (purple) from t héth8dteresd madula
are shown, and mutated nucleotides are represented in red. (C) Biochemiaaid (D) celtbased DNA cleavage asss
were performed with each variant in combination with the SpyCas9, as described in methods and Supplemental ~
information. Results are representative of at least three independent experiments. Numbers below lanes indi

average percentage of cleavage observed (n=3). Results for a complete set of variants are shown in Supplemental

S3 and Supplemental Figure S1.
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Mutations in both the lower and upper stems were relatively tolerant to sequence
variations, including nucleotide substitutions, insertions and deletions and eveéctegred
structural disruptionsHigure 4.1 variants v1 through v6 and Supplemental Figure S1 GVs 1
5, 1012, 26, 33, 34). Abrogation of cleavage in cells required incorporation of two concurrent
mismatchesvithin the lower stemKigure 4.1 variant v4 and @plemental Figure S1 GV24).
Remarkably, complete removal of the hairpins was required to fully abolish cleavage in cell
based assay&igure 4.1 variant v20, and Supplemental Figure S1 GV<68 In contrast,
the bulge was less tolerant to mutation Hsration was functionally disruptive; a sgRNA
variant with a perfectly baggaired duplex sequence at the site of the bulge is ina€ligeré
4.1, variant v8), as are those in which purine nucleotides are swapp& GA)
(Supplemental Figure S1). grestingly, however, a sgRNA variant in which the upper stem
is removed or the bulge is replaced by a tetraloop retained activity even irRSEKells
(Figure 4.1 variants v11 and v12), suggesting that the upper stem is dispensable. In virtually
alTypel | cr RNA sequences, the nucleotide i mmed,]
of the lower stem is a conserved guanine nucleotide. This nucleotide pairs with a similarly
conserved uracil nucleotide at the base of the lower stem (Nishimasu 8t.4). b2t can be
mutated without loss of functiorFigure 4.1 variants v5 and v6). This suggests that the
sequence conservation at this location is not critical for Cas9 nuclease activity, and is perhaps

required for another function of the CRISPR repsath as spacer acquisition.

Immediately downstream of the lower stem is an additional stem loop that we have

named the nexus; this feature exhibits sequence and structural features important for cleavage
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(Figure 4.1 variants v13 through v18, Suppleméritmyures S1 and S2; Supplemental Table

S3). The first two adenine nucleotides are highly conserved amongst tracrRNAs of Type Il
systems, and introduction of additional nucleotides between the two adenine nucleotides and
the stem loop reduced activitlfigure 4.1 variant v13). The base of the stem loop is formed

by a pair of guanine nucleotides (G53, G54) haaieed to two cytosine nucleotides (C60,
C61). Substitution of G53 and G54 for cytosines abrogated actiigyre 4.1 variant v14).
However, sult#tution of G-C pairs with AU pairs is tolerated at both positions, andl@nd

G-A pairings at the base of the nexus are tolerated in biochemical assays (Supplemental Figure
S1; Supplemental Table S3; @4, GV-62), suggesting that there is some confdromal
flexibility at the nexus interaction site. Conversely, increases in the length of the nexus
significantly reduced biochemical activity and abolishedloafied activityFigure 4.1 variant

v17 and Supplemental Figure S1 GVs@g 7374). Downstrem of the nexus stem loop,
substitutions along the length of the extended region between the nexus and the first hairpin
(Hairpinl) are tolerated (Supplemental Figure S1 GV73). Hairpin 1 can be removed from the
SgRNA backbone as long as it is replaced lyrnwcleotides, presumably to enable appropriate
spacing between the nexus and hairpin 2 (Supplemental Figure S1, &Y} Based on the
SgRNA variants tested, we speculate that differences between observed biochemical and cell
based cleavage activity,eadue to RNA folding (see Supplemental Figure S3), stability,

complex formation and/or stoichiometry differences in live cells.

These results are consistent with recent structural and biochemical data on the

mechanism of DNA recognition and cleavage @as€ (Jinek et al., 2012; Jinek et al., 2014;
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Nishimasu et al., 2014; Anders et al., 2014). Notably, the upper and lower stems interact with
Cas9 mainly through sequenicelependent interactions with the phosphate backbone (Jinek
et al., 2014; Nishimasu at., 2014). In contrast, the bulge participates in specific cide
interactions with the Recl domain. The nucleobase of U44 interacts with the side chains of
Tyr 325 and His 328, while G43 interacts with Tyr 329. The nexus forms the core of the
SgRNA:Gas9 interactions, and lies at the intersection between the sgRNA and both Cas9 and
the target DNA. The nucleobases of A51 and A52 interact with the side chain of Phe 1105;
U56 interacts with Arg 457 and Asn 459; the nucleobase of U59 inserts into a hogliooph
pocket defined by side chains of Arg 74, Asn 77, Pro 475, Leu 455, Phe 446 and lle 448; C60
interacts with Leu 455, Ala 456, and Asn 459; and C61 interacts with the side chain of Arg 70,
which in turn interacts with C15. Overall, our results demotestteat discrete sequences and

structures such as the bulge and nexus are critical for SgRNA composition.

4.2.2 Conservation of modules in Type A CRISPR-Cas systems

These findings establish important modules in sgRNA that are required to support
SpyCas9 actity. However, while used widely for genome editing, SpyCas9 is merely one of
many Cas9 orthologs found naturally (Chylinski et al., 2013; Fonfara et al., 2013). We
therefore investigated whether the same sgRNA sequence features also occur in other CRISPR
Cas systems, focusing on TypeAll systems. We sampled 41 Cas9 sequences from
Streptococcusand Lactobacillusgenomes, in which Type Il systems preferentially occur

(Makarova et al., 2011) and identified their corresponding CRISPR repeat and predicted
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traacRNA sequences. The Cas9 protein sequences clustered into three main sequence groups
(Supplemental Figure S4). Similar grouping was observed when clustering was carried out
using either CRISPRepeat or predicted tracrRNA sequencEgyre 4.2\, supplemerdl

Figures S4 through S6), as anticipated, given the presence of-&RA8#R repeat within the
tracrRNA, and the intimate molecular relationship between Cas9 and crRNA:tracrRNA pairs
(Deltcheva et al., 2011; Fonfara et al., 2013: Makarova et al., 204tin the tracrRNA
sequences, we consistently observed the functional modules identified for SpkFgasd (

4.2B), with conservation of the overall sgRNA/crRNA:tracrRNA structure between families,

and high levels of sequence conservation within clusters

The presence of a bulge with a directional kink between the lower stem and the upper
stem was observed consistently across a diversity of syskegusg 4.28). The length of the
lower stem was highly conserved within, and variable between familiesestingly, the
highest level of conservation was observed for the nexus sequekRicese(4.B8,
Supplemental Figure S5). The general nexus shape with-acG&tem and an offset uracil
was shared between the t8treptococcutamilies. In contrast, theliosyncratic double stem
nexus Figure 4.B) was unique to, and ubiquitous inactobacillussystems. Remarkably,
some bases within the nexus were strictly conserved even between distinct families
(Supplemental Figure S5), including A52 and C55, furthghlighting the critical role of this
module. Based on the the SpyCas9 crystal structure (Nishimashu et al. 2014), A52 interacts
with the backbone of residues 11031 07 c¢cl ose to the 506 end of

that the interaction of the nexustiwvthe protein backbone may be required for PAM binding.
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Indeed, the structure of SpyCas9 with target DNA shows that this region of the protein directly
interacts with the PAM in duplex form, and suggests a role for the nexus in presenting this
region ofthe protein in an appropriate conformation to engage dattdaded DNA (Anders

et al., 2014).
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4.2.3 Crossing Cas9:sgRNA orthogonality boundaries

These findings suggest a potential relationship between the structure and sequence of the
SgRNA and the diversitof Cas9 proteins. This prompted us to determine the sgRNA modules
that define Cas9 groups that are orthogengioups between which crRNAs are not cross
functional (Barrangou et al., 2007; Horvath et al., 2008; Esvelt et al., 2013; Fonfara et al.,
2014) In particular, we selected the endonucleases from the two naturaéiyisting
orthogonalS. thermophilu3ype II-A systems, Sth1Cas9 and Sth3Cas9 (Horvath et al., 2008),
to investigate the link between sgRNA composition and Cas9 orthogonality. Weeatksig
series of experiments based on$aifjeting inEscherichia col(see Supplemental Text, and
Supplemental Figure S7) to test whether specific mutations in a SQRNA could facilitate DNA
targeting with a previously orthologous Cas9. We identified immegithin theE. coligenome
that contained overlapping Cas9 target sites for the Sth1Cas9 and Sth3Cas9 systems to
minimize any quantitative differences between targeting skggie 4.8). We generated
chimeric versions of the two sgRNA backbones amdrchanged the spacer, lower stem
bulgeupper stem, nexus and hairpirlagure 4.&), and tested their ability to drive self
targeting (Gomaa et al., 2014) by either Sth1Cas9 or Sth3Cas9. First, we confirmed that each
SgRNA drives targeting only with itsognate Cas9Fgure 4.&, top panels). Next, we
swapped the spacer sequences to match the PAM with the other Cas9. This swap was
insufficient to confer activity with the necognate Cas9, demonstrating the importance of
other modules. Interestingly, theRGGPR1 sgRNA with the CRISPR3 spacer still conferred

activity with the Sth3Cas3(gure 4.&, topleft panel), suggesting flexibility in the spacing
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requirement between the PAM and the protospacer for this Cas9, supporting previous
observations (Chen et.al2014). We then swapped the nexus and hairpins between the
sgRNAs. Remarkably, this swap resulted in sgRNAs that guided the orthogonal Cas9 but not
the cognate Cas9igure 4., lower panels), demonstrating that orthogonality barrier
between these protes had been crossed. Swapping individual portions of the nexus of hairpins
was insufficient to guide the opposite CaBfy(re 4.&, lower panels), suggesting that both
modules are important for Cas9 specificity. The importance of the nexus and haiduilesno

aligns with the celbased cleavage results using SpyC#&s§ufe 4.1 Supplemental Figure

S1) and is consistent with sequence and structural differences observed between the nexus and
hairpin modules in the CRISPR1 and CRISPR3 systems. In addh®sjgnificance of the

nexus and hairpin modules, as opposed to the flexibility of the crRNA:tracrRNA
complementary sequences, challenges the canonical view that the CRISPR repeat sequence
plays a key role in defining orthogonal CRISERSs systems (Fonfaret al., 2013; Esvelt et

al., 2013; Chylinski et al., 2013). Altogether, these results show that the tracrRNA nexus and
hairpins are critical for Cas9 pairing and can be swapped to cross orthogonality barriers
separating disparate Cas9 proteins (Esvelilet2013), which is instrumental for further

harnessing of orthogonal Cas9 proteins associated with different PAMs.
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indicate functional Cas9:sgRNA pairs through lethal seltargeting of the E. coligenome. Values reflect the geomett

mean and S.E.M. of three independent experiments.
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4.3 Discussion

Recent structural and biochemical data has begun to shed light on the mechanism of DNA
recognition and cleavage Bas9 (Jinek et al., 2012; Jinek et al., 2014; Nishimasu et al., 2014;
Anders et al., 2014). Electron micrographs of the-aRdNA-bound and protein/RNA/DNA
complexes indicated that upon binding guide RNA, Cas9 undergoes a dramatic conformational
change tdacilitate target DNA binding and cleavage (Jinek et al., 2014). Crystal structures
show that, consistent with images from the electron microscope, the SpyCas9:sgRNA:DNA
complex and ap&pyCas9 occupy significantly different conformations, with substantia
rearrangement of RNAAnd DNADbinding domains taking place between the two structures
(Jinek et al., 2014; Nishimasu et al., 2014). The nexus occupies a critical position in the
SpyCas%BgRNA:DNA complex, coordinating a number of key components of thieiprand
sgRNA, positioning both protein and RNA appropriately to receive target DNA duplexes for
cleavage. Upon binding sgRNA:DNA, the arginimeh bridge helix binds to the base of the
nexus and to the lower stem. Additionally, the nexus interactstwitlsmall regions (which
we propose to establish as Nexus Interacting Region 1 (NIR339IA@nd Nexus Interacting
Region 2 (NIR2) 1104.138) from the two lobes of SpyCas9. Both of these regions are
disordered in the apoSpyCas9 structure, and notablgiodmto tryptophan residues identified

as being important in PAM recognition (Jinek et al., 2014). NIR2 also interacts directly with

the lower stem, and the face opposite the dxusn di ng site |l i es 1 n cl
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end of the target strand,ggesting that interaction with the nexus may be required to order the
PAM recognition site. Notably, in th&ctinomyces naeslundiias9 (AnaCas9) apsiructure

(Jinek et al., 2014), NIR2 is ordered, and contains a ~ 50 amino acid insertion. Because NIR2
is positioned to interact with the PAM dupler the SpyCas9:sgRNA:dsDNA complex
structure, it is tempting to speculate that AnaCas9 may recognize a larger nexus and potentially

an extended accompanying PAM sequence.

Altogether, these results reveal sixtilist features within guide RNAs and establish
the bulge and nexus as the most critical features for Cas9 targeting. This challenges the
canonical view that the crRNA CRISPR repeat:tracrRNA-gqgeat is the driver of Cas9
functionality and orthogonalit{Esvelt et al., 2013; Fonfara et al., 2014). This also provides a
basis for optimization of SgRNA composition and design. For instance, the dispensability of
the upper stem, hairpin 1 and the sequence flexibility of the lower stem suggest the design of
guide RNAs that are more compact and conformationally stable than traditional sgRNAs. This
may open new opportunities to append RNA features to the CRISPR guides. Furthermore, the
ability to dictate Cas9 orthogonality using chimeric sgRNAs with altered remxaidairpin
sequences opens new avenues for the exploitation of novel Cas9 proteins, with the potential to
harness the diversity of natural Cas9 orthologs, including short Cas9 variants for convenient
packaging and delivery. This also expands multiplexipgortunities, by using a single Cas9
with various chimeric guides, or by concurrently using orthogonal systems with different

combinations of standard or chimeric sgRNAs. Collectively, our findings open up new avenues

118



for Cas9dependent DNA targeting, arseét the stage for the development of rgeteration

CRISPRbased technologies.

4.4 Experimental procedures

4.4.1 sgRNA engineering and DNA cleavage

Guide RNAs were produced byvitro transcription from dsDNA templates incorporating
a T7 promoter, with templadeassembled by PCR using internal assembly oligonucleotides
containing the specific variant sequences and universal outer primer sequences corresponding
to the T7 promoter (forward) andstranbedDNAGend
target regios for biochemical assays were amplified by PCR from FHEER (ATCC) genomic
DNA (gDNA) isolated using QuickExtract (Epicentre). Cas9 was produced by the MacroLab
at UC Berkeley as previously described (Jinek et al., 2012). Each sgRNA:Cas9 combination
was ircubated at 37°C for 10 minutes and cleavage reactions were initiated by the addition of
target DNA to a final concentration of 12.5nM, before incubation for 15 minutes at 37°C. The

appearance of DNA bands at ~320bp and ~180bp indicated cleavage.

Percentag cleavage was calculated using the program Fiji (v2®9) http://fiji.sc/Fiji)
by measuring the ratio between the sum of area under peaks for cleavage bands and the sum

of area under the parental cleavage bands.

Cas9expressing cell lines (HER93-spCas9) were generated by transfecting HEX3
cells with a linearized plasmid containing a G&¥9P fusion gene under the control of the

CMV promoter and a neomycin resistance gene. gDNA was isolated from2d&EpCas9
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cells 48 hours after guide RNA transfien. DNA for T7E1 assays was generated by PCR
amplification of the target AAVSL1 locus. Further details about material and procedures used
for guide RNA generation, DNA template generationyitro transcription, target dsDNA
generation, Cas9 protein phaction, DNA cleavage assays, cell culture and cell line
generation, cell transfection, target dsDNA generation and T7E1 assay are available in the

Supplemental Text materials and methods section.

4.4.2 Orthogonal sgRNA:Cas9 system engineering

The cas9genes fom the CRISPR1 locus and the CRISPR3 locus were PCR amplified
from genomic DNA fromS. thermophilusLMD-9, and cloned into pwtCad®acteria
(Addgene #44250) (Qi et al., 2013). To construct the sgiRkigressing plasmids, the Spel
restriction site in the pgdas9bacteria plasmid (Addgene #44249) (Qi et al., 2013) was removed
and a gBlock (IDT) encodingzaaP-targeting sgRNA based on the CRISPRL1 or the CRISPR3
locus was combined with the P&Rnplified backbone of the pgRNBacteria plasmid
(Addgene #44251) (Qet al., 2013).E. coli K-12 was used for transformation assays
(Supplemental Table S4), atrdnsformation efficiency was calculated by dividing the number
of transformants for the tested sgRNA plasmid (Supplemental Table S5) by the number of
transformats for the psgRNAC1-T4 control plasmid, as described previously (Gomaa et al.,
2014). Additional details about material and procedures used for plasmid construction, strain
and growth conditions, and bacterial transformation assays are available irphengantal

Text materials and methods section, as well as Supplemental Tails S4
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4.8 Supplemental information

Supplemental information for this chaptercludes three figures, three tables, and
Supplementary Experimental Procedures, and can be fadond withthe published article

online at:http://dx.doi.org/10.1016/j.molcel.2014.09.019
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Conclusions andfuture work
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The discovery process for traditional antiie takes several years of investigation and
screening to find an effective antibiotic molecule. In this thesis, | introduced the
bacteriophage/CRISPRas platform as a novel alternative that replaces the lengthy discovery
process with a robust design apgch. With such capabilities, this platform could represent a
sustainable solution to generate effective treatments for multresistant bacterial

infections.

Throughout this thesis, the TypeEL CRSPIRCas system has been shown to (1)
circumvent antilotic resistance, (2) achieve sequespecific killing and distinguish between
highly related strains as well as between commensal and pathogenic bacteria, (3) be
programmed to target virtually any bacterium as long as some genomic sequence information
is available, and (4) be guided by CRISPR RNAs that are packaged and delivered to target
bacteria using genorengineered P1 bacteriophage. These findings can be supplemented by
a number of studies to further develop and test the platform. In the folloaatigrss, some
of these studies are discussed.

5.1 Preventing the accidental packaging of theoi plasmid

In Figure 3.1, a number of the targeted cells receiveddhplasmid, suggesting that it
was packaged by phage patrticles. Allowing the delivery ofptlaismid by P1 bacteriophages
to target strains poses the risk of delivering antibiotic resistance. In order to address this issue,

the plasmid DNA can be checked for packaging initiation git@sy. These sites are required
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to initiate packaging by P1 bieriophage and their presence in ¢theplasmid could explain
the accidental packagihgBy eliminating these sites from theoi plasmid through the
introduction of silent mutations, packaging of such plasmid may be reduced or even eliminated.

5.2 Packaging and delivery of the complete CRBPR-Cas Type 1E system

using P1 bacteriophages

In this thesis, P1 bacteriophages were used to eliminake aali strain by delivering
CRISPR guideexpressing DNA to cells that endogenously expresssdienes. This setup
limits the use of this platforrto bacterial targets that have identified and active CRISBR
systems. In order to overcome this limitation, one possibility is using P1 bacteriophages to

deliver thecasgenes as well.

The maximum DNA size (selection marker and CRISPR guide DNA)whatinserted
into the P1 genome through homology recombination was 1.4 kb as shown in this work. The
Type LE casgenes consist of theas3gene (2.7 kb) and the Cascade operon (4.4 kb). The
large sizes of these genes will pose a challenge with respggtsaccessful recombination
into the P1 genome, and (2) packaging the larger, engineered P1 genome into the bacteriophage

particles.

Using thea-red recombination technique, scientists have been able to recombine DNA
sizes up to 28 kb into a plasmid DNSing homology arms less than 60 bp and with success
rate of 836 in E. col?. Hence, fom a recombineering stand point, it is possible to irse8

and Cascade operon to the P1 genome.
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From a packaging stand point, P1 bacteri

mechanism, where the capacity of the viral capsid determines the size aigleeBNA
molecule being packag&drhe full capacity of P1 capsids is 110 kb, on the other hand the full
doublestranded P1 genome is 93.6 kblence, it is theoretically possible to introduce both
cas3andCASCADE (total size of 7.1 kb) in addition to the kanamycin resistance marker and
the CRISPR guide DNA (1.4 kb) to the P1 genome while maintaining packaging of the whole
P1 genome post insertion. However, the effect of such increase in the genome size on
packaging will remain to be tested by numerating the number of P1 particles usipgrtbech
followed in chapter 3 of this thesis.

5.3 Analyzing bacterial escapes and developing countermeasures

In chapter 2 of this thesis, CRISRFas mediated killing was shown by electroporation of
a plasmid encoding genartargeting crRNAs. While the Kkillingefficiency was up to
99.999%, there were a few escapes observed in the plates and analyzed. It was found that
plasmids isolated from these escape mutants either lacked the gemgetmg CRISPR
spacers or some components ofdasgenes. A similar angsis still needs to be conducted in
the case of using P1 bacteriophages to explore and circumvent possible means of escape. Some

of which are predicted and discussed below.

In a similar manner to the plasmid system, it is possible that escapes mighe recei
defective bacteriophages that are missing a component or more of the CBdSRRstem. In

this case, multiple doses of treatment could possibly eliminate escapes.
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Another possible route of escape often used by bacteria is adsorption inhibition by
mutating surface receptors recognized by the bacteriophbgsuch case, multiple doses of
treatmem are not likely to eliminate the escapes. Possible remedies would be engineering P1
tail proteins to bind conserved receptors that are less likely to mutate or developing P1

bacteriophage cocktails that cover a wide range of receptors.

Finally, restricton-modification (RM) systems may represent a third route of escape.
These systems are naturally employed by bacteria to destroy foreign DNA effriEhése
are 5 known types of these systems, all including a restriction enzyme activity and a methylase
activity. In general, a methyltransferase enzyme methylates the chromosomal DNA protecting
it from cleavage by the restriction enzyme. On the other hand, the restriction enzyme cleaves
unmethylated DNA (e.g. foreign bacteriophage DNA). P1 bacteriophage has the ability to
counteract a number of entrobacterial typeNMRystems through the DarA@arB proteins
packaged in the hehdHowever the presence of other types ofMRsystems in the target
bacterium would possibly destroy the P1 DNA. Countermeasures for these situations could be
premethylation of the P1 DNA prior to packaging eitirewivo or in vitro.

5.4 P1 genomemediated DNA delivey and CRISPR-Cas targeting of multiple

gram-negative pathogens

The P1 bacteriophage has been shown to package and deliver DNA encoded on phagemids
to a number of laboratory bacterial strains and clinical isolates incliithteyobacteriaceae

(Escherichia coli, Shigella flexneri Shigella dysenterigeKlebsiella pneumoniaeand
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Citrobacter freundj and Pseudomonadaceds¢udomonas aerugingéaHowever, it has

been shown in chapter 3 of this thesis that the packaging and delivery of DNA encoded on the
P1 genome is a 16@ld more frequent than phagemids when tested inEwooli strains.

While these results show that P1 genamffers a more efficient delivery vehicle than the P1

phagemid irE. coli, it is yet to be tested against a wider range of bacteria.

Through this thesis, the P1 genome was used to deliver kanamycin resistance to multiple
strains ofE. coliandShigella fexneri Other grarmegative pathogens to be explored for DNA
delivery in future work would includeKlebsiella, PseudomonasAcinetobacter and
Campylobacterin addition toE. coliand Shigellg these pathogens are annually responsible
for 386,000 multidug resistant infections and 18,700 deaths in the USA according to the

CDC.

SuccessfuDNA delivery using the P1 genome to these pathogens offers the ptssibil

of delivering full CRISPRCas systems and inducing sequespgecific cell death. In order to
achieve that, genomtargeting CRISPR spacers could be designed following the approaches
used in Chapter 2. The CRISPR DNA will then be cloned to P1 genomiesihgcasgenes.
Finally, P1 bacteriophage could be used to package and deliver the full gergeteng
CRISPRCas system to eliminate a single or multiple pathogens based on the specificity of the
CRISPR RNAdesign. Such approach emphasizes to the ability of using this technology to
Afdesigno and Acontrolo the specificity of

compounds in order to discover an effective small molecule antibiotic.
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5.5 ScaleUp of P1bacteriophage production and purification for pre-clinical,

and clinical trials

The path to introduce a therapeutic to the market involves a number of safety tests, pre
clinical, and clinical trials. At this point, it is difficult to predict the kind e$ts that will be
mandated by the FDA for the bacteriophage/CRIERR platform due to its novelty.
However, it will be essential to develop purification techniques to remove contaminates such
as endotoxins from the bacteriophage solution. In additiorgutrent laboratory production

process will need to be scalag to match the quantities needed for trials.
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Programmable Removal of Bacterial Strains by Use of Genome-
Targeting CRISPR-Cas Systems
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ABSTRACT CRISPR (clustered regularly interspaced short palindromic repeats)-Cas (CRISPR-associated) systems in bacteria and
archaea employ CRISPR RNAs to specifically recognize the complementary DNA of foreign invaders, leading to sequence-
specific cleavage or degradation of the target DNA. Recent work has shown that the accidental or intentional targeting of the bac-
terial genome is cytotoxic and can lead to cell death. Here, we have demonstrated that genome targeting with CRISPR-Cas sys-
tems can be employed for the seq e-specific and titratable removal of individual bacterial strains and species. Using the type
I-E CRISPR-Cas system in Escherichia coli as a model, we found that this effect could be elicited using native or imported sys-
tems and was similarly potent regardless of the genomic location, strand, or transcriptional activity of the target sequence. Fur-
thermore, the specificity of targeting with CRISPR RNAs could readily distinguish between even highly similar strains in pure or
mixed cultures. Finally, varying the collection of delivered CRISPR RNAs could quantitatively control the relative number of
individual strains within a mixed culture. Critically, the observed selectivity and programmability of bacterial removal would be
virtually impossible with traditional antibiotics, bacteriophages, selectable markers, or tailored growth conditions. Once deliv-
ery challenges are addressed, we envision that this approach could offer a novel means to quantitatively control the composition
of environmental and industrial microbial consortia and may open new avenues for the development of “smart” antibiotics that
circumvent multidrug resistance and differentiate between pathogenic and beneficial microorganisms.

IMPORTANCE Controlling the composition of microbial populations is a critical aspect in medicine, biotechnology, and environ-
mental cycles. While different antimicrobial strategies, such as antibiotics, antimicrobial peptides, and lytic bacteriophages, of-
fer partial solutions, what remains elusive is a generalized and programmable strategy that can distinguish between even closely

related microorganisms and that allows for fine control over the composition of a microbial population. This study demon-
strates that RNA-directed immune systems in bacteria and archaea called CRISPR-Cas systems can provide such a strategy.
These systems can be employed to selectively and quantitatively remove individual bacterial strains based purely on sequence
information, creating opportunities in the treatment of multidrug-resistant infections, the control of industrial fermentations,

and the study of microbial consortia.
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M icroorganisms play critical roles in human health and envi-
ronmental nutrient cycles and are regularly employed in di-
verse industrial processes. Within each context, a central challenge
is controlling the specific composition of a mixed population. A
few strategies can remove some microorganisms but not others
(Fig. 1): defined growth conditions, conventional antibiotics, and
antimicrobial peptides with some strain specificity, lytic bacterio-
phages, and the expression of antibiotic resistance genes, auxotro-
phic markers, or toxins under unique expression systems (1).
Unfortunately, most of these approaches offer constrained oppor-
tunities to selectively remove individual bacterial strains (e.g., an-
tibiotics and antimicrobial peptides) or require detailed knowl-
edge of the genetics, metabolism, and physiology of each
constituent of the population (e.g., selective growth conditions).
Lytic bacteriophages often offer exquisite specificity (2). However,

January/February 2014 Volume 5 Issue 1 €00928-13

individual bacteriophages must be isolated against each strain and
would require additional screening to determine the degree of
specificity. Furthermore, lytic bacteriophages replicate as part of
the infection cycle, eventually wiping out the entire target popu-
lation or breeding resistance. What remains elusive is a general-
ized and programmable strategy that can distinguish between
even closely related microorganisms and that allows for fine con-
trol over the composition of a microbial population. We proposed
that CRISPR-Cas systems could provide such a strategy.
CRISPR-Cas systems are RNA-directed adaptive immune sys-
tems in many bacteria and most archaea that recognize nucleic
acids of invading plasmids and viruses (3, 4). Recognition is di-
rected by CRISPR RNAs that are processed from transcribed ar-
rays of alternating target-specific “spacer” sequences and identical
“repeat” sequences. The spacer region of each CRISPR RNA base
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FIG 1 Selective removal of individual bacterial strains. Approaches are
needed that can selectively remove individual constituents (green) but not
others within a diverse microbial population.

pairs with complementary nucleic acids, driving cleavage or deg-
radation by the Cas proteins within minutes of invasion (5-7).

Three types of CRISPR-Cas systems, which vary in their spe-
cific target and mechanism of action, have been defined. Type I
systems cleave and degrade DNA, type II systems cleave DNA, and
type III systems cleave DNA or RNA (8). Type I and II systems
require two principal factors to effectively target DNA: (i) com-
plementarity between the CRISPR RNA spacer and the target
“protospacer” sequence and (ii) a protospacer-adjacent motif
(PAM) specific to each CRISPR-Cas system flanking the proto-
spacer (9-11). Effective targeting can occur even for multiple mis-
matches between the CRISPR RNA and the protospacer, although
mismatches within the “seed” region flanking the PAM are more
disruptive (9, 12). Similar factors are required for DNA-targeting
by type III systems, where these systems evaluate base pairing be-
tween the target sequence and the region flanking the protospacer
(13).

While these factors help safeguard against accidental targeting
of genomic sequences, they provide a simple set of design rules to
achieve DNA targeting. This has primarily been exploited with
type II systems for genome editing, whereby cleavage is followed
by DNA repair through nonhomologous end joining (NHE]) or
homologous recombination (11, 14, 15). However, within micro-
organisms with poor or absent NHE], genome targeting can be
lethal. For instance, natural systems that acquired genome-
targeting spacers appear to possess inactive systems or mutated
target loci (16), potentially explaining the evolution of Pelobacter
carbinolicus harboring a type I-F CRISPR-Cas system (17). In the
industrial bacterium Streptococcus thermophilus, cultures under
bacteriophage attack rarely integrate genome-targeting spacers
and, in such an event, rapidly disappear from the population (18).
In the hyperthermophilic archaeon Sulfolobus solfataricus harbor-
ing a type I1I-A system, infecting cells with viral particles encoding
a genome-targeting spacer slowed the growth of the culture under
selecting conditions and led to recombination between the virally
encoded spacer and the endogenous CRISPR array (19). In the
bacterium Escherichia coli expressing a type I-E or II-A system in
trans, transformation of a plasmid with spacers targeting endoge-
nous genes or a lysogenized bacteriophage led to extremely low
recovery of viable transformants (11, 20-23). Similar results were
obtained in the bacterial pathogen Streptococcus pneumoniae ex-
pressing a type II system in trans, wherein viable transformants
contained mutations or deletions that inactivated CRISPR-Cas-
mediated targeting (11, 24). Finally, in the bacterial phytopatho-
gen Pectobacterium atrosepticum harboring a native type I-F sys-
tem, induction of genome-targeting spacers from a tightly
regulated plasmid was cytotoxic within a few hours of induction
and led to extensive deletions in the target loci (25). This extensive
evidence presents an opportunity for the sequence-specific re-
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moval of microorganisms by reprogramming CRISPR-Cas sys-
tems.

Here, we investigated the potential of CRISPR-Cas systems for
the sequence-specific targeting and selective removal of individual
strains of bacteria. Using the E. coli type I system as a model, we
found that targeting the E. coli genome led to potent removal of
cells as long as the target sequence contained a PAM and was
complementary to the spacer. In contrast to targeting of bacterio-
phages and plasmids, genome targeting accommodated multiple
mutations in the seed region. Furthermore, targeting was similarly
effective regardless of genomic location, strand, or transcriptional
activity. Finally, using genomic sequence information, we could
selectively remove closely related bacterial strains whether in pure
or mixed cultures. The extent of removal could even be modulated
by mixing targeting and nontargeting plasmids. Our findings
open the possibility of quantitatively controlling the composition
of microbial consortia and selectively treating multidrug-resistant
infections, particularly with ongoing advances in the delivery of
nucleic acids to microorganisms.

RESULTS

Genome targeting with the type I-E CRISPR-Cas system in
E. coli. We first evaluated the impact of targeting a natural
genomic locus with the type I-E CRISPR-Cas system from Esche-
richia coli K-12, one of the best-characterized CRISPR-Cas sys-
tems to date. This system encodes six cas genes in two operons
(casABCDE and cas3) required for CRISPR RNA processing and
the cleavage and degradation of target DNA (26). Because the
casABCDE operon is repressed by H-NS in E. coli K-12 under
normal growth conditions (27), we used a previously developed
system consisting of two plasmids (pCasA-E and pCas3) (see
Fig. S1 in the supplemental material) that inducibly express all six
casgenes (26). Inaddition, we generated a third plasmid, encoding
an altered version of the endogenous CRISPRI array in E. coli
K-12 that accommodates the sequential insertion of engineered
spacer sequences (pCRISPR) (see Fig. S1 and S2). pCRISPR plas-
mids encoding engineered, genome-targeting spacers were trans-
formed into E. coli K-12 substrain BW25113 cells equipped with
inducible expression of the T7 polymerase (BW25113-T7) and
harboring the two cas-expressing plasmids (pCasA-E and pCas3)
(see Fig. S1). As part of the assay, we measured the transformation
efficiency, a proxy for removal of strains in pure cultures, by di-
viding the number of viable transformants for each genome-
targeting CRISPR plasmid by the number of viable transformants
for the original pCRISPR plasmid. Lower ratios or transformation
efficiencies indicate a greater extent of removal.

We began with a spacer that is complementary to the template
strand of the essential ftsA gene, involved in cell division (Fig. 2A).
The selected protospacer was immediately downstream of AAG,
one of the four PAMs for this CRISPR-Cas system (9). The result-
ing anti-ftsA (a-ftsA) plasmid exhibited transformation efficiency
~10°-fold lower than that of the original pCRISPR plasmid
(Fig. 2B), paralleling the transformation efficiency of plasmids
encoding prophage-targeting CRISPR RNAs (21, 22). In the ab-
sence of the casABCDE operon, the a-ftsA plasmid and the origi-
nal pCRISPR plasmid yielded similar transformation efficiencies
(Fig. 2B), ruling out transformation issues and confirming the role
of the casABCDE operon. Forced expression of the chromo-
somally encoded cas genes through deletion of the hns gene also
resulted in a low transformation efficiency (see Fig. S3A in the
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FIG 2 Potent and sequence-specific removal through genome targeting with
CRISPR-Cas systems. (A) Design of a CRISPR RNA targeting the ftsA gene in
E. coli K-12. The 32-nt spacer sequence is in blue, and the repeat sequence is in
gray. The last two nucleotides of the spacer (in black) are fixed to introduce
restriction sites used for cloning additional repeat-spacer pairs. Flanking the
protospacer (highlighted in blue) is the protospacer-adjacent motif (PAM)
(highlighted in green) required for DNA targeting. Point mutations within the
established seed region of the spacer (9) and the protospacer tested in panel B
are shown. (B) Transformation efficiencies of a-ftsA plasmids containing dif-
ferent mutations in the seed region of the spacer. Single, double, and triple
mutations of the spacer sequence are shown in yellow, orange, and red, respec-
tively. The transformations were carried out in BW25113-T7 (wild type [WT])
or BW25113-T7m257" (m2,5,7"), each harboring two plasmids: pCas3 (+
cas3) and either pCasA-E (+ casABCDE) or pCasA-E' (— casABCDE). Fig-
ure S1 in the supplemental material illustrates the general transformation pro-
cedure. Transformation efficiency was calculated as the number of transfor-
mants for each tested plasmid divided by the number of transformants for the
original pCRISPR plasmid for the same culture. Values represent the geomet-
ric means and SEM of data from three independent experiments.

supplemental material) (27). In total, these results demonstrate
the potency of genome targeting using a type I CRISPR-Cas sys-
tem.

Each experiment yielded a few colonies that presumably es-
caped genome targeting. These colonies may have escaped
through (i) alteration to the target genomic site or (ii) disruption
of the expression/activity of the CRISPR RNAs or Cas proteins
(16, 28). To initially explore the basis of escape, we inoculated 22
colonies for storage and further analysis. Less than half of the
colonies (10/22) exhibited substantial growth after 13 h in liquid
culture selecting for all three plasmids, suggesting that the rate of
survival is overestimated. We first sequenced the genomic ftsA
locus of the 10 viable colonies plus that of 4 additional colonies
from a previous experiment. Interestingly, the locus was unaltered
in all 14 isolates, unlike previous examples of escape (9, 20). Turn-
ing our attention to the expression plasmids, we found that the
isolated plasmids conferred resistance to all three antibiotics when
transformed into a plasmid-free strain, ruling out integration of
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the resistance cassette into the E. coli genome. Finally, we se-
quenced the CRISPR locus on the a-ftsA plasmid, which revealed
various deletions that removed the a-ftsA spacer (see Fig. $4 in the
supplemental material). In total, alterations to the CRISPR RNAs
appear to principally account for surviving colonies, at least
within our experimental setup.

We next evaluated the sequence specificity of CRISPR-Cas-
mediated removal. We introduced different point mutations into
the seed region of the a-ftsA spacer (Fig. 2A), where the seed
region for the type I-E CRISPR-Cas system in E. coli was previ-
ously identified as the first through fifth, seventh, and eighth nu-
cleotides flanking the PAM (9, 12). Prior work demonstrated that
single point mutations within this region of the spacer for type I
CRISPR-Cas systems disrupted immunity against bacteriophages
(9). However, we found that point mutations to the second (m2),
fifth (m5), or seventh (m7) nucleotide of the wild-type (WT)
a-ftsA spacer only marginally disrupted removal (Fig. 2B). Pairing
point mutations (m2,5; m2,7; m5,7) further disrupted removal,
while only the combination of all three point mutations (m2,5,7)
fully disrupted removal.

To further probe the specificity of removal, we introduced
compensatory mutations within the native ftsA gene (m2,5,7")
(see Fig. S5 in the supplemental material). The matched pairing of
the m2,5,7 spacer and the m2,5,7" strain resulted in a large extent
of removal, albeit less than that seen with the pairing of the WT
spacer and the WT strain (Fig. 2B). Separately, the mismatched
pairing of the WT spacer and the m2,5,7’ strain exhibited negligi-
ble removal (Fig. 2B), excluding the possibility of unintended tar-
geting at other genomic loci.

Potent removal by targeting diverse locations throughout
the genome. Programming of CRISPR-Cas systems to remove in-
dividual strains would greatly benefit from the ability to readily
target any PAM-flanking sequence throughout a genome. Previ-
ous examples of genome targeting successfully targeted different
genes on both strands of the genome (11, 19, 20, 25). However, a
comprehensive and quantitative investigation of genome target-
ing has not been conducted. Toward this goal, we designed 10
additional spacers that target different protospacers flanked by a
PAM throughout the E. coli K-12 genome (Fig. 3A). The corre-
sponding protospacers covered a diverse range of locations, in-
cluding the positive and negative strands of the genome, template
strands and nontemplate strands of genes, and within untran-
scribed regions. Furthermore, we targeted both essential and non-
essential genes because of their relative capacities to tolerate mu-
tations or deletions. In all cases, the extent of removal was
statistically similar to that of the original a-ftsA spacer (P values
between 0.05 and 0.88) (Fig. 3B), suggesting that removal is based
on chromosomal injury rather than on perturbing the natural
function of the target locus. Furthermore, in the absence of the
casABCDE operon, each plasmid and the original pCRISPR plas-
mid yielded similar transformation efficiencies (see Fig. S6 in the
supplemental material). The PAM was an essential feature, similar
to findings of previous studies (11, 20, 25), since targeting a sepa-
rate site within the ftsA gene lacking a PAM resulted in negligible
removal (Fig. 3B). Based on these results, we conclude that potent
removal can be achieved by targeting diverse locations throughout
the genome as long as a PAM is present. Interestingly, the simul-
taneous targeting of multiple locations (asd, msbA, fsA, and nusB)
exhibited extents of removal similar to those with targeting of only
one of the locations (ftsA) (P = 0.48) (see Fig. S7).
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FIG 3 Similar efficiencies when targeting diverse locations throughout the
genome. (A) Protospacer locations in the E. coli K-12 genome. Dots inside and
outside the circle reflect spacers designed to base pair with the negative (—) or
positive (+) strand of the chromosome, respectively. Dots also reflect proto-
spacers flanked by anon-PAM (white), on the template strand (blue), or on the
nontemplate strand (green) of coding regions or in nontranscribed regions
(purple). (B) Transformation efficiencies for pCRISPR plasmids encoding
spacers targeting the sites shown in panel A in BW25113-T7 harboring pCas3
and pCasA-E. See the legend for Fig. 2B for an explanation of the transforma-
tion efficiency. Values represent the geometric means and SEM of data from
three independent experiments.

To explore the broad potential of our approach through native
CRISPR-Cas systems outside of E. coli, we explored the impact of
genome targeting in the Gram-positive bacterium Streptococcus
thermophilus. In particular, we assessed genome targeting through
the two native type II CRISPR-Cas systems (CRISPR1 and
CRISPR3) previously shown to be active under normal growth
conditions (4, 29). The transformation efficiencies of plasmids
encoding CRISPR1 and CRISPR3 RNAs targeting the lacZ gene
were near the limit of detection (~10*-fold lower than that of the
empty plasmid) (see Fig. S3B and Table S1 in the supplemental
material). Therefore, potent removal can be achieved through dif-
ferent native CRISPR-Cas systems.

Sequence-specific removal of individual strains. The flexibil-
ity and sequence specificity of genome targeting open the intrigu-
ing possibility of using CRISPR-Cas systems to specifically remove
individual microbial species and strains. To begin exploring this
possibility, we focused on two substrains of E. coli: E. coli K-12
(BW25113-T7) and E. coli B [BL21(DE3)] (Fig. 4A). Because the
genomes of these strains bear more than 99% sequence homology
and almost all cellular processes are identical (30), selectively re-
moving one of the strains would be extremely difficult with anti-
microbial agents or under defined growth conditions. However,
the distinguishing sequences afford ample opportunities to selec-
tively target either strain with programmed CRISPR-Cas systems.
Using in silico genomic analyses, we identified one PAM-flanking
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FIG 4 Sequence-specific removal of individual bacterial strains in pure cul-
tures. (A) Estimated homologies between the genomes of E. coli K-12
BW25113-T7 (blue), E. coli B BL21(DE3) (green), and S. enterica SB300A#1
(purple), a derivative of strain LT2 (58). The reported homologies are based on
prior comparisons between E. coli K-12 and E. coli B (30) and between E. coli
K-12 and S. enterica LT2 (31). (B) Transformation efficiencies for pCRISPR
plasmids encoding spacers targeting a PAM-flanking protospacer within the
specified gene. The assay was conducted following the scheme depicted in
Fig. S1 in the supplemental material for all three strains. See panel A for an
explanation of the coloring scheme depicting each transformed strain. See the
legend for Fig. 2B for an explanation of the transformation efficiency. Values
represent the geometric means and SEM of data from three independent ex-
periments.

sequence unique to E. coli K-12 (within the fucP gene, involved in
the transport of L-fucose), one PAM-flanking sequence unique to
E. coli B (within the ogr gene, located within the P2 prophage), and
one PAM-flanking sequence shared by both strains (within the
groL gene, involved in protein folding). We subsequently designed
CRISPR spacers that recognize PAM-adjacent protospacers in
each gene and measured removal in pure cultures harboring
pCasA-E and pCas3 (see Fig. S1 in the supplemental material). As
expected, targeting fucP removed only the K-12 strain, targeting
ogr removed only the B strain, and targeting groL removed both
strains (Fig. 4B).

One potential application of programmable removal with
CRISPR-Cas systems is targeting pathogenic bacteria while spar-
ing commensal bacteria. Toward this goal, we focused on E. coli
K-12 (BW25113-T7), a derivative of commensal E. coli that natu-
rally inhabits the human digestive tract, and on Salmonella en-
terica (SB300A#1, a derivative of LT2), a major food pathogen.
Both species are Gram-negative enterobacteria, and they share
~71% sequence homology (Fig.4A) (31). Using genomic analyses,
we designed CRISPR spacers targeting a PAM-flanking sequence
unique to E. coli (within the arpA gene, involved in the regulation
of acetyl-coenzyme A [CoA] biosynthesis), a PAM-flanking se-
quence unique to S. enterica (within the mviM gene, encoding a
putative virulence factor), and a shared PAM-flanking sequence
(within the groL gene). The resulting plasmids were transformed
into pure cultures harboring pCasA-E and pCas3 (see Fig. S1 in
the supplemental material). As expected, targeting arpA removed
only E. coli, targeting mviM removed only S. enterica, and target-
ing groL removed both strains (Fig. 4B).

Selective and titratable removal of individual strains in
mixed cultures. We next proceeded from pure cultures to mixed
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FIG5 Selective and titratable removal of individual bacterial strains in mixed cultures. (A) Selective removal of BW25113-T7 and BL21(DE3) in mixed cultures.
Equal numbers of BW25113-T7 and BL21(DE3) cells harboring pCas3 and either pCasA-E (+ casABCDE) or pCasA-E’ (— casABCDE) were mixed prior to
preparation for electroporation. Mixed cultures elec d with the indicated pCRISPR pl d were plated on LB agar containing IPTG, X-Gal,
L-arabinose, IPTG, and antibiotics. Only BL21(DE3) possesses the lacZ gene, which yields blue colonies (see Fig. S8 in the supplemental material). Plates are

of three independent experiments. (B) Titratable removal of BL21(DE3) in mixed cultures. Transformations were conducted similarly to the
method described for panel A except that cells were transformed with different ratios of the E. coli B-targeting plasmid (pCRISPR-ogr) and the nontargeting
plasmid (pCRISPR) for a total of 100 ng. The ratio of blue to white colonies was normalized to the ratio of blue to white colonies for the same culture transformed

with the pCRISPR plasmid. Values represent the geometric means and SEM of data from three independent experiments.

cultures in order to evaluate the selective removal of target strains.
We repeated the transformation experiments with E. coli B
[BL21(DE3)] and E. coli K-12 (Bw25113-T7), except that both
strains were cocultured and plated on agar with 5-bromo-4-
chloro-3-indolyl-B-p-galactopyranoside (X-Gal) and isopropyl-
B-p-thiogalactopyranoside (IPTG). Under these plating condi-
tions, BL21(DE3) yields blue colonies, whereas BW25113-T7
yields white colonies (see Fig. S8 in the supplemental material).
Similar to the experiments with pure cultures, targeting the PAM-
flanking sequence within the ogr gene selectively removed
BL21(DE3), targeting the PAM-flanking sequence within the fucP
gene selectively removed Bw25113-T7, and targeting with the
original pCRISPR plasmid maintained both strains (Fig. 5A). Fur-
thermore, in the absence of the casABCDE operon, the two strains
were maintained in similar ratios regardless of the transformed
plasmid (Fig. 5A). These results demonstrate that CRISPR-Cas
systems can be employed for the selective removal of bacterial
strains in mixed cultures.

The above mixed-culture experiments utilized single plasmids
to either remove or maintain individual strains. We hypothesized
that transforming combinations of targeting and nontargeting
plasmids could remove a portion of targeted cells, conferring con-
trol over the composition of the population. To test this hypoth-
esis, we transformed different amounts of the pCRISPR plasmid
and the BL21(DE3)-targeting plasmid (total of 100 ng) and then
quantitated the ratio of blue and white colonies. Remarkably, the
fraction of the BL21(DE3)-targeting plasmid strongly correlated
with the selective removal of BL21(DE3) (Fig. 5B). The almost-
perfect linear correlation (R* = 1.00) further suggests that almost
all transformed cells received a single plasmid that either removed
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or sustained E. coli B. We thus conclude that CRISPR-Cas systems
can be reprogrammed to quantitatively modulate the composi-
tion of a mixed population.

DISCUSSION

We demonstrated the sequence-specific removal of individual
strains using CRISPR-Cas systems. While the extent of removal
was extremely high (>99.999% for the a-ftsA plasmid [Fig. 2B)),
a fraction of the transformed cells consistently survived targeting.
Sequencing survivors revealed consistent loss of the genome-
targeting spacer in the transformed pCRISPR plasmid (see Fig. $4
in the supplemental material), likely through recombination be-
tween the identical repeats. This insight is consistent with findings
of a recent study showing loss or inactivation of CRISPR elements
under evolutionary pressure (28). This insight also suggests one
potential countermeasure against surviving colonies: reducing the
number of repeats within the CRISPR array. The array could even
be reduced to a single repeat-spacer, paralleling the engineering of
single-guide RNAs for use with Cas9 (32). Other potential strate-
gies include expressing multiple CRISPR-Cas systems or eliminat-
ing CRISPR-encoding plasmids that underwent recombination.
Targeting multiple sites at one time did not appear to be an effec-
tive strategy (see Fig. S7), perceivably due to rearrangement of the
CRISPR-encoding plasmid (see Fig. S4).

We also demonstrated that potent removal could be achieved
using type I and type II CRISPR-Cas systems. An interesting dis-
tinction between these systems is that type I systems cleave and
degrade DNA through the action of a 3'-to-5" exonuclease,
whereas type II systems only cleave DNA (33). The additional
effect of DNA degradation by type I systems may further improve

mBio mbio.asm.org 5

141

Bio°wse oiqu Aq paystiiand - 9102 ‘€2 Aeyy uo Bio WsE 0IqLI WOJ) papeojumoq



Gomaa et al.

the potency of genome targeting by preventing DNA repair, al-
though a direct comparison between type I and type II systems
would be needed to directly evaluate this potential contribution.

We found that multiple mismatches within the seed region
were required to fully disrupt targeting by the type I-E system
from E. coli (Fig. 2). This may explain the absence of mutations
within the protospacer of surviving colonies (see Fig. S4 in the
supplemental material). Separately, the number of required mis-
matches contrasts with the single mismatches that disrupted im-
munity to the M13 bacteriophage (9). This discrepancy is intrigu-
ing considering that the same Cas-encoding plasmids were used in
these studies. One possibility is that the seed region can accom-
modate different numbers of mismatches when targeting genomic
DNA or when targeting invader DNA. Such differences may help
explain emerging reports of elevated off-target effects associated
with genome editing (34-37).

Delivery arguably poses the most immediate challenge to the
downstream use of CRISPR-Cas systems for the selective and
titratable removal of microorganisms. However, opportunities in
nanoparticle development and the engineering of bacteriophages
present potential solutions. Nanoparticles have been used to de-
liver nucleic acids to bacteria (38), but little subsequent work has
been done; the delivery of CRISPR RNAs may provide the impetus
to further investigate nanoparticles as vehicles of delivery to mi-
croorganisms. Separately, bacteriophages have been widely used
for heterologous protein expression, gene delivery, and the treat-
ment of bacterial infections (39, 40). Lysogenic bacteriophages or
phagemids with broad host ranges would be particularly beneficial
for the delivery of CRISPR-Cas-encoding constructs (41-43).
While silver nanoparticles and lytic bacteriophages also could be
used to remove bacteria (44, 45), they lack the specificity or the
programmability offered by genome-targeting CRISPR-Cas sys-
tems and cannot be easily dosed to quantitatively control the com-
position of a microbial consortium.

Once delivery challenges are overcome, we foresee CRISPR-
Cas systems being exploited to control bacterial populations in
diverse ecological niches and scientific fields. In biotechnology,
CRISPR-Cas systems could be used to selectively clear contami-
nating microorganisms or to quantitatively control the composi-
tion of microbial consortia in industrial processes or in environ-
mental samples. In medicine, CRISPR-Cas systems could be used
to control the composition of the gut flora or as “smart” antibiot-
ics that circumvent commonly transmitted modes of antibiotic
resistance and distinguish between beneficial and pathogenic bac-
teria. For applications that require the removal of more than one
strain, multiple spacers that target shared or unique sequences
could be encoded in a single CRISPR array. The arrays could also
be combined with a complete set of cas genes to instigate removal
of strains lacking functional CRISPR-Cas systems (15, 46). Be-
cause of the sequence specificity of targeting, CRISPR-Cas systems
could be used to distinguish strains separated by only a few base
pairs. The use of CRISPR-Cas systems would require detailed
knowledge of the genomic sequences of the bacterial population,
although the dwindling cost and increasing speed of high-
throughput sequencing along with powerful metagenomics tools
would alleviate this challenge. Overall, CRISPR-Cas systems offer
a unique opportunity for the selective and titratable removal of
microorganisms for industrial and medical purposes, which can
be added to the ever-expanding applications of this versatile im-
mune system (11, 20, 23, 47, 48).
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MATERIALS AND METHODS

Strains and plasmid construction. See Table S2 in the supplemental ma-
terial for a list of all strains used in this work. E. coli K-12 strain
BW25113-T7 was generated by transferring araB:T7-RNAp-tetA from
1Y5163 to BW25113 by P1 transduction. Successful transduction was ver-
ified by PCR. BW25113-T7m2,5,7" (Fig. 2A) was generated using three
rounds of oligonucleotide-mediated recombination with ftsA-m257-
spacer.recomb and the pKD46 plasmid encoding the A red recombination
genes (49, 50). The oligonucleotide contained two phosphorothioate link-
ages at each end to improve the recombination efficiency (51, 52). Suc-
cessful recombinants were verified by PCR and by sequencing.

See Table S2 in the supplemental material for a list of all plasmids used
in this work. The origins of replication for the pCas3, pCasA-E, and
PCRISPR plasmids used with E. coli and S. enterica belong to different
incompatibility groups (26, 53). To generate the pCasA-E plasmid lacking
the casABCDE operon (pCasA-E'), pCasA-E was digested with Ncol/
Notl, blunt ended using Pfu polymerase, and ligated.

To generate the pCRISPR plasmid, the pBAD18 plasmid (53) was
linearized with Xbal and amplified by PCR using primers pBAD18.fwd/
pBADI18.rev. A chemically synthesized gBlock (IDT) was then inserted
downstream of the Py, 1, promoter by Gibson assembly (54). The gBlock
encoded four repeats and three intervening spacers from the endogenous
CRISPR locus in E. coli K-12 MG1655 (see Table S2 in the supplemental
material), where the first spacer was modified to include a Kpnl restriction
siteand an Xhol restriction site. These restriction sites allow the sequential
insertion of engineered repeat-spacer pairs (see Fig. S2). Each pair was
chemically synthesized as two oligonucleotides (IDT), phosphorylated
with polynucleotide kinase, annealed, and ligated into the pCRISPR plas-
mid digested with KpnI and Xhol.

The pBAD18-asd,msbA,ftsA,nusB plasmid was constructed in a man-
ner similar to that for the pCRISPR plasmid, wherein a chemically syn-
thesized gBlock (IDT) was inserted downstream of the Py ,;, promoter of
the linearized pBAD18 plasmid by Gibson assembly (54). The gBlock
encoded the first repeat-spacer sequence from the endogenous E. coli
CRISPR locus, followed by five repeats and four intervening spacers tar-
geting four different locations in E. coli Bw25113 (asd, msbA, ftsA, and
nusB) (see Table S2 in the supplemental material).

To generate pORI28 (55) with engineered spacers, pORI28 and each
insert generated through PCR assembly were digested with BamHI and
Sacl and ligated together. To generate the insert encoding the lacZ1
spacer, template-free PCR was conducted with Cl-lacZ1.fwd/C1-
lacZ1.rev, followed by using the resulting product in a subsequent PCR
with C1-BamHI.fwd/C1C3-Sacl.rev. To generate the inserts encoding the
lacZ2 and lacZ3 spacers, first the CRISPR3 leader region was amplified by
PCR from LMD-9 genomic DNA with C3-leader.fwd/C3-leader.rev.
Next, the resulting product was used as the template in a subsequent PCR
with C3-leader.fwd/C3-lacZ2.rev or C3-leader.fwd/C3-lacZ3.rev. Finally,
each PCR product was used as the template in a final round of PCR with
C3-leader.fwd/C1C3-SacL.rev. All oligonucleotides and enzymes were
purchased from IDT and NEB, respectively. All cloned plasmids were
verified by sequencing.

Growth conditions. All E. coli and Salmonella strains were cultured in
LB medium (10 g/liter tryptone, 5 g/liter yeast extract, and 10 g/liter so-
dium chloride) at 37°C and 250 rpm with appropriate antibiotics. The
same strains were plated on LB agar (LB medium with 1.5% agar) supple-
mented with appropriate inducers and incubated at 37°C. S. thermophilus
LMD-9 was cultured in Elliker broth (Elliker medium [Difco] supple-
mented with 1% beef extract) and plated on Elliker agar (Elliker broth
with 1.5% agar) (56). Both culturing and plating of LMD-9 were con-
ducted at 37°C. Antibiotics were administered at the following final con-
centrations: 50 pg/ml streptomycin, 50 pg/ml kanamycin, 50 pg/mlam-
picillin, 2 pg/ml chloramphenicol, and 2 pug/ml erythromycin. Inducers
were administered at the following final concentrations: 0.1 mM IPTG
and 0.02% 1-arabinose.
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Design of native CRISPR RNAs. An overview of the approach to de-
sign and insert spacer sequences into the CRISPR array within the
pCRISPR plasmid is shown in Fig. S2 in the supplemental material. The
spacers were designed by identifying one of the known PAMs for the type
I-E CRISPR-Cas system in E. coli (AAG, GAG, GAG, and ATG). The
downstream 32 nucleotides (nt) were then used as the spacer within the
engineered repeat-spacer pair. Note that the last two nucleotides of the
spacer are fixed as TC because of the adopted cloning strategy (see Fig. S2).
However, these nucleotides fall well outside the seed region and therefore
are expected to have a negligible effect on targeting.

The spacers for S. thermophilus were designed by identifying a known
PAM for CRISPR1 (NNAGAAW) or for CRISPR3 (NGGNG) (10). The
sequence of the 31 nt upstream of each PAM was integrated into oligonu-
cleotides that were used to generate a leader region followed by a single
repeat-spacer-repeat that was subsequently cloned into pORI28. This
construct relies on processing through the native tracrRNA and RNase I11.

Transformation assay. Freezer stocks of E. coli and Salmonella strains
harboring pCas3 and pCasA-E (or pCasA-E’) were streaked to isolation
on LB agar. Individual colonies were inoculated into 3 ml of LB medium
and shaken overnight at 37°C. The cultures then were back diluted into
25 ml of LB medium and grown to an Ay, of 0.6 to 0.8, which was
measured on a Nanodrop 2000c spectrophotometer (Thermo Scientific).
The cells were then pelleted and washed with ice-cold 10% glycerol 2 times
before being resuspended in 150 to 350 pl of 10% glycerol. The resus-
pended cells (50 ul) were transformed with 50 ng of pCRISPR or
PCRISPR encoding the indicated spacer, using a MicroPulser electropo-
rator (Bio-Rad), and recovered in 300 ul of SOC medium (Quality Bio-
logical) for 1 h (E. coli) or for 2 h (Salmonella). After the recovery period,
200 pl of different dilutions of the cells were plated on LB agar with
inducers. The transformation efficiency was calculated by dividing the
number of transformants for the tested plasmid by the number of trans-
formants for the original pCRISPR plasmid. To normalize for experimen-
tal variability in transformation efficiency, the same batch of cells pre-
pared for electroporation was transformed with each tested plasmid and
the original pCRISPR plasmid.

S. thermophilus strain LMD-9 harboring pTRK669 was grown in 50 ml
of Elliker broth and prepared for electroporation as described previously,
which concentrated the culture 100-fold (57). The resuspended cells
(50 pl) were transformed with 1 ug of the pORI28 control plasmid or
pORI28 containing the indicated spacer. Transformed cells were recov-
ered in 950 ul of Elliker broth overnight and plated on Elliker agar. Plates
were then incubated for 48 h in a Coy anaerobic chamber with a gas
mixture of 10% hydrogen, 5% carbon dioxide, and 85% nitrogen before
the colonies were counted. The transformation efficiency was calculated
by dividing the number of transformants for the tested plasmid by the
number of transformants for the pORI28 control plasmid.

The average limit of detection of the killing assay, calculated as 1/(no.
of transformants for the control plasmid) was 7 X 107 for E. coli, 4 X
107 for Salmonella, and 2 X 103 for S. thermophilus. The high transfor-
mation efficiency for Salmonella was achieved by purifying the pCRISPR
plasmids, the pCas3 plasmid, and the pCasA-E plasmid individually from
SB300A#1.

Mixed-culture transformation assay. The transformation assay for
mixed cultures resembled that for the pure culture with a few notable
differences. Cultures of E. coli K-12 and E. coli B strains harboring pCas3
and pCasA-E (or pCasA-E') were grown separately to an A, of ~0.8,and
then equal numbers of cells were mixed from the back dilutions prior to
preparing the culture for electroporation. An aliquot of the resuspended
cell mixture (50 pl) was then transformed with the pCRISPR plasmid,
PCRISPR encoding the indicated spacer, or a defined mixture of both
plasmids for a total of 100 ng. The transformed cells were recovered in
300 pl of SOC medium for 90 min. After the recovery period, 200 pul of
different dilutions of the cells were plated on LB agar with inducers and
appropriate antibiotics. The ratio of blue (E. coli B) to white (E. coli K-12)
colonies on the sample plate was divided by the same ratio on the
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PCRISPR plate, yielding the normalized ratio. To normalize for experi-
mental variability in transformation efficiency, the same batches of cell
mixtures prepared for electroporation were transformed with each tested
plasmid mixture and the pCRISPR control plasmid.

Analysis of escape mutants. Colonies from the transformation assay
with the a-ftsA plasmid (pCB304) were inoculated into 5 ml of LB me-
dium with appropriate antibiotics and inducers. Growth was assessed
based on the A, after 13.5 h of growth. Cultures exhibiting measurable
growth (Ag, > 0.01) were stored as glycerol stocks. Plasmids were then
isolated from each escape mutant, and equal amounts of DNA were re-
solved by agarose gel electrophoresis. Each isolated set of plasmids was
also transformed into E. coli K-12 and plated on LB agar containing one of
the three antibiotics. Finally, the plasmid mixture from each escape mu-
tant was sequenced using primers that specifically bind within the Py,
promoter or the double terminator of the a-ftsA plasmid. To analyze the
protospacers, approximately 400 bp surrounding the protospacer within
the ftsA gene of the escape mutant was PCR amplified and subjected to
sequencing.

Statistical analyses. All P values were calculated using the Student
t test, assuming log-normal distributions, two tails, and unequal vari-
ances.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org
Nlookup/suppl/doi:10.1128/mBi0.00928- 13/-/DCSupplemental.

Figure S1, EPS file, 0.7 MB.

Figure S2, EPS file, 0.6 MB.

Figure S3, EPS file, 0.5 MB.

Figure S4, EPS file, 0.6 MB.

Figure S5, EPS file, 0.5 MB.

Figure S6, EPS file, 0.5 MB.

Figure S7, EPS file, 0.5 MB.

Figure S8, EPS file, 3.4 MB.

Table S1, DOC file, 0.1 MB.

Table 52, DOC file, 0.2 MB.
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