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ABSTRACT

CRISPR-Cas (Clustered regularly interspaced short palindromic repeats-CRISPR-
associated) systems are adaptive immune systems found in prokaryotes that defend
against viruses and other foreign genetic elements. The first step of CRISPR-Cas defense,
termed adaptation, involves two phases: the acquisition of foreign DNA as protospacers,
and the incorporation of the DNA as spacers into the CRISPR array. In this dissertation,
in vitro and in vivo approaches were utilized to investigate both phases of adaptation in
the Type II-A CRISPR-Cas system of Streptococcus thermophilus. First, the mechanism
of spacer incorporation into the CRISPR array was investigated by reconstituting the
integration reaction in vitro. It was determined that Cas1 and Cas2 proteins accurately
integrate spacer DNA into a CRISPR locus. Sequences in the CRISPR leader and repeat
were identified as important DNA elements that dictate the first site of integration at the
leader-repeat junction. Additionally, second-site integration at the repeat-spacer junction
was found to be dependent on multiple determinants including a length-defining

mechanism that relies on a repeat element proximal to the second site of integration. The



protospacer selection phase of adaptation was also addressed to investigate how foreign
DNA is acquired and discriminated towards PAM (protospacer adjacent motif)-adjacent
sequences to generate functional spacers. Here, we demonstrate that Csn2 influences the
selection of PAM-adjacent sequences for integration by Cas1-Cas2. Additional genetic
analyses revealed that loss of a component of the Cas9 ribonucleoprotein, tracrRNA (the
trans-activating CRISPR RNA), reduced spacer duplication events observed within the
CRISPR array. Furthermore, loss of nuclease activity of DNA repair proteins RexAB was
found to negatively impact adaptation frequency, presumably through the reduction in
protospacer generation. Lastly, spontaneous mutations in the S. thermophilus FtsH
protein leads to phage resistance in the absence of a functional CRISPR-Cas system and
this effect was bypassed by mutations in a phage tail chaperonin protein. These results
provide valuable insight into the mechanism and regulation of CRISPR adaption in the
Type 1I-A CRISPR-Cas system of S. thermophilus and contributes to the overall
understanding of adaptive immunity against foreign elements and the host-phage

evolutionary arms race.

INDEX WORDS: CRISPR; Cas; Casl; Cas2; Csn2; Cas9; tractRNA; Type II-A;
adaptation; protospacer generation; PAM; RexAB; FtsH; phage;

Streptococcus thermophilus



MECHANISMS OF PHAGE RESISTANCE IN STREPTOCOCCUS
THERMOPHILUS; DNA UPTAKE INTO CRISPR ARRAYS AND THE ROLE OF

HOST GENES

JENNY GI YAE KIM
B.S., Georgia Institute of Technology, 2011

M.S., Georgia State University, 2014

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial

Fulfillment of the Requirements for the Degree

DOCTOR OF PHILOSOPHY

ATHENS, GEORGIA

2020



© 2020
Jenny Gi Yae Kim

All Rights Reserved



MECHANISMS OF PHAGE RESISTANCE IN STREPTOCOCCUS

THERMOPHILUS; DNA UPTAKE INTO CRISPR ARRAYS AND THE ROLE OF

HOST GENES
by
JENNY GI YAE KIM
Major Professor: Michael P. Terns
Committee: David J. Garfinkel
Christopher West
Zachary Wood

Electronic Version Approved:

Ron Walcott

Dean of the Graduate School
The University of Georgia
December 2020



DEDICATION
This dissertation is dedicated to my family. My father and mother, Steve and
Mi Hyang Kim, and my brother, Andrew Kim. This work would not have been possible
without your love, encouragement and support. Thank you for believing in me and

giving me the strength to pursue my dreams.

v



ACKNOWLEDGEMENTS

None of this work would have been possible without the guidance and mentorship
of Dr. Michael Terns. The continuous support, patience and motivation you have given
me has helped me become the scientist that I am today. Thank you for your dedication to
helping me succeed and providing me with the opportunities to foster my career. I would
also like to express my sincerest gratitude to my committee members Dr. David
Garfinkel, Dr. Christopher West, Dr. Zachary Wood and Dr. Claiborne Glover. Your
constant guidance and insightful discussions was instrumental in the development of my
research and I am grateful for your encouragement over the years.

To past and present members of the Terns lab, thank you. Every single one of you
have been an important part of my success and I am forever grateful: Dr. Yunzhou Wei,
Dr. Masami Shimorii, Dr. Ryan Catchpole, Dr. Kawanda Foster, Dr. Julie Grainy, Walter
Woodside, Ralph Zhang, Elizabeth Watts, Clare Edwards, Justin Mclean and Landon
Clark. To my talented undergraduate students Sonam Brahmbhatt and Riya Gohil, the
hard work that you have put into my research projects has truly allowed this work to be
possible. I also want to thank Dr. Rebecca Terns and give you my warmest thanks for
your mentorship and invaluable advice you have provided me over the years.

I would also like to express my deepest appreciation to Dr. Brenton Graveley and
Dr. Sandra Garrett. The work presented here would not have been possible without you.

Sandy, I am sincerely grateful for the work that you have provided for these projects.



Everything from experimental design, discussing results to providing helpful comments
on this thesis, you have truly played a critical role in my graduate career.

I am also incredibly grateful for my friends both in Athens, Atlanta and all over
the country. To name a few, Lauren Adel, Ivette Nufiez, Kawanda Foster, Lydia
Aletraris, Carlo Finlay, Leo Finlay, Ann Stoneburner, Robert Wyatt, Woori Koh, Pat
Chung, and Sonia Im, thank you. You have given me the strength when I didn’t feel like I
had enough and continually provided the encouragement to keep going.

Thank you to my family members, Steve Kim, Mi Hyang Kim, Andrew Kim,
Joseph Kim, Kristin Kim, Nick Hughey, Songye Hughey, Jonathan Hughey, Tommy
Hughey, all of my family in South Korea, my grandmother Tae-Sun Kim and to my late
grandmother and grandfathers Kyung-Bae Kim, Ok-Chul Kim and Chung Tae-Sul.

I hope I have made you proud.

Last but not least, thank you to Graham Wyatt. You have been a constant source

of light and encouragement during countless times of uncertainty. You have believed in

me when I didn’t believe in myself and have given me the strength to pursue my dreams.

Vi



TABLE OF CONTENTS

Page

ACKNOWLEDGEMENTS ...ttt sttt v
CHAPTER

1 INTRODUCTION AND LITERATURE REVIEW .....cccoocviiiiiiiienee. 1

Introduction to CRISPR-Cas SyStems ..........ccccveeerieeirieeiiiieeiiee e 1

Classification of CRISPR-Cas SyStems.........cccceevveeerieeeiieeniieeeiieesieeenns 2

Mechanism of Adaptation in CRISPR-Cas Systems ..........cccccceveerieenennne 4

Mechanism of crRNA biogenesis in CRISPR-Cas Systems..................... 15

Mechanism of Target interference in CRISPR-Cas Systems ................... 16

Type 1I-A CRISPR-Cas Systems in S. thermophilus................ccccccuen.... 18

DiSSErtation OVEIVIEW ........cocueeruieiiieniieeieenite ettt et e st eaee s eees 20

RETRIENCES....eouiiiiieie e 22

FIGUICS .. 44

2 CRISPR DNA ELEMENTS CONTROLLING SITE-SPECIFIC SPACER

INTEGRATION AND PROPER REPEAT LENGTH BY A TYPE II

CRISPR-CAS SYSTEM ..ottt 58
ADSETACT ...ttt 59
INErOAUCTION ... 59
Materials and Methods..........ccooiiiiiiiiiiiie e, 65
RESUILS ...t 71

vil



DISCUSSION ...ttt ettt et ettt e st ebeesaeeeeeas 82

RETRIENCES....eouiiiiieiie e 89

FAUICS. ..ttt e e et e e et e e et eeeeree s 99
3 EFFECTS OF CRISPR-ASSOCIATED PROTEINS AND REXAB ON

PROTOSPACER GENERATION AND PHAGE RESPONSE IN

S. THERMOPHILUS .....oooiiiiie ettt 139
ADSLTACT ...ttt 140
INtOAUCTION ...t 141
Materials and Methods............cooiiiiiiiiiiiiieee 147
RESUIES ...t 154
DISCUSSION ...ttt ettt ettt ettt s e b e 166
REfRIENCES ..o 176
FAGUICS. ..ttt et e et e e e e eanes 190

4 DISCUSSION ...ttt ettt ettt et s et eseeseeeneeneens 208
Pre-spacer generation in Type II CRISPR systems by RexAB .............. 208
Role of Cas proteins during spacer aCquiSItioN..........cccueeereveereereerreeennne. 211
SPACET INEEIATION ..eveviieiiieeiieeeiiee et e et et e ete e e eeeaeeeeaeeenneeees 217
Phage resistance by non-CRISPR survivors..........ccceecveeveieeecieesneeenee, 221
Concluding re€MATKS .........cccuvieeiiieeiiieeeiee et eeree e s 223
REfRIENCES ..o 223

viil



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Introduction to CRISPR-Cas Systems

The constant arms race between prokaryotes and invading foreign elements such
as phages, plasmids and mobile genetic elements has driven the evolution of defense
mechanisms to facilitate an effective immune response to an invader (1,2). One specific
mechanism of defense is the CRISPR-Cas system. CRISPR (Clustered Regularly
Interspaced Short Palindromic Repeats) -Cas (CRISPR associated) systems are immune
systems that provide protective immunity against invading foreign nucleic acid elements
such as bacteriophages (phages) (3,4). These adaptive immune systems are found in the
genomes of roughly half of bacteria and almost all archaea species sequenced so far.
CRISPR-Cas systems currently fall into 2 classes, 6 types and 33 subtypes (5). Unlike
other mechanisms of defense, CRISPR-Cas systems provide an adaptive method of
protection against foreign invaders by generating a library of previous infections which
enables a highly efficient and effective immune response upon reinfection of the cell —
resulting in a heritable memory bank of past invaders (6-9).

The architecture of CRISPR-Cas systems is comprised of the CRISPR-associated
genes and a CRISPR locus consisting of an AT-rich, variably-sized leader sequence

adjacent to an array of repeats separated by similarly sized, previously incorporated



spacers (Figure 1.1) (10,11). The CRISPR-Cas immune response consists of three stages:
adaptation, crRNA (CRISPR RNA) biogenesis and interference (Figure 1.2). In the
adaptation stage, foreign invader sequences termed “protospacers” are captured,
processed and integrated into the CRISPR array, where they are referred to as “spacers”
(3). Since these spacers originate from foreign nucleic acids and are variable sequences,
they serve as a memory bank of past invading elements. During crRNA biogenesis, the
CRISPR array is transcribed as a single transcript and processed into short, functional
mature CRISPR RNAs (crRNAs) that serve as complementary guides to invading nucleic
acids (12-14). During interference or invader silencing, an effector protein(s) forms a
complex with the functional crRNA species and base-pairs with the invader sequence
upon reinfection to degrade the invading nucleic acid (12,15-17).

DNA and RNA-targeting abilities by CRISPR-Cas systems have been repurposed
as a revolutionary tool for biological research. For example, re-programming of the Cas9
enzyme has been utilized for medicinal and diagnostics research ranging from genome
editing to regulating gene expression and chromatin interactions (18,19). As CRISPR
technology becomes increasingly common in advancing scientific research, the need to

understand the basic biology of CRISPR-Cas systems has become paramount.

Classification of CRISPR-Cas Systems
The diversity of CRISPR-Cas systems has prompted the development of stringent
methodologies to identify unique features that can be used to classify these systems into
defined categories. However, with the ongoing discovery of new CRISPR-Cas systems,

classification changes and improves over time (7,20,21). Computational strategies have



been a reliable approach for classification and nomenclature of CRISPR-Cas systems.
These approaches exploit not only the architecture and composition differences of the
CRISPR and cas loci but sequence and gene context are also used to distinguish variants
of different systems (11). Currently, CRISPR-Cas systems can be grouped into two main
classes: Class I and Class II (5,11,20-22). These two classes are distinguished by whether
the effector complex is a multi-subunit complex (Class 1) or a single multi-domain
protein (Class 2). Classes are further categorized into 6 types. Class 1 consists of Type I,
IIT and IV while Class 2 consists of Type 1I, V and VI (Figure 1.3) (5,11).

Class 1 CRISPR-Cas systems facilitate interference utilizing a multi-Cas protein
complex. In the well-studied Type I CRISPR-Cas system, the multi-subunit complex
(termed the Cascade complex) functions together with a signature cas3 gene, which
encodes a helicase domain fused with an endonuclease domain that is responsible for the
cleavage of target DNA (23,24). Within the Type I system, sub-types I-C, I-D, I-E and I-
F contain a single operon encoding the cas!, cas2 and cas3 genes together, while others,
like subtypes I-A and I-B, contain several clusters of cas genes in separate operons
(11,25).

Class 2 systems contain a single effector module that consists of a large protein
rather than a multi-subunit complex. For the Type Il system consists, that large protein is
Cas9 while Cas12 and Cas13 are found in Types V and VI, respectively (5). Cas9 is the
most notable of the Type II effector enzymes because it is the most well studied effector
protein and it is widely developed as a genome editing tool (18,19). This signature
protein is a multidomain nuclease that functions in DNA cleavage and was also found to

be involved in adaptation (26-28).



Although CRISPR-Cas systems have notable similarities, evolution of these
systems has allowed for significant variability among even the closest types and subtypes
of CRISPR-Cas systems, and research into the distinct mechanisms of action is ongoing
(Figure 1.3). This dissertation focuses on the Type II-A CRISPR-Cas system of the

bacterium, Streptococcus thermophilus.

Mechanism of Adaptation in CRISPR-Cas Systems

CRISPR adaptation involves the recognition, processing and integration of
foreign nucleic acid sequences into the CRISPR loci as a new spacer. Successful
integration of invading nucleic acids into the CRISPR loci allows for efficient CRISPR-
mediated immunization upon reinfection of the host by the same invader. While
CRISPR-Cas immunity through adaptation remains elusive, recent studies have led to an
improved understanding of CRISPR adaptation.

CRISPR adaptation requires the Cas1 and Cas2 proteins to integrate spacers into
the CRISPR array. Structural studies have shown that Cas1 and Cas2 proteins form a
Casl4-Cas2, complex consisting of two dimers of Casl bridged by a single Cas2 dimer to
incorporate new spacers into the CRISPR array in both Type II and Type I systems (29-
31). In the widely studied Type I-E system of Escherichia coli and Type II-A system of
Streptococcus thermophilus and Streptococcus pyogenes, Cas1-Cas2 mediated spacer
integration exhibited a preference for double-stranded DNA (dsDNA) substrates during
integration (29-34). During spacer integration, Cas1-Cas2 recognizes the leader and the
adjacent repeat sequence with or without additional host factors to mediate polarized

integration to the leader-adjacent repeat (31-33,35-42). Upon integration of the new



spacer sequence, DNA polymerase and ligase host factors are required to repair the
CRISPR array (43). Therefore, CRISPR adaptation is generally divided into two stages:
the capture and processing of foreign DNA (pre-spacer generation), and integration of the

DNA into the host CRISPR locus as a new spacer (spacer integration).

Pre-spacer generation

During the initial step of adaptation, pre-spacer generation involves the
acquisition of foreign nucleic acids, often referred to as mobile genetic elements (MGEs)
and is further processed for integration into CRISPR arrays. CRISPR adaptation can be
classified into two modes: naive and primed adaptation. Naive adaptation occurs when a
pre-spacer is acquired from an unfamiliar invader to which the host has no prior
immunity and integrates the unique spacer into the CRISPR array (44). Primed adaptation
occurs when foreign invaders escape CRISPR defense through mutations in the PAM or
protospacer resulting in secondary spacer acquisition of additional sequences of the
targeted invader (44-46). Pre-spacer generation is required for both modes of adaptation

however, the machinery involved in acquiring substrates can vary.

Naive adaptation

Adaptation from MGEs that has not yet been cataloged into the existing CRISPR
system is termed naive adaptation (44). During naive adaptation, a bias for MGEs over
host chromosomal DNA is required to prevent self-targeting and cell death. However,
despite the risk of autoimmunity, the frequency of spacers acquired from the genome is

quite high (28,47). Recent studies have shown that intermediates generated by the host



proteins, RecBCD are one cause of this bias and a main source of pre-spacer substrates in
E. coli (47,48). The RecBCD enzyme in E. coli is a helicase-nuclease complex involved
in DNA repair of double-stranded DNA breaks (DSB) (49,50). DSBs that can arise from
UV radiation, DNA-damaging agents or stalled replication forks can be lethal to the cell
and several modes of repair have evolved as a means of processing the DSB to allow for
repair and recombination.

DNA fragments generated by RecBCD activity have since been hypothesized to
be captured by Cas proteins. Studies linking RecBCD activity to adaptation have
demonstrated that spacer acquisition is replication-dependent and that dsDNA breaks
facilitate an adaptation bias for these regions that require processing and repair by
RecBCD (47). In this study, chromosomal hotspots for areas of spacer acquisition were
additionally bound by Chi (chromosomal hotspot instigator) sequences which are short
octameric sequences that regulate activity of RecBCD enzymes to stall the enzymes from
further processing (47,50). Additionally, because Chi sequences occur nearly 14 times
more frequently in the E. coli genome than phage DNA, RecBCD-mediated processing is
a method of early defense against MGEs (47).

Whether RecBCD is directly functioning with Cas proteins to generate pre-
spacers or if degradation products simply supply pre-spacer substrates is not clear.
However, studies involving RecBCD and adaptation have linked both nuclease and
helicase activity of RecBCD to be involved in influencing CRISPR adaptation (47,48). In
Gram-positive bacteria lacking RecBCD, the homologous AddAB enzymes have been
linked to CRISPR adaptation and demonstrated that nuclease activity influences similar

adaptation bias seen with RecBCD (51). As details involving pre-spacer source is



becoming more evident, mechanisms of how cell machinery are involved in pre-spacer
generation is not well understood. Though details involving the selection of pre-spacers
have become clearer, the mechanisms and cell machinery controlling this process are not
well understood.

Regardless of spacer source, a short and highly conserved PAM (protospacer
adjacent motif) sequence is found flanking each potential protospacer that will be
selected for spacer acquisition (52). PAM sequences are typically 2-5 nucleotides in
length and have been identified in several Type I and Type Il CRISPR-Cas systems
(52,53). These motifs are involved not only in spacer uptake but targeting of invader
sequences to prevent self-immunization through recognition of the spacer sequence
located in the CRISPR array (27,44,54).

In Type I CRISPR-Cas systems, several variants such as Type I-B, I-C, and I-D,
Cas4 is involved with PAM-dependent spacer acquisition. In the Type I-D system, Cas4
not only selects PAM-compatible sequences but also processes pre-spacer substrates
according to the PAM (55). In the Type I-C system of Bacillus halodurans, Cas4 is
required for PAM sequence recognition for pre-spacer processing prior to spacer
integration (56,57). The CRISPR-Cas systems in Pyrococcus furiosus, require two
distinct Cas4 nucleases that are essential for spacer acquisition as both are involved in
processing of pre-spacers flanked by a PAM and a secondary recognition motif (58). In
CRISPR systems missing Cas4 proteins such as the Type I-E system, Cas1-Cas2
integrase complex relies on Casl to recognize the PAM sequence (59,60).

Unlike Type I CRISPR-Cas systems, Type Il systems utilize the single effector

protein, Cas9, to recognize PAM sequences such as those found in the Type II-A systems



of S. thermophilus and S. pyogenes. The Cas9 enzyme in S. pyogenes recognizes a short
5’-NGG-3" PAM element that is identified by a PAM-interacting (PI) domain within
Cas9 (52,61,62). Due to its involvement in PAM recognition, Cas9 is involved in target
interference and adaptation (26,28).

Unlike Type I and Type II systems, Type III CRISPR-Cas systems lack PAMs
and relies on repeat sequences on the crRNA and the flanking sequence of the target
RNA for interference (63). Type III systems are unique in that these systems are capable
of both DNA and RNA interference activity (Figure 1.3) (63-68). Despite absence of
PAM sequences, some Type III systems such as the Type III-B of Marinomonas
mediterranea have evolved to acquire spacer sequences from RNA. In these CRISPR
systems, Casl is fused to a reverse transcriptase to allow acquisition of new spacers from
RNA to defend against RNA-based invaders (66).

Type IV of Class I systems and Type V and I of Class II systems are less
understood and characterized. Type IV systems are different from other CRISPR systems
in that that they do not contain Casl and Cas2 (5,11,69). Due to the exclusive absence of
Casl and Cas2 from Type IV systems, it is implicated that Type IV systems exploit the
functionality of other CRISPR systems and their Cas1-Cas2 adaptation modules (70).
Most Type V systems are considered as minimal CRIPSR arrays as some systems such as
V-C and V-D lack the gene encoding for Cas2 and have shorter CRISPR arrays with
notably less repeat-spacer units. A recent study demonstrated that the Type V-C Casl
protein alone is functional as an integrase capable of integrating short DNA fragments
into the CRISPR array (71). Lastly, Type VI adaptation modules have been shown to be

composed of a reverse-transcriptase-Cas1 fusion and Cas2 to acquire spacers from RNA



molecules, a characteristic similarly seen in Type I1I systems (72). This dissertation,
however, focuses on the mechanisms of DNA uptake in the Type 1I-A CRISPR-Cas

system.

Primed Adaptation

Acquired spacers from MGEs that have never been encountered, allows for
CRISPR-Cas systems to generate a targeted response by facilitating base-pairing between
the crRNA and the invading DNA. However, mutations with the MGEs in the targeted
spacer sequence or PAM can result in a response called ‘primed adaptation’ or ‘priming’
that is initiated by the interference complex. Priming however, is not only limited to
mutations in the MGEs and reports have demonstrated that priming can occur with
perfect targeting and when the target had an improper PAM as well as mismatches in the
seed region (73). This priming response allows hosts to acquire additional defense
against MGEs that have been able to evade interference due to secondary mutations. To
date, priming has been shown to occur in several Type I CRISPR-Cas systems such as I-
B, I-C, I-E and I-F although the molecular details involved in primed adaptation is not
well understood (45,74-80). For example, in the widely studied Type I-E system of E.
coli, primed adaptation involves not only the adaptation proteins Casl and Cas2 but the
interference (Cascade) complex and Cas3 (45,79,81). In this system, it is thought that
weakened binding of the Cascade complex due to mutations in either the PAM sequence
or mutations affecting the initial contacts between the crRNA and the target sequence. As
a result, this can lower the efficiency of binding of Cascade to the target sequence for

interference (46,82). Failure to bind to the target site prevents the recruitment of Cas3 for



DNA degradation. However, during primed adaptation, Cas1-Cas2 recruits Cas3 and
translocates along the target DNA to select a new protospacer for spacer acquisition (83-
85). Despite evolving several methods to ensure efficient defense against invading
MGESs, proper spacer acquisition and integration upon initial contact through naive

adaptation is primarily required to facilitate an immune response.

Role of DNA repair proteins

In Gram-negative bacteria such as E. coli, the RecBCD pathway acts on DSBs to
facilitate DNA repair through recombination. RecBCD recognizes blunt dsDNA and
processes the duplex ends to generate a 3’-terminated ssDNA strand. The processing
activity of the RecBCD complex continues to unwind and degrade dsDNA until an
octameric regulatory sequence called a Chi (crossover hotspot instigator) sequence is
reached (50). The Chi sequence is located on a single strand of the DNA (5°-
GCTGGTGG-3’) and upon recognition of the Chi sequence, the biochemical properties
of RecBCD is altered and translocation across the dsDNA is stalled to allow the
recruitment and loading of the RecA protein to form a filament which further facilitates
homologous recombinational repair (Figure 1.4) (50).

An alternative class of the RecBCD helicase-nuclease enzyme is the AddAB
(ATP-dependent DNase, and also referred to as RexAB) family found in Gram-positive
bacteria. Similar to RecBCD enzymes, both AddAB and RexAB enzymes have helicase-
nuclease activity responsible for DNA repair by facilitating homologous recombination

(50). Additionally, its function is analogous to RecBCD and have been found to rescue
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DNA repair activity in RecBCD deletion strains in Escherichia coli (86). This activity
was also observed with the AddAB homolog in Lactococcus lactic, RexAB. (86,87).

Although the primary structure of RecBCD and AddAB/RexAB are different,
conserved regions such as the RecB-like nuclease domain allow functionality of these
proteins to be highly similar (Figure 1.5)(50). RecBCD has two helicase domains (RecB
and RecD) and one nuclease domain (RecB) while both AddAB and RexAB are made up
of a single helicase domain (AddA, RexA) and two nuclease domains (AddA/AddB,
RexA/RexB) (50,88,89)). The E. coli RecBCD is the most well-studied member of the
RecBCD/AddAB family(90). In the RecBCD complex, the RecB contains a superfamily
1 helicase module (SF1) with a 3°-5" directionality(91). The nuclease domain responsible
for cleavage of the DNA duplex as well as RecA loading is located in the RecB subunit
(92). The RecC subunit recognizes Chi sequences (E. coli: GCTGGTGG) and
additionally contains a similar SF1 helicase fold, however the helicase motif in RecC has
lost the conserved motifs required for functionality deeming it inactive(90). RecD is an
additional SF1 helicase with proper functionality that translocates in the 5°-3” direction
91).

The Gram-positive homologs of the three-subunit RecBCD are the two-subunit
AddAB/RexAB enzymes. Simply, AddA/RexA corresponds to the RecB subunit of
RecBCD and AddB/RexB with RecC. Although AddAB is not as well studied as
RecBCD, structures have revealed details on similarities and differences between AddAB
and RecBCD (93). AddA contains the same SF1 helicase module as RecB with a 3°-5°

directionality and additionally holds a nuclease domain that translocates in the 3°-5’
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direction. AddB, similar to RecC, recognizes the Chi sequence (B. subtilis: AGCGG) and
also contains a nuclease domain that processes from the 5°-3 direction (89,94).

Recent studies have tied both nuclease and helicase activity of the RecBCD
enzyme to adaptation (47,48). In E. coli, major sources of protospacers were found to be
replication-dependent and DSBs originating from stalled replication forks initiate spacer
acquisition. Additionally, chromosomal hotspots of acquired spacers were bound by Chi
sites suggesting that areas of processing limit spacer acquisition (47). Both nuclease and
helicase activity of RecBCD have been tied to naive adaptation in E. coli, however a
recent study found that naive adaptation does not require nuclease activity of RecBCD
but rather helicase activity may be important (48). In my work, the nuclease activity of
the RecBCD homolog RexAB, in S. thermophilus was demonstrated to similarly
contribute to spacer acquisition during CRISPR adaptation.

Although RecBCD, AddAB and RexAB possess different primary structures, the
functionality of these enzymes is conserved between species especially due to the highly
conserved RecB-like nuclease domains (Figure 1.5). The observation of Chi-dependent
processing by RecBCD influencing CRISPR spacer uptake in E. coli was observed with
the homolog AddAB in the Type II system of S. aureus (51). Similar to the adaptation
bias observed with RecBCD mutations in E. coli of the Type I-E system, mutation of the
nuclease domain of AddA resulted in an equivalent bias for strong adaptation hotspots in
regions bound by the staphylococcal Chi sequence (51). This bias suggests that Type |
and Type II systems utilizes intermediates generated by RecBCD or AddAB DNA repair
as sources of new spacers and is likely that homologous enzymes such as RexAB in S.

thermophilus functions in a similar manner (Figure 1.5).
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Spacer integration

Specific integration to the proper junctions of the leader-proximal repeat is
necessary to accurately duplicate the repeat between each unique spacer and to generate a
consecutive memory bank of past invaders. Proper integration additionally requires
spacer sequences to be processed to the correct size and integrated in the CRISPR array
in a functional orientation. Orientation of spacers is dependent on PAM-specific spacer
integration in which spacers are integrated into the CRISPR array with the respect to the
PAM, but the PAM is missing from the final integrated spacer. The resulting new spacer
will produce a functional crRNA that are able to target the foreign DNA during
interference.

Casl and Cas2 are universally found in almost all CRISPR systems and are
involved in spacer integration into the CRISPR array (5,11,21). Casl is a homodimeric
enzyme with a metal-dependent nuclease active site (95). E. coli Cas1 proteins have
nuclease activity against both double and single-stranded DNA as well as RNA (96).
Cas2 proteins have consistently been demonstrated to serve as a structural role by
bridging the dimers of Casl proteins in the integrase complex of Cas1-Cas2 (30,31,97).
Cas2 in B. halodurans was demonstrated to have nuclease activity specific to dsSDNA
substrates (98). However, biochemical studies in vitro have shown that the active site of
Cas2 of the I-E system is not required for spacer integration (38).

Despite genetic differences amongst CRISPR systems, the method of spacer
integration by the Cas1-Cas2 integrase complex is thought to be conserved as Casl and
Cas2 are found in nearly all CRISPR-Cas systems with very few exceptions (11).

Integration of the pre-spacer is facilitated by two nucleophilic attacks by the 3’ hydroxyl

13



ends of the pre-spacer at the borders of leader-adjacent repeat sequence in the CRISPR
array (31-34,99-101). The first site of integration occurs at one junction of the repeat to
produce a half-site integration intermediate. Second site integration at the other repeat
junction results in the progression to a full-site integration product. As the strands of the
repeat dissociate, the host DNA polymerase fills in the remaining sequences followed by
ligation to seal the generated DNA nicks, resulting in a new repeat-spacer unit (Figure
1.6) (43).

To maintain proper spacer integration and repeat duplication, several DNA
elements have been identified to direct site-specific integration. Sequences spanning the
leader play a critical role in defining spacer integration polarity to the first repeat in S.
thermophilus Type 11-A systems both in vivo and in vitro (32,41). Similar leader
sequence motifs in other Type II-A systems such as S. pyogenes and E. faecalis have also
been deemed essential during spacer integration (31,34). DNA motifs and elements
within the repeat sequence have additionally been observed to regulate site-specific
spacer integration. Some studies have demonstrated that the inverted repeats sequences or
palindromic repeats act as docking sites to facilitate molecular rulers to define the order
of the two-step integration reaction while others exhibit sequences within the repeat
essential for integration although the mechanisms are not well understood
(31,32,34,36,40,100).

Unlike Type II systems, Type I-E and I-F systems require an integration host
factor (IHF) to facilitate polarized integration to the first repeat (38,97,102). IHF binds
and bends the CRISPR array at the leader sequence to allow the Cas1-Cas2 integrase to

integrate spacers to the first repeat. In CRISPR systems lacking IHF such as those that are
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found in S. solfataricus, an unidentified ATP-dependent host factor is required to mediate
polarized integration (39). The work presented in this dissertation investigates the
mechanistic details of spacer integration in the Type II-A CRISPR-Cas system of

Streptococcus thermophilus.

Mechanism of crRNA biogenesis in CRISPR-Cas Systems

During CRISPR mediated defense, crRNA biogenesis is a critical step in the
process of generating mature and functional crRNAs. Although the details of how mature
crRNAs are generated, the process of producing functional crRNAs involve two general
steps. The first step involves the transcription of the precursor CRISPR RNA molecule
(pre-ctrRNA) under a promoter that is located within the leader sequence. The second step
is the maturation of the pre-crRNA transcript into mature crRNAs. This involves the
cleavage of repeat sequences within the transcript by either Cas (CRISPR-associated) or
host proteins to generate full-length spacer sequences that are flanked by repeat
sequences of varying length. Depending on the CRISPR system, these spacer sequences
are further processed to remove the flanking repeat sequences to generate functional
crRNAs (103).

In Type I CRISPR systems, the pre-crRNA transcript is processed by Cas6 within
the Cascade interference complex (or alternatively Cas5 in Type I-C systems)
(12,13,104,105). Processing by Cas6 cleaves the repeat sequences in a conserved position
upstream of the junction between the repeat and spacer to generate mature crRNAs
(12,13). In additional cases, a secondary processing step to remove repeat sequences at

the 3’ end is required. Similar to Type I systems, Type III systems depend on proteins of
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the Cas6 family. Cas6 directly processes the pre-crRNA independent of additional Cas
proteins to generate an intermediate product that requires further processing to form
mature crRNAs (13,106).

Type Il systems have evolved to utilize an additional RNA molecule called the
tractrRNA (transactivating CRISPR RNA) that requires Cas9 and a host-encoded
RNaselll enzyme which makes the Type Il system unique compared to Type I and Type
III systems (14). The tractrRNA forms stable complexes by base pairing with each repeat
sequence of the pre-crRNA. This base pairing forms a double stranded RNA substrate
that is recognized and further cleaved by endoribonuclease III (RNase III) in the presence
of Cas9. Cleavage of the crRNA transcript bound by tracrRNA results in mature crRNA-

tractrRNA complexes that bind to Cas9 for target interference (107-110).

Mechanism of Target interference in CRISPR-Cas Systems

Sequence-specific invader silencing by CRISPR-Cas systems is the basis for
defense. Following crRNA biogenesis to generate mature crRNAs, sequence
complementarity facilitated by the interference protein(s) between the mature crRNA and
the target sequence is necessary for target cleavage.

Interference in Class 1 CRISPR-Cas systems involves two general pathways. In
the Type I systems, the Cascade (CRISPR-associated complex for antiviral defense)
complex is required for target recognition and Cas3 is further recruited for target
cleavage (12). The Type I-E system of E. coli is the most well characterized system and
thus serves as a model to understand target interference in Class 1 systems. In the Type I-

E system, the Cascade complex bound to the mature crRNA is composed of a multi-
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subunit complex of Cas51-Cas61-Cas76-Cas81-Casl1, (12,111). Prior to interference, the
PAM sequence is recognized by the Cascade complex and binding of the crRNA to the
target strand results in the formation of an R-loop of the target DNA (112,113). Cas3 is
recruited to the R-loop resulting in the nicking of the non-target strand(112-115). Similar
to Type I systems, Type III systems form large multi-subunit complexes known as Csm
and Cmr for Type III-A and III-B, respectively that binds to the mature crRNA to
mediate cleavage (116). However, unlike Type I systems, Cas6 is not required for Type
III target interference and is additionally interacts with target RNA rather than forming an
R-loop structure of the invader DNA to target both RNA and DNA (16,65,68,117). Upon
binding of the Csm/Cmr complex to the target transcript, two conserved modes of
cleavage occur. The Cas10 subunit facilitates a single-stranded break in the template
DNA of the invader while Cas7 (Csm3 (III-A), Cmr4 (I1I-B)) cleaves the target RNA
transcript (16,65,118,119). A second method of interference is triggered by Cas10
generated cyclic oligoadenylates from ATP that further activates Csm6 (I1I-A) /Csx1 (11I-
B) RNase activity against non-specific RNA (118,120-124).

Interference by Class II systems is facilitated by a single effector protein. In the
well-studied Type II system, Cas9 bound to a crRNA-tracrRNA complex scans the target
DNA for the proper PAM sequence and base-pairs the crRNA to the target strand to
generate a blunt, DSB (27,125). This activity relies on the formation of an R-loop
structure that triggers the cleavage of both the target and non-target strand by two
domains (HNH and RuvC) within the Cas9 enzyme (27,126,127). Type V systems utilize
the Cas12 enzyme for interference. Unlike Type II systems, Cas12 binds to the crRNA

without the presence of a tractrRNA and cleaves both strands of the target strand via a
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RuvC-like domain at the PAM-distal end of the target sequence (128-131). Type VI
systems, facilitate invader silencing by Cas13. Similar to Type V systems, tracrRNA is
not required for target cleavage (129,132,133). However, a key element of Type VI
interference is its ability to target complementary ssSRNAs (129,132,134,135). This
mechanism is facilitated by a PFS (protospacer flanking site) rather than a PAM sequence

to induce a conformational change within Cas13 to cleave the target RNA (132,133).

Type II-A CRISPR-Cas Systems in S. thermophilus

S. thermophilus, 1s a Gram-positive bacterium widely known for its use in the
dairy industry as a starter culture making this organism one of the most economically
important of all lactic acid bacteria (136). The S. thermophilus DGCC 7710 strain is of
particular interest for this study because of its role in the discovery of CRISPR-Cas
systems (3,137). The DGCC 7710 strain contains four natural CRISPR systems: Type II-
A (CRISPRI1 and CRISPR3), Type III-A (CRISPR2) and Type I-E (CRISPR4) (Figure
1.7) (138).

CRISPR1 and CRISPR3 systems are Type II-A CRISPR systems. These Type 11I-
A CRISPR systems consist of the universally conserved Casl and Cas2 proteins as well
as Csn2 and the interference enzyme, Cas9. It has been demonstrated that all four Cas
proteins are required for efficient adaptation in vivo although the detailed functional roles
of these proteins in adaptation has yet to be determined (28). Casl and Cas?2 are essential
for spacer integration in Type II systems as also seen with Type I systems (29-
35,42,81,97). Although Csn2 an essential requirement for adaptation, its function is not

yet fully understood. Structural studies show that Csn2 is a tetrameric protein that forms a
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toroidal structure although its function has only been linked to binding dsDNA ends
(139-142). A structural study showing complex formation of Cas1-Cas2-Csn2 in vitro has
speculated that Csn2 binds to dsDNA ends and assembles into a complex with Casl and
Cas2 during pre-spacer generate (143). Therefore, a current model suggests that the Cas1-
Cas2-Csn2 complex translocates on the DNA until it encounters Cas9 bound to a PAM
sequence to initiate cleavage of the pre-spacer to encapsulate a processed substrate of
appropriate size (30 bp) for spacer integration (143). The Cas9 nuclease is an essential
protein involved in both CRISPR interference and adaptation although nuclease activity
is not required for spacer acquisition but rather PAM recognition by Cas9 (26,28).
Mutations in the PAM recognition domain of Cas9 resulted in PAM-independent spacer
acquisition confirming that Cas9 is directly involved in PAM-dependent spacer
acquisition during CRISPR adaptation (26,28).

Despite both CRISPR systems being classified as Type II-A systems, sequence
similarities between CRISPR1 and CRISPR3 are low at approximately 33.6% and 41.3%
identity in casl and cas2 (137). Both Type II-A systems are active in spacer uptake
against foreign invading elements such as plasmids and phages while CRISPR1 obtains
more spacers universally compared to CRISPR3 (3,44,125,137).

The CRISPR2 system is a Csm Type III-A system. These CRISPR systems in S.
thermophilus strains are thought to have a reduced ability for spacer acquisition due to
high proportion of cas genes but a low percentage of repeat-spacer region (144).
CRISPR4 is a Cse Type I-E system and is found in only a few strains of S. thermophilus.

The CRISPR4 system of S. thermophilus share similar genetic organization with E. coli
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despite no functional activity in vivo although interference activity was characterized in
vitro suggesting that this system is active during targeting (24,145,146).

While studies focused on adaptation have primarily been targeted to the Type 11
CRISPR-Cas systems of S. thermophilus, details encompassing pre-spacer generation and
spacer integration are still not well understood. Current studies in Type II-A systems have
provided strong foundational work between homologous systems. However, it is evident
that these processes can vastly differ between systems and organism resulting in the need

for further research into understanding the details of CRISPR adaptation.

Dissertation Overview

The chapters of this dissertation describe the scientific studies and contributions I
have made towards understanding the details underlying CRISPR adaptation in the Type
II-A CRISPR-Cas system of S. thermophilus.

Chapter 2 investigates the mechanistic details of how spacer sequences are
integrated into the CRISPR array. While details vary between different CRISPR-Cas
systems, a common requirement for CRISPR immunity requires successful integration of
a spacer sequence captured from an invader into the CRISPR array. This results in a
memory bank of recent and past invaders that have infected the host cell. These new
spacers are integrated at the leader-proximal repeat rather than downstream repeats in a
polarized manner to generate a consecutive array of past invader (147-150). This study
utilizes a reconstituted in vitro reaction using Casl and Cas2 proteins to identify DNA
elements that control site-specific spacer integration and accurate repeat length in the

CRISPR array. In this chapter, we characterized the in vitro properties of Casl and Cas2
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and found that both proteins are required to catalyze full-site spacer integration into the
CRISPR array. Unlike Type I systems, the Type II systems exhibit an intrinsic ability to
exhibit polarized integration in a directional manner. We also provide the first evidence
supporting a molecular ruler-based mechanism in a Type II system that guides the
second-site integration reaction to the repeat-spacer junction to maintain repeat length.
Chapter 3 focuses on the upstream processes prior to spacer integration and shifts
attention to how protospacers originating from foreign DNA elements are selected and
processed for integration into the CRISPR array. In this chapter, we characterized
nuclease activity of RexAB in S. thermophilus and its effects on spacer acquisition. The
RexAB enzyme contains two distinct nucleases in each protein which negatively affects
adaptation frequency against both chromosomal DNA and an invading phage when
mutated. This provides the first evidence of associating the RexAB DNA repair complex
to CRISPR adaptation. We also developed a natural transformation assay to introduce
foreign DNA substrates as a way to observe processing and integration of spacers to
delineate potential roles of the poorly characterized CRISPR protein, Csn2 as well as
RexAB. We provide evidence that Csn2 increases specificity for PAM-adjacent
sequences for spacer integration. PAM selection and orientation of spacers during
integration in vivo. Lastly, by characterizing phage infection survivors in the absence of
CRISPR systems, we were able to detect spontaneous mutations within the host genome
in a membrane-bound metalloprotease, FtsH that leads to phage resistance and cell
survival. To expand on this adaptive model between host and invader, we also identified
mutations in phage tail assembly proteins in second-generation phages that apparently

enabled the phage to bypass the host ftsH mutations and successfully infect these hosts
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that were resistant to infection by wild-type phages. In summary, this dissertation
provides insight into the processes involved in adaptation that facilitates CRISPR
immunity as well as provides insight into the evolutionary arms race between phages and

their bacterial hosts.
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Figure 1.1. Architecture of CRISPR-Cas loci.

CRISPR-Cas systems are made up of two components: the cas operon (green) and the
CRISPR array. The cas operon include genes expressing CRISPR-Cas proteins
associated with the CRISPR array. The CRISPR array has an AT-rich leader sequence
(yellow) that contains the promoter for the transcription of the CRISPR array.
Downstream of the leader sequence is the CRISPR array composed of unique spacer

sequences (assorted colors) that are interspaced by identical repeat sequences (black).
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Figure 1.2. Overview of CRISPR-Cas immunity.

CRISPR-Cas immunity consists of three stages: Adaptation, crRNA biogenesis and
invader silencing (interference). Upon infection of the cell, adaptation involves the
selection of a DNA fragment termed “protospacer” from the foreign invader and
integrates this fragment into the CRISPR locus at the leader-proximal repeat as a new
“spacer” (red). Adjacent to the protospacer is the protospacer adjacent motif (PAM).
During crRNA biogenesis, the CRISPR locus is transcribed into a pre-crRNA transcript.
This transcript is further processed by Cas or host proteins to generate individual mature
crRNA s that bind to CRISPR effector protein(s) to form an effector crRNP. Upon
reinfection, if the corresponding PAM is present and the crRNA base-pairs with the
foreign DNA or RNA, the foreign nucleic acid is cleaved. Adapted from Terns and Terns,

2014 (151).
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Figure 1.3. Classification of CRISPR-Cas systems.

CRISPR-Cas systems are classified into 2 classes, 6 types and 33 subtypes. Class 1
systems have effector modules that are composed of multiple Cas proteins that form an
effector complex with the crRNA. Class 2 systems have a single, large protein with
multiple domains that bind to crRNAs. The figure further characterizes each class into
types and subtypes as well as the CRISPR proteins involved in spacer acquisition, crRNA

biogenesis, interference and the targeted nucleic acids. Adapted from Zheng, 2020 (152).
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Figure 1.4. Double-stranded break (DSB) repair by RecBCD or RexAB.

RecBCD (left panel) or RexAB/AddAB (right panel) repairs dsDNA DBSs (A, B)
RecBCD/RexAB is recruited to the blunt-ended duplex DNA and translocates along the
DNA until a Chi sequence (red) is reached. (B) During DNA processing by RecBCD, the
RecB (RexA) motor translocates in the 3°-5” direction while the RecD (RexB) motor
moves in the 5°-3’ direction resulting in the complex moving in the same direction along
the DNA. As RecBCD translocates, the nuclease domain of RecB cleaves both DNA
strands resulting in degraded DNA as single-stranded DNA (ssDNA) intermediates.
Alternatively, the nuclease domain of both RexA and RexB independently cleaves each
strand of the dsDNA. (C) The RecD (RexB) nuclease motor translocates at a faster rate
than the RecB motor, resulting in a 3’ single stranded loop that forms upstream of the
enzyme. (D) Upon reaching the Chi sequence, a conformational shift occurs within the
complex and slows the complex. (E) Translocation at the 5” end of the duplex continues
to occur to expose a 3’-overhang. (F) RecA proteins bind to the 3 overhang strand and
generates a RecA filament which initiates homologous recombination. Adapted from

Wigley, 2013(50).
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Figure 1.5. RecB-like nuclease domains in AddAB, RexAB and Cas4.

RecBCD and its homologs AddAB (B. subtilis) and RexAB (S. thermophilus), contain
several overlapping motifs in both the helicase domain (containing the Walker A motif)
and nuclease domain. The helicase domain consists of a conserved ATP-binding Walker
A motif (yellow, I) at the C-terminal end of RecB and its homologs. The centralized
helicase domain (green) is defined by several conserved residues (Ia, II-VI). These
residues are required for functional helicase activity (green) and the absence of these
motifs result in an inactive helicase (white). The most conserved domain between
RecBCD and its homologs is the nuclease domain. The nuclease domain consists of 3
main motifs [ (G—D), I (DYK), and III (QhXXY) that are conserved between each

protein with RecB-like nuclease activity including the Cas4 CRISPR-Cas protein.
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Figure 1.6. Integration of spacers into the CRISPR array.

The Cas1-Cas2 integrase complex binds to a dsSDNA pre-spacer substrate for spacer
integration into the CRISPR array at the leader-proximal repeat. During spacer
integration, the 3’ hydroxyl groups of the pre-spacer attacks the junctions of the repeat on
the top and bottom strands. The resulting single-stranded repeats are filled in by host
proteins (DNA polymerase and ligase) to allow for DNA gap repair resulting in a new

repeat-spacer unit.
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Figure 1.7. CRISPR-Cas systems in S. thermophilus DGCC7710.

There are 4 CRISPR-Cas systems found in S. thermophilus DGCC7710 strain: CRISPR1
and CRISPR3 that are both Type II-A systems, CRISPR2 a Type III-A system and
CRISPR4 a Type I-E system. The CRISPR arrays are annotated with spacers (assorted
colors) interspersed with repeat sequences (black). Above each array indicates the total
number of spacers for each locus. All 4 CRISPR arrays contain cas genes associated with
that CRISPR systems and genes involved in crRNA biogenesis are indicated with an

asterisk. Adapted from Carte, 2014 (138).
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CHAPTER 2
CRISPR DNA ELEMENTS CONTROLLING SITE-SPECIFIC SPACER
INTEGRATION AND PROPER REPEAT LENGTH BY A TYPE II CRISPR-CAS

SYSTEM!

Jenny G. Kim, Sandra Garrett, Yunzhou Wei, Brenton G. Graveley, Michael P. Terns.
Accepted by Nucleic Acids Research. Reprinted here with permission of publisher.
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Abstract

CRISPR-Cas systems provide heritable immunity against viruses by capturing
short invader DNA sequences, termed spacers, and incorporating them into the CRISPR
loci of the prokaryotic host genome. Here, we investigate DNA elements that control
accurate spacer uptake in the type II-A CRISPR locus of Streptococcus thermophilus. We
determined that purified Casl and Cas2 proteins catalyze spacer integration with high
specificity for CRISPR repeat junctions. We show that 10 bp of the CRISPR leader
sequence is critical for stimulating polarized integration preferentially at the repeat
proximal to the leader. Spacer integration proceeds through a two-step transesterification
reaction where the 3’ hydroxyl groups of the spacer target both repeat borders on opposite
strands. The leader-proximal end of the repeat is preferentially targeted for the first site of
integration through recognition of sequences spanning the leader-repeat junction.
Subsequently, second-site integration at the leader-distal end of the repeat is specified by
multiple determinants including a length-defining mechanism relying on a repeat element
proximal to the second site of integration. Our results highlight the intrinsic ability of
type 11 Cas1/Cas2 proteins to coordinate directional and site-specific spacer integration
into the CRISPR locus to ensure precise duplication of the repeat required for CRISPR

Immunity.

Introduction
CRISPR-Cas (Clustered regularly interspaced short palindromic repeats-CRISPR-
associated) systems are diverse prokaryotic defense systems that provide immunity

against viruses and plasmids (1,2). These adaptive immune systems are found in roughly
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half of bacteria and almost all archaea and fall into six distinct CRISPR-Cas types (I-VI)
and over thirty subtypes that each utilize distinct components and mechanisms to achieve
defense outcomes (3,4). CRISPR-Cas systems provide a heritable and sequence-specific
method of protection against foreign invading elements by generating a memory of
previous infections to elicit an effective immune response upon reinfection of the cell (5-
8). Short invader-derived sequences are captured within the host CRISPR loci and used
as templates to create short CRISPR RNAs that guide Cas proteins to recognize and
cleave foreign genetic elements (9-15)

We are only now beginning to understand the detailed molecular mechanisms
governing the capture of invader-derived sequences. This initial step in the CRISPR-Cas
immune pathway is responsible for providing new, heritable immunity, and is referred to
as ‘adaptation’. While details vary for the different types of CRISPR-Cas systems
investigated thus far, adaptation generally involves the capture of foreign DNA and
incorporation of that DNA into the host CRISPR locus, where the DNA fragments is then
referred to as a ‘spacer’. The spacer sequence acts as a memory of the corresponding
sequence within the foreign genome (called the protospacer). The foreign DNA must
undergo processing steps prior to integration, during which time it is referred to as a pre-
spacer (2,16). The CRISPR locus consists of a variably-sized leader sequence flanking an
array of repeats separated by the similarly sized, previously incorporated spacers. The
leader sequence harbors promoter elements used for crRNA expression as well as
elements that guide the integration of new spacers at the leader-proximal repeat. (8,17-
20). After addition of a new spacer, it has been shown that DNA repair machinery fills in

DNA gaps and ensures faithful duplication of the CRISPR repeat such that a full repeat-
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spacer unit is added to the CRISPR locus (6,21) and Figure 2.S1). It is essential that both
the sequence and length of the new repeat be preserved since the CRISPR repeats
function both at the RNA level in crRNA biogenesis/function (18,22,23) and at the DNA
level as they are the recipient site for addition of new spacers at the CRISPR locus. New
spacers are added to CRISPR arrays in a polarized manner with the vast majority of
spacers being incorporated at the leader-proximal repeat rather than downstream repeats
(5,6,21,24). CRISPR-captured spacers located adjacent to the leader are often more
highly expressed and more efficient in mediating interference against the invading
nucleic acid than spacers present near the trailer end of the CRISPR array (25,26).

While several proteins have been shown to participate in the adaptation process in
the various types of CRISPR systems (27-41), Casl and Cas2 are core components
required for spacer integration in vivo and in vitro in nearly all CRISPR systems
examined to date (3). Casl functions as the integrase that catalyzes spacer integration into
the CRISPR repeat while Cas2 appears to primarily serve a structural role in the
formation of a stable Cas1-Cas2 integrase complex (42-49). In both type I and type II
systems, structural studies revealed that the integrase complex consists of a Cas2 dimer
sandwiched between two Cas1 dimers; the complex binds pre-spacer DNA substrates and
catalyzes integration of the two pre-spacer ends into the borders of a CRISPR repeat
(44,46-50). Although Casl and Cas2 are the most highly conserved Cas proteins, cas/
and cas2 gene sequences vary, and cas/ gene variability is one important basis for
classifying CRISPR systems into types and subtypes (3). Sequence differences between
Casl and Cas2 proteins likely underlie observed functional variability observed for

integration in distinct CRISPR-Cas systems.
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Recent in vitro studies with Casl and Cas2 from various type I and type 11
systems have provided key insight into the mechanisms of spacer integration into
CRISPR repeats. The Casl and Cas2 complex can catalyze integration of the two ends of
the pre-spacer independently, with a single integrated end referred to as a half-site event
(17,42,48,49). In vitro, half-site integrations of spacer DNA can either proceed to full-site
integrations (which results in complete insertion of spacer DNA into a CRISPR repeat) or
they can be reversed by Casl-mediated disintegration (7,42,51). Productive, full-site pre-
spacer integration requires two concerted transesterification reactions in which the 3'-OH
groups of the pre-spacer DNA carry out nucleophilic attacks at the 5’ ends of the repeat
borders (17,42,49,50) and Figure 2.S1). Whether the two nucleophilic attacks required
for full-site integration proceed with a set directionality or not for a given system is the
subject of ongoing investigation. Recent studies suggest that type I and II systems first
attack the top strand at the leader-repeat junction (LR), followed by a second attack of the
repeat-spacer junction (RS) on the bottom strand (5,24).

Both leader and repeat sequences are relatively conserved among related
CRISPR-Cas systems and in vivo and in vitro mutational analyses have provided
evidence for a role of leader and repeat elements in specifying accurate integration of
spacer DNAs into CRISPR arrays (7,20,26,42,49,52). Depending upon the system under
investigation, polarized addition of spacers at the leader-proximal repeat can be mediated
either by a protein factor, illustrated by the requirement for integration host factor (IHF)
in type I-E and I-F systems (28,38,48,53,54) or by intrinsic properties of the Cas1-Cas2
integrase complex (7,49). Specific elements within the repeats have been shown to

govern pre-spacer integration, but motifs vary for the types of repeats investigated
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(7,8,17,20,42,49,52,55-57). Of note, there is in vitro evidence from type I-E (56) and I-B
(52) systems for key regions within the repeat that serve as ‘molecular rulers’ to guide
integration to a defined distance away from these elements. It is unknown what
mechanisms other CRISPR systems (e.g. type II) employ to ensure accurate integration
and to maintain repeat length within a CRISPR array.

The seminal discovery that CRISPR-Cas systems function as adaptive immune
systems was made following phage infections of the bacterium, Streptococcus
thermophilus (1). S. thermophilus strain DGCC7710 remains one of the few organisms
shown to incorporate spacer DNAs from invading viral (phage) or plasmid DNAs under
laboratory conditions and without a need to overexpress adaptation proteins (1,41,58).
We and others have focused attention on determining the detailed mechanism of
adaptation in this organism which harbors four distinct CRISPR-Cas systems (two type
II-A systems, a type III-A system and a I-E system). Both type II-A systems (CRISPR1
and CRISPR3) are active in the adaptation process (59-61). Our in vivo genetic analyses
of the CRISPRI1 system revealed that robust spacer acquisition requires Csn2 and Cas9 in
addition to Casl and Cas2. However, it was not clear whether Csn2 and Cas9 were
influencing upstream steps such as protospacer selection and processing, downstream
integration, or both. (29,41). Recent in vitro studies with the related type II-A system in
S. pyogenes found that Casl and Cas2 are sufficient for spacer integration and that Csn2
and Cas9 likely play a role in an upstream process of protospacer generation rather than
being directly involved in spacer integration into CRISPR loci (7).

In S. thermophilus, our in vivo mutagenesis experiments revealed that the repeat-

proximal 10 bp of the leader were necessary and sufficient to guide integration of spacers
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to the leader-proximal repeat (20). Moreover, mutations at the leader-repeat junction
disrupted adaptation while mutations at the repeat-spacer junction were tolerated (20). A
detailed mutational analyses of the S. thermophilus CRISPR repeat has not yet been
performed to understand the role that repeat sequences play in specifying high fidelity
integration of spacer DNA precisely at the repeat borders. Figure 2.S1 displays a
provisional model of S. thermophilus adaptation based on in vivo experiments conducted
with S. thermophilus (20) and in vitro experiments with type I and II systems (7,44,50).
To gain a more in-depth understanding of the mechanisms governing S. thermophilus
type II-A CRISPR spacer acquisition, we reconstituted and characterized the pre-spacer
integration reaction in vitro. Our results show that Cas1 and Cas2, likely functioning as a
Cas1-Cas2 integrase complex, have an intrinsic ability to recognize sequences to catalyze
pre-spacer integration with high specificity for the identical repeat junction utilized in
vivo (20). The spacer integration reaction is a two-step process and proceeds in a
directional manner whereby integration of spacer DNA at the leader-repeat junction
precedes integration at the repeat-spacer junction. Our findings indicate that each
integration relies on the recognition of distinct elements within the leader or repeat of the
CRISPR array. Our results underscore the intrinsic capacity of S. thermophilus Casl and
Cas2 to coordinate specific and directional spacer integration during the adaptation stage

of CRISPR-Cas immunity.
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Materials and Methods
Plasmid construction
The leader sequence and two repeat-spacer units of the CRISPR array was PCR-
amplified from the S. thermophilus genome and cloned into the pWAR228 backbone
plasmid by overlap PCR to generate pCRISPR. Leader sequence mutations were
generated via inverse PCR and ligation of linearized plasmid using pCRISPR as the
template. All plasmid constructs were verified by DNA sequencing and are listed in

Supplemental Table 2.S1.

Protein purification

The casl, csn2 and cas9 genes were amplified by PCR from the S. thermophilus
genome and cloned into pET expression vectors to generate 6x-histidine-tagged proteins
at the C-terminus (pET21d;Casl and Cas9) or N-terminus (pET24d; Csn2). The cas?2
gene was subcloned into pPBAT4 expression vector to generate 6x-histidine-tagged
SUMO Cas?2 proteins at the N-terminus (pSAT1 and pSENP kindly provided by Dr. Scott
Bailey, Johns Hopkins University). Expression vectors were transformed into E. coli
BL21-Star cells (DE3, Stratagene). Cells were grown at 37°C in 1 L cultures of Luria
broth to an ODsoo of 0.6, and protein expression was induced overnight at room
temperature by the addition of ispopropylthio-B-D galactoside (IPTG) to a final
concentration of 1 mM. The cells were pelleted, resuspended in lysis buffer (20 mM Tris,
500 mM NaCl, 10% glycerol, 20 mM imidazole, and 5 mM 2-Mercaptoethanol (BME),
pH 7.5) and disrupted by sonication (Misonix Sonicator 3000). The lysate was cleared by

centrifugation at 3,500 rpm for 20 min at 4°C and His-tagged proteins were purified by
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Ni?* affinity column chromatography (1.5 mL of HisPur Ni-NTA Resin (Thermo
Scientific)) using a stepwise increase of imidazole (20, 50, 100 and 500 mM). The
protein samples were dialyzed at 4°C in dialysis buffer (20 mM Tris, 150 mM KCI, 10%
glycerol, 5 mM 2-Mercaptoethanol (BME), pH 7.5) prior to performing activity assays.
Purified proteins were analyzed by SDS-PAGE followed by Coomassie blue staining

(Supplemental Figure 2.S2).

Generation of DNA substrates

DNA oligonucleotides were from Eurofins MWG Operon with the exception of
hairpin DNA substrates used in Figure 2.4, which were from Integrated DNA
Technologies and the sequences are given in Supplemental Table 2.S2. Oligonucleotides
were annealed by an incubation temperature gradient for 1 min at 95°C decreasing by
1°C each minute, down to 23°C. Annealed double-stranded substrates were run on a non-
denaturing 15% polyacrylamide gel containing 1X TBE (89 mM Tris base, 89 mM Boric
acid, 2 mM EDTA, pH 8.0), followed by ethidium bromide post-staining to verify proper
annealing prior to radiolabeling. The annealed DNA substrates used as pre-spacers were
5" end-labeled with T4 polynucleotide kinase (New England Biolabs (NEB)) in a 20 uL
reaction containing 20 pmol oligonucleotide, 150 uCi of [y-32P] ATP (6000 Ci/mmol,;

Perkin Elmer), 1X T4 PNK buffer, and 10 U of T4 kinase (NEB).

Integration assay with radiolabeled pre-spacer
For plasmid integration assays, individually purified recombinant Casl and Cas2

proteins at 2.5 uM each were added to a reaction containing 5 nM plasmid DNA, 20 nM
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5'[y-3?P] ATP-radiolabeled DNA pre-spacer substrate, and integration buffer (20 mM
Tris (pH 7.5), 100 mM KCl, 10 mM MnCl,, 5 mM 2-Mercaptoethanol). This reaction
was incubated at 37°C for 1 hour and then quenched by the addition of 1 pg Proteinase K
(ThermoFisher Scientific), 0.5% SDS, 1 mM EDTA and incubated at 50°C for 30 min.
The products were analyzed on a 0.8% agarose gel pre-stained with ethidium bromide.
After gel electrophoresis, the gels were dried on blot absorbent filter paper (Bio-Rad)
overnight at room temperature using a vacuum gel dryer (Bio-Rad, Model 583 Gel
Dryer). Radioactivity was detected with a phosphorimager (Storm 840 Scanner GE
Healthcare).

For linear DNA target integration assays, individually purified recombinant Cas1
and Cas2 proteins both at 250 nM were added to a reaction containing 100 nM DNA
CRISPR target, and integration buffer (described above). This reaction was incubated at
25°C for 5 min. and then 20 nM 5'[y-*?P] ATP-radiolabeled DNA pre-spacer substrates
were added and 10 pL. samples were removed at 15 sec, 1 min and 15 min or incubated at
25°C for 1 hour. Reactions were quenched by the addition of equal volume (10 pL) of
95% formamide and 50 uM EDTA and incubated at 98°C for 5 minutes and separated on
a 12% (8.0 M urea) denaturing polyacrylamide gel. Radiolabeled Decade Markers (Life
Technologies) were used to determine the size of observed products. After gel
electrophoresis, the gels were dried for 1 hr at 90°C (Bio-Rad, Model 583 Gel Dryer) and

radioactivity was detected by phosphorimaging as described above.
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Repeat mutation adaptation assay in vivo

For in vivo integration assays, pCas1/Cas2/Csn2/Cas9 with a minimal CRISPR
array (pCRISPR) was used as template as previously described (41) and inverse PCR was
used to introduce both insertions and deletions of the repeat sequence. Plasmid
constructions were verified by sequencing and transformed into S. thermophilus
DGCC7710 strain via electroporation (59). S. thermophilus harboring the plasmids were
grown in LM17 liquid medium supplemented with 2 pg/mL chloramphenicol for 16
hours. Cells from each strain were harvested, pelleted and genomic DNA was extracted
using the Zymo Research Quick-DNA Fungal/Bacterial Miniprep Kit (Zymo Research,
Irvine CA) and used as PCR template. Primers matching the leader and plasmid sequence
were used for PCR amplification of the CRISPR array on the plasmid. PCR products
were run on 2.5% TAE-agarose gels, pre-stained with ethidium bromide to assess
CRISPR array expansion. Bands representing an expanded CRISPR array were gel
excised using the Zymo Gel Extraction DNA Recovery Kit (Zymo Research, Irvine CA),
purified and sequenced by high-throughput sequencing. Plasmid constructs are listed in

Supplemental Table 2.S1.

Pre-spacer integration high-throughput sequencing
Library preparation.

To sequence integration events, the spacer integration assay was performed as
described above using unlabeled pre-spacer. After incubation, DNA was isolated using
the DNA Clean and Concentrator Kit (Zymo Research, Irvine CA). For the plasmid

integration samples, excess un-integrated pre-spacer was removed using Agencourt
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AMPure XP beads (Beckman Coulter, Indianapolis, IN). Illumina adapter sequence with
an Njorandom primer was annealed to the plasmid DNA and extended (thermocycler
conditions: 98°C for 30 sec, 25°C for 30 sec, 35°C for 30 sec, 45°C for 30 sec, and 72°C
for 5 min). Excess adapter was then removed using AMPure beads, and PCR was
performed to amplify plasmid DNA that contained integrated pre-spacer: forward
primers were specific for the pre-spacer, while reverse primers targeted the Illumina
adapter introduced with the random anneal and extension step. The resulting amplicons
captured both full-site and half-site integration events with no apparent discrimination.
[llumina barcodes and adapter sequences were added with a final PCR and the resulting
library was separated on a 1% agarose gel. DNA in a 400 to 700 bp size range was
selected and isolated using the Zymo Gel DNA Recovery Kit (Zymo Research, Irvine
CA). Sequencing was performed on an Illumina MiSeq with a 100 by 50 cycle run. Only
the 100 bp Read 1 data was used in this analysis.

For the minimal linear CRISPR substrate products, 1 pL of eluted DNA was used as a
PCR template. Primers to add Illumina adaptor sequences were annealed to the newly
integrated spacer and the 3’ end of either the plus or minus strand of the CRISPR
substrate. DNA Clean and Concentrator Kit (Zymo Research, Irvine CA) was used to
isolate the PCR product, and 1 pL of this product was used as the template for a second
PCR using primers to add Illumina barcodes. These products were purified on a 1%

agarose gel and extracted with a Gel Purification Kit (Zymo Research, Irvine CA).
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Mapping integration events.

After sequencing, samples were de-multiplexed by barcode and analyzed to
determine sites of integration. For plasmid data, the complete pre-spacer sequence was
located in each read and 50 bp of sequence immediately downstream from the end of the
pre-spacer was extracted and aligned to the appropriate plasmid reference using Bowtie
(62). To visualize the distribution of integration events, alignment output files were
converted into coverage files using bedtools (63) and displayed on a custom UCSC
genome browser track hub (https://www.genome.ucsc.edu). To determine sequence
preferences at the sites of integration, the base at the integration point, along with
upstream and downstream context sequence, was extracted from the reference sequence
with bedtools and used to make sequence logos (64). For the minimal linear CRISPR
integration data, the spacer-target junction was determined from each read and counts for
each potential integration point were totaled. Integration events are displayed as the

percent of total reads for each position along the CRISPR target.

Characterizing in vivo spacer integration into pCRISPR with repeat mutations.

Size selected and purified array amplicon libraries were sequenced on an
[llumina MiSeq with a 250 by 50 cycle run (250bp Read 1 data used in this study).
Samples were de-multiplexed by barcode and then analyzed with custom python scripts
to determine how new spacers were integrated. Briefly, the leader-repeat junction and the
beginning of the second repeat were located in each read. The beginning of the second
repeat was defined as the 3’ end of a set of hypothetical spacers, which ranged in size

from 27 to 33 bp. This size range captures 99.9% of new type II-A spacers observed in
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spacer uptake assays with wildtype S. thermophilus. Each of the seven hypothetical
spacers was aligned to a reference sequence including the genome and plasmid sequences
using bowtie (62). Alignment outputs were then examined to determine the longest
hypothetical spacer that aligned with no mismatches. This hypothetical spacer was
considered the “true” new spacer and its length was used to locate the position of the
repeat-spacer junction, thereby allowing us to identify the integration site for each read.
The number of reads supporting integration at each position along the pCRISPR array
was counted and summarized and events are displayed as the percent of total reads for

each position along the pCRISPR array.

Results

S. thermophilus Casl and Cas2 accurately integrate spacer DNA at the leader-
proximal repeat in vitro

To investigate mechanisms directing spacer DNA uptake into CRISPR loci by the
S. thermophilus type 11-A CRISPR-Cas system, we established an in vitro system capable
of accurately integrating pre-spacer (PS) donor DNA substrates into CRISPR DNA
recipient molecules (Figure 2.1). Purified recombinant S. thermophilus Casl and Cas2
(Figure 2.S2) were incubated with 5'-radiolabeled double-stranded DNA pre-spacers with
5 nt 3’-overhangs and a plasmid (pCRISPR) containing a minimal CRISPR array
consisting of the full, 157 bp leader and two repeat-spacer units (Figure 2.1A). The leader
used in pCRISPR was either wildtype or contained blocks of transition mutations
upstream of the first repeat (-32 to -21 bp (L1), -20 to -11 bp (L2) and -10 to -1 (L3);

Figure 2.1C). The pre-spacer design was based on a 30 bp substrate originating from the
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frequently acquired S4 sequence of the 2972 lytic phage (58), with overhangs to mimic a
processed pre-spacer prior to integration. Consistent with type II-A (7) and type I-E (45)
in vitro spacer integration assays, blunt-ended 30 bp substrates resulted in a less efficient
spacer integration reaction compared to 3'-overhang substrates (data not shown). A
plasmid lacking a CRISPR array (pControl) was used to observe any off-target spacer
integration events. Spacer integration, as evidenced by incorporation of radiolabeled pre-
spacer DNA into the recipient plasmid substrates, was observed for pCRISPR, all mutant
leader variants of pCRISPR as well as pControl (devoid of a CRISPR array) (Figure
2.1B, lower panel, lanes 4-8). The formation of integration products was also deduced
from changes in plasmid conformation: strand nicking during either half-site or full-site
spacer integration (Figure 2.1A) converts the supercoiled (SC) plasmid into relaxed (R)
forms (Figure 2.1B, upper panel, lanes 1-8). As expected, the majority of the radiolabeled
integration products co-migrated with the relaxed form of the plasmid but a minor signal
is observed at the position of the supercoiled form and likely reflects integration prior to
relaxation of the supercoiled plasmid DNA (Figure 2.1B, lower panel, lanes 4-8). Both
Casl and Cas2 were necessary for efficient integration, although very low levels of
integration were reproducibly observed with Casl alone (Figure 2.1B, lower panel,
compare lane 2 with lane 5) as has been observed in other in vitro integration studies
(38,42,50).

The precise sites of all spacer integrations for each of the tested plasmids were
determined by high-throughput DNA sequencing (Figure 2.1C and Figure 2.S3).
Specifically, we used primers targeting the pre-spacer to make strand-specific amplicon

libraries. Integration into pCRISPR occurred with high specificity for the first (leader-
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proximal) repeat, occurring at the same top strand and bottom strand repeat junctions as
is observed in vivo (Figure 2.1C (WT)) (20). Upstream leader mutations did not disrupt
this specificity (L1 and L2), but integration at the leader proximal repeat was
dramatically impaired when the repeat-proximal 10 bp of the leader was mutated (L.3)
(Figure 2.1C; Figure 2.S3), revealing that this region of the leader is critical for guiding
integration to the appropriate leader-adjacent repeat. These results show that Cas1 and
Cas?2 are sufficient to faithfully recapitulate spacer integration at the leader-adjacent
repeat of a CRISPR array as is observed in vivo and that the adjacent 10 bp of the leader
region is critical for guiding integration to the appropriate repeat.

In addition to specific integration at the leader-proximal CRISPR repeat, we also
observed low levels of integration at non-CRISPR sites that were broadly distributed
throughout the plasmid backbone in both pCRISPR (containing a CRISPR array) and
pControl (lacking a CRISPR array) (Figure 2.2A and Figure 2.S3). Analyses of these oft-
target sites, which likely represent half-site integrations, revealed a strong preference for
guanine which is in agreement with the nucleotide identity of the natural S. thermophilus
CRISPR repeat borders (Figure 2.2B). The base preference of integration was guanine
(pCRISPR: 56.5%; pControl: 54.1%) followed by adenine (pCRISPR: 22.1%; pControl:
21.1%) and then cytosine (pCRISPR: 13.7%; pControl: 17.1%) and thymine (pCRISPR:
7.7%; pControl: 7.7%) (Figure 2.2B). In addition, there is an apparent preferred upstream
and downstream sequence context for off-target integrations (Figure 2.2C) that resembles
a leader-repeat junction sequence, further supporting an intrinsic sequence recognition by

Casl-Cas2.
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S. thermophilus Cas1-Cas2 integrates pre-spacers into linear CRISPR targets

The plasmid integration assay described above (Figure 2.1) demonstrated that S.
thermophilus Cas1 and Cas2 show high specificity for integrating spacers at the leader-
proximal repeat, but it did not allow us to distinguish half-site vs. full-site spacer
integration or reveal the potential order of the two nucleophilic attacks. To address these
questions, we employed a minimal linear CRISPR target consisting of 10 bp of the leader
sequence, a single 36 bp repeat, and a single 20 bp spacer (Figure 2.3A). We observed
specific integration of radiolabeled pre-spacers at the repeat borders of this linear
CRISPR target as evidenced by bands of the expected sizes for spacer integration at the
LR and RS junctions (Figure 2.3B and C). The sites of integration at the LR and RS
borders were also analyzed by high-throughput sequencing, again using a strand-specific
amplicon approach. Sequencing reads revealed that integration occurred precisely at the
first and last nucleotides of the repeat (Figure 2.3D). We previously found that four
proteins (Casl1, Cas2, Csn2, and Cas9) are required for new spacer addition to CRISPR
arrays in vivo (41). We tested the importance of each protein for carrying out in vitro
spacer integration (Figure 2.3C and purified proteins shown Figure 2.S2) and we found
that Casl and Cas2 proteins are sufficient for specific integration (Figure 2.3C, lane 6).
The integration levels observed with Casl and Cas2 appeared to be unaffected by
addition of Csn2 (lane 5) and slightly enhanced by Cas9 (lane 4), through an unknown
mechanism. High-throughput sequencing of the integration reaction products showed that
Casl and Cas2 alone are capable of highly specific integration at the repeat borders with
at least 92% of all pre-spacers mapping to the LR and RS repeat junctions (Figure 2.3D).

These results show that sequence specificity of the S. thermophilus Cas1-Cas2 integrase
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complex is sufficient for accurate integration into a minimal linear CRISPR target in

Vitro.

Full-site integration of pre-spacers by Cas1-Cas2 is directional

We next examined if S. thermophilus Cas1-Cas2 was capable of catalyzing full-
site and accurate spacer integrations and if there was a preference for first site integration
at the leader-repeat or repeat-spacer junction (Figure 2.4). These experiments were
conducted using CRISPR targets with a DNA hairpin structure at either the spacer end or
leader end to enable full-site products to be distinguished from half-site products on the
basis of size (Figures 2.4A and B). In addition, we compared integration patterns for pre-
spacers having natural 3’ hydroxyl end groups (capable of executing two nucleophilic
attacks for full-site integration) with those containing a single 3’ dideoxy (dd) group on
one strand or the other (can undergo just one site of integration) or having dideoxy
groups at both ends (to block all 3’ hydroxyl-catalyzed-mediate integrations). Pre-spacers
with 3’-OH termini underwent full-site integration at both LR and RS borders (Figure
2.4A). In contrast, for pre-spacers with a single modified dideoxy terminus, the majority
of the integration products were leader-repeat half-site intermediates for both spacer and
leader hairpin targets (Figure 2.4A, lanes 3, 4, 8 and 9) indicating that the first
nucleophilic attack occurs at the leader-repeat junction rather than the repeat-spacer
junction. As expected, integrations were blocked when the dideoxy was present on both
strands of the pre-spacer (the low background of observable integration is likely due to
lack of dideoxy groups on a small fraction of the pre-spacer substrates or a less efficient

nucleophile in the reaction (e.g. H>O)) (Figure 2.4A, lanes 2 and 7).
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A time course analysis of the integration reaction with pre-spacers with 3'-OH
termini provided additional evidence that the leader-repeat junction is preferentially
recognized vs. the repeat-spacer junction (Figure 2.4B). Within 6 seconds of initiating the
reaction, leader-repeat half-site intermediates were the most abundant product and
accumulated prior to the appearance of repeat-spacer half-site intermediates and full-site
(LR + RS) integration products (Figure 2.4B, top panel). Quantification of the half-site
integration intermediates and full-site products with time showed that leader-repeat half-
site intermediates are the most abundant products throughout the reaction and that
progression to full-site integration correlated with a steady decrease in leader-repeat half-
site integrations (Figure 2.4B, bottom panel). Together, these results show that full-site
spacer integration reactions facilitated by S. thermophilus Cas1-Cas2 proceed in a
sequential manner with the first reaction occurring at the leader-repeat junction followed

by a subsequent second integration at the repeat-spacer junction.

Important elements of the CRISPR repeat

Having determined the important role of the first 10 bp of the leader sequence in
directing spacer integrations at the leader-proximal repeat (Figure 2.1), we next
investigated sequence determinants within the repeat important for guiding integration by
the Cas1-Cas2 complex (Figure 2.5). We introduced a series of block substitution
mutants to a minimal linear CRISPR target (Figure 2.5A) and evaluated the effects of
each mutation relative to the wildtype repeat, on spacer integration efficiency (level of
integration products observed by gel separation and autoradiography; Figure 2.5B) and

specificity (location of integration determined and quantified through strand-specific
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sequencing; Figure 2.5C and see Figure 2.54 for detailed mapping of integration sites).
Mutation of sequences spanning the leader-repeat junction (mutant B1) abolished spacer
integration at both LR and RS junctions with only a relatively moderate reduction in
overall integration efficiency. Likewise, mutation of leader-proximal region of the repeat
(mutant B2) also resulted in a similar loss of specificity at both junctions of the repeat
and significantly impaired the efficiency of integration. Mutation of a mid-repeat
sequence block towards the leader (mutant B3) did not significantly impact integration
specificity or integration efficiency. However, mid-repeat sequence mutations towards
the spacer end of the repeat (mutant B4) as well as for mutations in one (mutants IR 1 and
IR 2) or both (mutant IR 3) of the palindromic repeats did not significantly impact
integration specificity, despite leading to a significant reduction in the efficiency of
spacer integration at the second site of the repeat-spacer junction. Mutation of a sequence
block adjacent to the repeat-spacer border (mutant B5) resulted in a loss of specificity at
the second site of the repeat-spacer junction but not the first (LR) site of integration while
efficiency at the second site was significantly reduced. We note that mutations that affect
specificity of the first site of integration at the LR junction (e.g. mutants B1, B2 and to a
lesser extent B3) also resulted in a loss of specificity at the second site of integration at
the RS border. The inverse was not true as illustrated by the block 5 mutant (B5) which is
capable of integration at the LR but not RS junctions. Furthermore, we observed a
relatively prominent aberrant integration eight bases downstream of the RS border at a
guanine in the spacer region occurring for both B1 and B2 (and to a reduced degree with
B3) mutants that is not observed with the WT repeat (Figure 2.5C and Figure 2.S4).

Together, the results support a role for several repeat sequences in determining the
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efficiency and/or specificity of integrations by Cas1-Cas2 and also provide support for a
two-step integration reaction whereby accurate first step integration is a prerequisite for
achieving accurate full-site integration.

Next, to understand if the identity of the two nucleotides which serve as the sites
of nucleophilic attack during spacer integration (G1 on the top strand and G36 on the
bottom strand), is important for directing integration by Cas1-Cas2, we assayed each
possible combination of nucleotides at these two positions (Figure 2.6 and see Figure
2.S4 for detailed mapping of integration site). Mutation of the guanine in position 1 to a
cytosine (G1C) or adenine (G1A) did not impact integration specificity at either LR or
RS junction, while a moderate defect in specificity at both junctions was observed for the
thymine substitution (G1T) at position 1 (Figure 2.6C) and this led also to aberrant
integration within the spacer region at a guanine (Figure 2.6C and Figure 2.54). A
reduction in integration efficiency was observed for both the G1C and G1T mutations but
not the G1A mutation (Figure 2.6B). At the last position of the repeat, mutation from a
guanine to all other nucleotides (G36C, G36A and G36T) did not significantly affect
integration specificity at either junction of the repeat or integration efficiency at the first
site (LR border). However, all three changes to nucleotide 36 impaired efficiency of
integration at the second site (RS border) (Figure 2.6B, 2.6C). Thus, the identity of the
base at the sites of transesterification attack on the CRISPR repeat is an important
component for specifying efficient and/or specific integration at a CRISPR repeat by the

Cas1-Cas2 complex.
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Second-site integration is defined by a molecular ruler-based mechanism

Our findings support a model where full-site spacer integration proceeds in a
directional manner such that integration at the leader-repeat junction (site 1) occurs prior
to integration at the repeat-spacer junction (site 2) with the first integration being
governed by sequence-specific interactions of Cas1-Cas2 and sequences spanning the
leader-repeat junction. We next investigated how the second site of integration at the far
end of the repeat (G36) is orchestrated (Figure 2.7). Similar to what has been observed
for in vivo type I-E and I-B adaptation studies (52,56), we tested whether the site of the
second integration would be directed by a region within the repeat that acts as a
molecular ruler to determine the distance of the second nucleophilic attack in a sequence-
independent fashion. In the type I studies, the repeat regions determined to act as
molecular rulers were identified by testing the effects of strategically located nucleotide
insertions or deletions within repeats on defining the site of the second step of
integration. Altering the length of the repeat upstream of the ruler element shifted the
second integration site upstream or downstream a fixed distance dictated by the length of
the insertion or deletion. In contrast, insertions or deletions downstream of the ruler
element resulted in second-site integrations occurring at a fixed short distance (typically
8-10 bp depending on the system) downstream of the motif to a common location
(52,56). Accurate integration precisely at the two repeat borders is required to maintain
repeat length which in turn is critical for generating a functional CRISPR array capable of
producing active crRNAs as well as accepting spacers from new viral invaders.

To test the hypothesis that type II repeats harbor an element that serves as a

molecular ruler defining the second site of integration (in this case G36), single cytosine
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residues were inserted at regular intervals across the 36 bp repeat and the sites of
integration for each mutant were quantified to determine any effects on the choice of
second site integration (Figure 2.7A and see Figure 2.S4 for detailed integration site
mapping). None of the C insertions impacted accurate integration at the leader-repeat
border (site 1 at G1). However, significant differences were observed in the location of
the second site of integration (site 2) depending upon if the C were inserted before or
after position 28 (Figure 2.7A). Specifically, we found that when C insertions were
introduced at locations upstream of position 28 (mutants C5, C9, C14, C19, C24, C28),
then second-site integration occurred one base further down (i.e. position 37) than WT
repeat (position 36) and there were spurious sites not observed with WT repeats (see
Figure 2.54 for locations of all sites of integration). Moreover, deletion of a C upstream
of position 28 (mutant Dell4 at position 14) resulted in a shift in the second site of
integration one base upstream (i.e. position 35) than WT repeat (position 36). In contrast,
when the C insertions were performed at or downstream of position 33 (mutants C33,
C36,), integrations occurred at the same site as the WT repeat (position 36). Additionally,
we found that the second site of integration remained at the 36" position of the repeat
even when single, double or triple insertion (mutants Ins36, Ins36-37, Ins36-38) or
deletions (mutants Del35, Del34-35, Del33-35) were introduced with low levels of
aberrant integration (Figure 2.7A and B). Together, the results indicate that the upstream
region of the repeat can tolerate changes in length, but downstream of the 28-32 region,
insertions or deletions result in off-site integration at any nucleotide 8 base-pairs away

from position 28 of the repeat.
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In vivo evidence that the second-site integration step is governed by a molecular
ruler-based mechanism

Finally, we tested if the ruler-based mechanism governing the site of the second
step of in vitro integrations also operates in vivo. Similar to our in vitro mutational
analysis (Figure 2.7), we introduced nucleotide insertions or deletions, both upstream and
downstream of the ruler element located between position 28 and 32, into repeats on
pCRISPR (Figure 2.8). Plasmids were then transformed into S. thermophilus cells and
new spacer acquisition was determined using a PCR based approach (20) combined with
high-throughput sequencing of the expanded CRISPR arrays. Expanded arrays were
observed for all mutants, however the overall efficiency of spacer integration was often
noticeably reduced (Figure 2.S5). None of the insertion or deletion mutations affected the
accuracy of integration at the first leader-repeat (LR) border and the downstream spacer-
repeat (SR) border was also preserved (Figure 2.8A). In contrast, differences in the
second site of integration at the repeat-spacer (RS) border were observed for some of the
repeat mutants (Figure 2.8A). Similar to what we observed in vitro (Figure 2.7), single
nucleotide insertion (Ins C24) or deletion (Del A23) upstream of the ruler element
resulted in a corresponding shift in the site of integration by one nucleotide downstream
(position 37) or upstream (position 35) compared to WT (position 36), respectively. We
note that integration at position 36 for these two mutants was also observed at a relatively
high level compared to what was observed in vitro, indicating that compensatory
mechanisms appear to operate in vivo to find the natural RS junction despite the
introduced point mutations within the repeats. For the insertion mutant (Ins C24), we also

observed significant aberrant second-site reactions (marked “other” in Figure 2.8B) that
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mostly correlate to an attack within the spacer at position 45 which is the same guanine
observed with our in vitro mutational results (eight bases downstream of the RS border in
the spacer region, see Figure 2.S6B and see Figure 2.S4 for detailed integration site
mapping). This improper second-site reaction results in partial duplication of the spacer
during full-site integration, and is not observed in WT (Figure 2.S6A). As predicted for
the molecular ruler model, insertions (Ins C33, Ins CG 33-34) or deletions (Del C33, Del
CA 33-34) downstream of the ruler element did not affect site of integration at the
second-site and maintained a preference similar to WT for position 36. Sequencing
results showed that positioning was maintained by either the loss of 1 nucleotide from the
3’ end of the mutant repeat or the addition of 1 nucleotide corresponding to the first base
of the previous spacer. Together, these results show that in vivo, second-site integration is

influenced by a ruler-based distance mechanism.

Discussion

Successful acquisition and integration of new spacers into the CRISPR locus is a
fundamental step for heritable CRISPR-Cas immunity against viruses and other
potentially harmful or lethal mobile genetic elements. With each new spacer acquired,
there is an accompanying duplication of the repeat due to DNA repair of the gapped
DNA intermediate containing the integrated spacer flanked on either side by single-
stranded repeat sequences (Figure 2.S1). When spacer integration occurs accurately at 5’
nucleotides that comprise the leader-repeat (LR) and repeat-spacer (RS) borders, DNA
repair processes (polymerase fill-in and ligation reactions) yield a new repeat that is a

perfect copy of the original repeat (8,30). Subsequently, the newly generated repeat at the
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leader end of the CRISPR array is competent to function as the recipient structure for
subsequent addition of the next spacer. The periodicity of the repeat-spacer units of the
entire CRISPR repeat is maintained even after multiple novel spacer additions. In
addition to its role in permitting accurate array expansion, the repeat could also influence
the biogenesis of functional crRNAs. Transcribed type Il repeat sequences must match
and bind tracrRNA, be processed by RNase III, and ultimately portions of the repeat
RNA (referred to as 5’ or 3’ ‘tags’ or ‘handles’) are key elements of mature crRNAs and
are critical for crRNA-Cas protein assembly and function in crRNA-guided invader
nucleic acid destruction (11,12,65,66). Thus, imprecise full-site integration of spacers has
the potential to lead to inactive CRISPR arrays and/or non-functional crRNAs.

Our work provides the first in vitro characterization for spacer integration for the
type II-A CRISPR-Cas system of Streptococcus thermophilus. We established an in vitro
system capable of accurately integrating full-site spacer DNA at the proper junctions of S.
thermophilus CRISPR repeats and importantly, our characterization of the reaction
revealed key mechanistic information for how Casl and Cas2 accurately integrate new
spacers in a polarized manner at the leader-adjacent repeat. Our approach of analyzing in
vitro integration products through gel electrophoresis to address efficiency, combined
with sequencing to address integration site specificity, provided a more comprehensive
approach to studying integration than previous studies that relied on either gel analysis or

sequence analysis alone (7,49,52,56).
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Model for type II spacer integration at CRISPR arrays

Our results are consistent with a model (Figure 2.9) whereby S. thermophilus
Casl and Cas2, likely functioning as a Cas1-Cas2 integrase complex that binds the spacer
substrates (49), catalyze spacer integration specifically at the leader-proximal repeat
through a two-step transesterification reaction. The 3’ hydroxyl groups of the DNA
spacer each carry out nucleophilic attacks at the borders of the first repeat sequence, on
opposite strands (Figure 2.9A, B and C). Several lines of evidence indicate that there is
an apparent obligate order to the two nucleophilic attacks whereby the first attack occurs
on the top strand at the guanine of the leader-repeat junction (LR) and the second attack
1s made at the guanine of the repeat-spacer junction (RS) on the bottom strand (Figure
2.9B and C). For example, integration occurred selectively at the LR rather than at the RS
junction when pre-spacers had only a single unmodified dideoxy terminus available for
nucleophilic attack. (Figure 2.4). Furthermore, LR integrations temporally precede both
RS and full-site integration when the reactions were performed with pre-spacers capable
of catalyzing both transesterification reactions (Figure 2.4). Additionally, repeat
mutations that prevented LR integration also resulted in loss of accurate RS integrations.
Moreover, we observed mutations that preserved LR integrations but blocked or altered
the site of RS integration but never vise versa in both our in vitro (Figures 2.5, 2.6 and
2.7) and in vivo analyses (Figure 2.8). Finally, off-target (non-CRISPR) plasmid DNA
integrations mapped to a short stretch of sequences that match the LR junction and
flanking upstream and downstream nucleotides rather than the RS junction and
surrounding sequences, indicating that S. thermophilus Cas1-Cas2 integrase exhibits

intrinsic sequence recognition of sequences spanning the LR border (Figure 2.2). A
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similar preference for integration at the LR vs. RS site was observed in vitro for
Streptococcus pyogenes (7) and Enterococcus faecalis (49) type Il Cas1-Cas2 integrases.
Together, the findings indicate that spacer integration into type II CRISPR repeats
normally proceeds with directionality such that the LR junction is initially selected for
half-site integration and additional determinants (discussed below) govern the next attack

at the RS site that results in a full-site spacer integration at the repeat (Figure 2.9C).

First-site integration: Leader-repeat junction

Our results indicate that recognition of a DNA element at the leader-repeat
junction, composed of at most 10 bp of the leader and 5 bp of the repeat, is critical for
guiding S. thermophilus Cas1-Cas2 to make the first step of the two-step, full-site
integration reaction at the leader-proximal repeat (Figure 2.9A). Mutational analyses both
in vivo (20) and in vitro (Figure 2.1C) demonstrated that 10 bp of the leader proximal to
the repeat are necessary and sufficient for directing integration. Moreover, specific block
mutations within the repeat immediately downstream of the LR junction disrupted overall
efficiency and specific integration at the LR (and RS) junctions while block mutations
elsewhere did not prevent accurate LR integrations (Figure 2.5). As described above, off-
target integration events revealed that the S. thermophilus Cas1-Cas2 integrase targets
sequences that mimic the leader-repeat junction (guanine) which includes ~ 5 bp of the
upstream leader and 5 bp of the downstream repeat (Figure 2.2C). The recognition of this
leader-repeat element by a type II Cas1-Cas2 integrase has been captured by recent X-ray
crystallographic structures and revealed base-specific DNA contacts of Casl at positions

-1 through -4 of the leader as well as +1 and +2 of the repeat (49). The preference for a
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guanine for the site of integration at both off-target and LR and RS junctions (Figure 2.2
and 2.6) appears to be a common determinant for Casl1 proteins of diverse CRISPR
systems (7,38,42,49-52,67). In agreement with our findings, other type II-A studies
showed that the first 5 bp of the leader sequence specifies sites of integration in vivo and
that mutations of the leader-proximal repeat sequences affects integration efficiency in
vitro (7,26,49). Collectively, the results provide strong evidence that type II Cas1-Cas2
proteins have evolved to integrate at the leader-proximal repeat rather than downstream
repeats of the CRISPR array via direct recognition of sequences spanning the leader-
repeat junction. This contrasts the mechanisms revealed for other (type 1) systems that
that rely on additional factors such as IHF (integration host factor) that bind at the leader

and direct Cas1-Cas2 to integrate at the leader-proximal (first) repeat (28,38,48,53,54).

Second-site integration: Repeat-spacer junction

Once the first step of integration is complete, the remaining 3'-OH terminus of the
covalently linked spacer normally performs the second nucleophilic attack precisely at
the guanine of the RS border on the opposite strand (Figure 2.9C and Figure 2.S1). Our
results suggest that the second site of nucleophilic attack is influenced by multiple
factors: 1) it is likely sterically restrained to a relatively narrow range of nucleotides a set
distance from the first integration position, 2) it is further specified by a preference for
guanine over other bases (Figure 2.6), 3) it depends upon several determinants within the
repeat that likely make contacts with the Cas1-Cas2 integrase (49) to lead to
directionality and specificity of the second nucleophilic attack, and 4) it is influenced by

an element located just upstream of the RS junction (between positions 28-32) that
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defines integration a fixed distance of 8 bp downstream of the 5’ border of the element
both in vitro and in vivo (Figures 2.7, 2.8 and 2.9C).

Structural studies of a type Il Cas1-Cas2 integrase bound to spacer and target
DNA during full-site integration (49) suggest that bending of the repeat is necessary for
accurate second-site integration (Figure 2.9C). Moreover, the structural information
showed that contacts between the Cas1-Cas2 integrase and the majority of the repeat are
mediated by sugar-phosphate backbone interactions rather than base-specific contacts.
Second-site recognition appears to be reliant on an accurate first integration step and
further guided by multiple determinants distributed throughout the repeat that likely
influence repeat bending and positioning of the Cas1 active site at the appropriate
guanine residue at the RS border. We noted that the structure showed contact between a
non-catalytic Casl and repeat residues that correspond to positions 28-29 of the repeat in
our experiments. In light of this structural information, it is conceivable that the ruler
element that we identified through mutational analysis may represent the breakpoint
between the region of the repeat that interacts with the Cas1-Cas2 integrase and the
region of the repeat that projects out towards the catalytic Casl for second-site
integration. The spacing between the non-catalytic Casl contact point (with positions 28-
29) and the active site of the catalytic Cas1 may correspond to the 8 bp ruler element that

we observe for our repeat sequence.

Type 11 pre-spacer integration

In summary, we have characterized the in vitro properties of Streptococcus

thermophilus Cas1 and Cas2 and found that these two proteins collaborate to catalyze
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accurate and full-site spacer integration into CRISPR arrays. Our results revealed that
type II systems appear to be unique from well-studied type I systems in that the type II
Cas1-Cas2 integrases exhibit an intrinsic specificity for LR junctions that drives
integration into the leader-proximal repeat instead of downstream repeats and an intrinsic
directionality such that the first transesterification reaction is at the LR junction and step
two follows at the RS junction. We provide the first evidence supporting a molecular
ruler-based mechanism in a type II system that helps guide the second step a fixed
distance downstream and functions to maintain the repeat length (Figures 2.7, 2.8 and
2.9). Such second-site, molecular ruler elements were previously demonstrated to
function within type I systems (52,56). Understanding the molecular basis of the ruler-
based mechanism that guides the second integration step is an important future goal that
will likely require structural and molecular analyses. Future studies are also needed to
understand key steps that function upstream of CRISPR spacer integration. For example,
there is a gap of knowledge in understanding how viral or plasmid protospacers are
recognized and properly processed prior to binding by the Cas1-Cas2 integrase.
Furthermore, there is a need for determining the specific roles that Cas9 (29,41) and Csn2
(47,68,69) and perhaps additional host factors play in protospacer to pre-spacer
generation and precise PAM removal required for directing spacer integration in a

functional orientation in type II CRISPR arrays.
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Figure 2.1. §. thermophilus Cas1 and Cas2 accurately integrates pre-spacers in vitro
and 10 bp of the leader sequence is essential for polarized integration.

(A) Schematic of pre-spacer (PS) integration by Cas1-Cas2 into a plasmid target
containing a minimal CRISPR array (pCRISPR). Integration of pre-spacers can occur as
half-site intermediates at either junction of the repeat or as full-site products. (B)
Integration assays with Cas1-Cas2 and radiolabeled pre-spacers visualized with ethidium
bromide staining and autoradiography. Integration products corresponding to relaxed
plasmids (R), unintegrated supercoiled plasmid (SC) and free pre-spacers (PS) are
indicated. (C) Variants of the leader sequence mutations (L1, L2, L3) engineered on
pCRISPR. Sites of spacer integration were identified by high-throughput sequencing and

mapped to the plasmids on the plus (upper) and minus (lower) strands.
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Figure 2.2. Non-CRISPR integration sites resemble a leader-repeat junction.

(A) Sites of spacer integration for pCRISPR and pControl were identified by high-
throughput sequencing. (B) Percent of spacer integration sites occurring at a guanine,
cytosine, adenine, and thymine on pCRISPR and pControl. (C) WebLogo of all non-
CRISPR integration sequences. Sequence homology to the actual leader-repeat junction

sequence is indicated with dotted lines.
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Figure 2.3. Specific pre-spacer integration by Cas1-Cas2 into linear dsDNA targets.
(A) Representation of the linear CRISPR target. Target consists of a leader sequence
(yellow), repeat (black) and spacer (green). Leader-repeat (LR) and repeat-spacer
junctions (RS) and points of integration (G1 and G36) are indicated. Palindromic
inverted repeat sequences (IR 1 and IR 2) are marked. (B) Schematic of spacer
integration in vitro with a minimal linear CRISPR target. Integration products include
full-site integration, or half-site integrations at either the leader-repeat junction (LR) or
repeat-spacer junction (RS). (C) In vitro spacer-integration assay with Casl, Cas2, Csn2
and/or Cas9. Expected integration products corresponding to both junctions (LR or RS)
are indicated. (D) High-throughput sequencing analysis of integration products

represented as percent of total reads mapped throughout the linear CRISPR target.
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Figure 2.4. Cas1-Cas2 spacer integration reaction is directional.

(A) Detection of full-site and half-site integration products with spacer hairpin CRISPR
targets (top panel) and leader hairpin CRISPR targets (bottom panel) with unmodified
(OH/OH) and modified (OH/dd, dd/OH, dd/dd) pre-spacers show site of the first
transesterification reaction. (B) Time-course of spacer integration assay using unmodified

pre-spacer and spacer hairpin CRISPR target. Quantification of B (bottom panel).
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Figure 2.5. Repeat sequence mutations affect efficiency and specificity during spacer
integration.

(A) Annotation of leader and repeat sequence mutations on the linear CRISPR target.
Leader-repeat junction (LR), Repeat-spacer junction (RS) and inverted repeats (IR1 and
IR2) are indicated. (B) Integration reaction with mutated CRISPR targets taken at time
points: 15 sec, 1 min and 15 min. (C) High-throughput sequencing analysis of strand-
specific integration products; peaks represent the percent of total reads mapped
throughout the linear CRISPR target. Top strand and bottom strand libraries were
prepared separately and read counts are normalized across strands. Red boxes indicate
mutated sequences in the CRISPR target. Nucleotide level resolution of high-throughput
sequencing data is provided in Supplemental Figure 2.S4. Range of total number of reads

(4,711-12,359).
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Figure 2.6. Identity of the first and last nucleotide of the repeat affect efficiency and
specificity during spacer integration.

(A) Annotation of repeat sequence mutation of guanine at position 1 and position 36. (B)
Integration reaction with mutated CRISPR targets taken at time points: 15 sec, 1 min and
15 min. (C) High-throughput sequencing analysis of integration products represented as
percent of total reads mapped throughout the linear CRISPR target. Guanine at position
1 and 36 of the repeat are displayed as G1 and G36. Nucleotide level resolution of high-
throughput sequencing data is provided in Supplemental Figure 2.S4. Range of total

number of reads (6,114-16,093).
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Figure 2.7. Second-site integration at the repeat-spacer junction is defined by a
molecular ruler.

(A) (Left panel) Single, double and triple nucleotide insertion and deletion mutations
made to the minimal CRISPR target. Mutations in red boxes are indicated. Predicted 5'-
CTGTA-3' ruler element defining second-site transesterification attack 8 bp from the 5'-
C is marked. Dotted line marks position 36 of the repeat. Grey arrow indicates the
preferred site of integration for each CRISPR target. (Right panel) Sites of integration
represented as percent of total mapped reads at the leader-repeat junction (LR) and
positions spanning the repeat-spacer junction (RS) qualitatively represented (right panel).
Nucleotide level resolution of high-throughput sequencing data is provided in
Supplemental Figure 2.S4. (B) Integration sites for single, double and triple insertion and
deletion mutations mapped to the minimal CRISPR target at nucleotide resolution.
Position 36 is indicated with a dotted line. Range of total number of reads (14,884-

293,723).
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Figure 2.8. Ruler-based mechanism influences second-site integration in vivo.

(A) (left panel) Annotated sequence of expanded CRISPR array in vivo with single and
double insertion and deletion mutations in the repeat sequence. (Right panel) Sites of
integration represented as percent total of mapped reads at the leader-repeat junction (LR)
and spacer-repeat junction (SR). (B) (left panel) Sequences spanning the repeat-spacer
junction and site of integration. Red line highlights expected site of integration relative to
insertions and deletions upstream and downstream of the ruler element (5'-CTGTA-3") as
indicated by red arrows or boxes. (Right panel) Integration site at the positions spanning

the repeat-spacer junction.
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Figure 2.9. §. thermophilus type 11-A spacer integration model.

(A) The integrase complex (Cas1-Cas2 bound by a pre-spacer) recognizes 15 bp of the
sequences spanning the leader-repeat junction to direct specific integration to the first
repeat. (B) Identity of a guanine at position 1 of the repeat facilitates localization of
integration to direct the first transesterification attack at the leader-repeat junction,
resulting in a half-site intermediate. (C) DNA bending of the repeat sequence initiates the
second-site transesterification attack at the repeat-spacer junction measuring 8
nucleotides upstream of a molecular ruler localized near the repeat-spacer junction
(Figure 2.7 and 2.8). The integration complex additionally relies on a guanine at position

36 to progress to full-site integration of a new spacer into the CRISPR array.
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Table 2.S1. Plasmids used in this study
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Plasmid name Plasmid description

pControl pWAR derived from pWAR228 lacking CRISPR sequence

pCRISPR pWAR derived from pWAR228 with minimal CRISPR
array LRSRS

L1 pCRISPR leader mutation; nucleotides 21 - 32

L2 pCRISPR leader mutation; nucleotides 11 - 20

L3 pCRISPR leader mutation; nucleotides 1 - 10

pCas1/Cas2/Csn2/Cas9+CRISPR pCas1/Cas2/Csn2/Cas9+minimal CRISPR array

Ins C24 pCas1/Cas2/Csn2/Cas9+CRISPR; insert C, +24

Del A23 pCas1/Cas2/Csn2/Cas9+CRISPR; delete A, +23

Ins C33 pCas1/Cas2/Csn2/Cas9+CRISPR; insert C, +33

Ins CG 33-34 pCas1/Cas2/Csn2/Cas9+CRISPR; insert CG, +33-34

Del C33 pCas1/Cas2/Csn2/Cas9+CRISPR; delete C, +33

Del CA 33-34 pCas1/Cas2/Csn2/Cas9+CRISPR; delete CA, +33-34
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Table 2.S2. Oligonucleotides used in this study
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Oligos

Sequence (5'-3)

S4-0S5-F
S4-0S5-R
WT-F
WT-R
B1-F
B1-R
B2-F
B2-R
B3-F
B3-R
B4-F
B4-R
B5-F
B5-R

IR 1-F
IR 1-R
IR 2-F
IR 2-R
IR 3-F
IR 3-R
G1C-F
G1CR
G1A-F
G1A-R
GITF
G1TR
G36CF
G36CR
G36A-F
G36AR
G36T-F
G36T-R
C5-F
C5-R
C9-F
C9-R
Cl14-F
C14R
C19-F
C19R

TCGTTACTGGTGAACCAGTTTCAAT

AACTGGTTCACCAGTAACGACTGAG
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATGGTCTTGGGGTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACACCCCAAGACCATGAA
TTCATTTGAGIGGGGGTGCATCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGATGCACCCCCACTCAAATGAA
TTCATTTGAGGTTTTTGTACGAGACCTCTTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAAGAGGTCTCGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGAGGGCCTGCACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTGCAGGCCCTCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTACAGTGCACCATGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACATGGTGCACTGTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTAACATGTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGACATGTTAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTCATGTTICTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGAACATGAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTAACATGTCTCAAGATTTAAGTAACTCATGTTCTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGAACATGAGT TACTTAAATCTTGAGACATGTTAAACCTCAAATGAA
TTCATTTGAGCTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAAGCTCAAATGAA
TTCATTTGAGATTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAATCTCAAATGAA
TTCATTTGAGITTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAAACTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAGTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACACTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAATTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAATTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAATGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACATTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTCTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAGAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTCACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTGACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGACTTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAAGTCTTGAGAGTACAAAAACCTCAAATGAA
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C24-F
C24-R
C28-F
C28-R
C33-F
C33-R
C36-F
C36-R
Ins36-F
Ins36-R
Ins36-37-F
Ins36-37-R
Ins36-38-F
Ins36-38-R
Del35-F
Del35-R
Del34-35-F
Del34-35-R
Del33-35-F
Del33-35-R
Spacer-
Hairpin
Leader-
Hairpin

TTCATTTGAGGTTTTTGTACTCTCAAGATTTAACGTAACTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGTTACGTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACCTGTACAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGTACAGGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACCAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTTGGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACCTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGITTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAATCTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGATTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAAATACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGIATTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACCTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA
TTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACTGTTTGACAGCAAATCAAGA
TCTTGATTTGCTGTCAAACAGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGAA

TTTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTGACAGCAAATCAAGATT
CGAATCGATAGATTCGAATCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACA
AAAACCTCAAATGAAA
AATCTTGATTTGCTGTCAAACAGTTGTACAGTTACTTAAATCTTGAGAGTACAAAAACCTCAAATGARA
TTTTGCGATAGCAAAATTTCATTTGAGGTTTTTGTACTCTCAAGATTTAAGTAACTGTACAACTGTTTG
ACAGCAAATCAAGATT

*underlined annotates mutations
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Figure 2.S1. Adaptation model for S. thermophilus.

CRISPR adaptation involves the capture of foreign invader sequences (protospacers) and
generation of pre-spacers in a PAM-dependent manner by the adaptation proteins Casl,
Cas2, Csn2, Cas9 and/or other host factors. Site-directed incorporation of the sequences
(pre-spacers) into the host CRISPR locus involves a two-step concerted
transesterification reaction by Casl and Cas2 in which the 3’-OH groups of the pre-
spacer DNA carries out nucleophilic attacks at the 5° ends of the repeat borders. DNA

repair events fill in DNA gaps and ensure faithful duplication of a CRISPR repeat.
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Figure 2.S2. Purified S. thermophilus Cas proteins.

Purification of individual Cas proteins by Ni*" affinity column chromatography. Products
were separated by an SDS-PAGE gel followed by Coomassie blue staining. Bands
corresponding to each protein are indicated by a black asterisk while molecular weights

of the proteins are listed above.
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Cas1 Cas2 Csn2 Cas9
(kDa) (35kDa) (13kDa) (42 kDa) (130 kDa)
250
130
95
72

55

35

28
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Figure 2.S3. Full plasmid mapping of integration sites on mutated pCRISPR.
High-throughput sequence mapping of integrated pre-spacers in mutated pCRISPR

plasmids with mutated leader sequences (L1, L2, L3).
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Figure 2.S4. Nucleotide resolution and detailed mapping of integration sites.
Histogram plots of high-throughput sequencing analysis of integrated pre-spacers in

mutated linear CRISPR targets.
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Figure 2.S5. Repeat sequence insertions and deletions reduce adaptation in vivo.
(Top panel) PCR amplification of the CRISPR array with either wildtype or indicated
repeat sequence mutations. Regions in the agarose gel containing expanded CRISPR
arrays (+1) were gel excised away from unexpanded CRISPR arrays (0). Extracted DNA
was used as template for re-amplification of the array (middle and bottom panels).
Adaptation null strain (ACas1-Cas2-Csn2) containing the pCRISPR plasmid served as a

negative control.
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Figure 2.S6. Incorrect second-site integration of the repeat results in partial spacer
duplication in vivo.

(A) Schematic of improper second-site recognition during pre-spacer integration.
Misrecognition of the repeat-spacer junction and integration at sites downstream in the
adjacent spacer results in partial spacer sequence duplication upstream of the new spacer
sequence after DNA gap repair. (B) Analysis of “other” sites of integration in Ins C24
repeat mutation strain from Figure 2.8. Off-target second-site integration events occur
predominately at site 44 and 45 within the spacer sequence resulting in partial spacer

duplication upstream of the unique spacer of the expanded array.
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CHAPTER 3
EFFECTS OF CRISPR-ASSOCIATED PROTEINS AND REXAB ON

PROTOSPACER GENERATION AND PHAGE RESPONSE IN S. THERMOPHILUS!'

Jenny G. Kim, Sandra Garrett, Yunzhou Wei, Brenton G. Graveley, Michael P. Terns.
To be submitted to Nucleic Acids Research.
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Abstract

CRISPR-Cas immunity is acquired through the integration of foreign genetic
elements, termed protospacers, into the host CRISPR loci as new spacers. Selection of
protospacers requires the presence of a protospacer adjacent motif (PAM) next to the
sequence. Mechanisms detailing how CRISPR-associated proteins and host DNA-repair
proteins RexAB are involved in PAM-dependent processing of protospacer into pre-
spacers remain a mystery. Here, we investigate the role of the Type II-A CRISPR-Cas
proteins (Casl, Cas2, Csn2, Cas9) as well as the trans-activating CRISPR RNA
(tractRNA) during protospacer selection. Additionally, we investigate the function of
DNA repair proteins RexAB in influencing the acquisition of new spacer sequences from
foreign invaders. Expression of Cas1-Cas2 in the absence Csn2 reduced the number of
spacer sequences with the proper PAM suggesting a role of Csn2 in selecting PAM-
containing sequences. We also determined that loss of nuclease activity of RexAB
reduces adaptation in vivo. Moreover, we demonstrate that truncation of the tracrRNA to
prevent its pairing with crRNA and possibly repeat DNA reduced spacer duplication
events of pre-existing spacers in the CRISPR array. Lastly, we challenged S.
thermophilus cells lacking a functional CRISPR-Cas systems to determine if cells can
resist lytic phage infections through a mechanism other than CRISPR-Cas. We
determined that rare non-CRISPR S. thermophilus phage resistant survivors had various
mutations that each are predicted to inactivate a membrane protease FtsH, implicating
this protein in phage life cycle. This effect was bypassed by mutations in a phage tail
chaperonin protein that permitted phage sensitivity in the phage resistant survivors.

Taken together, our findings not only highlight the intrinsic ability of Cas and non-Cas
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proteins to coordinate protospacer selection with proper discrimination to ensure effective
immunity, but also provide insight into the understanding of the host-phage evolutionary

arms race.

Introduction

CRISPR-Cas (Clustered regularly interspaced short palindromic repeats and
CRISPR-associated genes) systems are defense mechanisms that provide heritable
immunity against invading foreign elements such as viruses and plasmids (1,2). There are
six distinct CRISPR-Cas types (I-VI) and more than thirty subtypes, and these adaptive
immune systems are found in the genomes of roughly half of bacteria and almost all
archaea sequenced to date (3,4). CRISPR systems function in providing protection
against foreign invading elements by integrating fragments of DNA and incorporating
them into the CRISPR array of the host’s own genome. This generates a memory bank of
prior infections to elicit an effective immune response upon reinfection of the cell.
CRISPR-Cas immunity involves three main stages: adaptation, CRISPR RNA (crRNA)
biogenesis, and interference. During the adaptation stage, pieces of foreign DNA termed
“protospacers” are recognized, captured and further processed into “pre-spacers” for
incorporation into the CRISPR array as “spacers” (2,5). The crRNA biogenesis stage
involves the transcription of the CRISPR array and processing of the transcript into
mature crRNAs, which form complexes with the Cas effector proteins (6). Interference or
invader silencing occurs upon binding of the effector complex to the target
complementary DNA or RNA during reinfection and cleaving the foreign nucleic acid (7-

9).
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We are only now beginning to unfold the mechanistic details involved in foreign
DNA capture and integration for CRISPR-mediated defense. The initial steps of
adaptation in CRISPR-Cas immunity can be broken down into two main stages. The first
stage, protospacer generation, involves the capture of foreign nucleic acids as
protospacers and further processing of these substrates into pre-spacers. The second
stage, spacer integration, is the integration of fully-processed pre-spacer sequences into
the CRISPR array as spacers. The molecular details of how spacer sequences are
integrated into the CRISPR array have now been described for several different CRISPR-
Cas systems. In contrast, fewer clear models for the process of protospacer generation
and acquisition by CRISPR-Cas exist, although some mechanisms have been uncovered.
For example, in the widely studied Type I-E CRISPR system in E. coli, adaptation is
stimulated by host DNA repair proteins, RecBCD, presumably because these proteins
generate substrates for CRISPR uptake (10,11). RecBCD is a nuclease-helicase complex
and is biologically critical in end-processing of blunt-ended double stranded breaks to
stimulate homologous recombination for DNA repair (12-21). A critical element during
this process is the regulatory chi sequence (chromosomal hotspot instigator) a short
octameric sequence that controls and modulates translocation of the enzyme across the
DNA (22-29). Upon Chi recognition by a Chi-recognition domain in RecC, exonuclease
activity of RecBCD is altered and nuclease polarity is switched; resulting in attenuation
of strand degradation (16). Since chi sequences occur nearly 14 times more frequently in
the E. coli genome than phage DNA, RecBCD tends to produce protospacers that are

phage-derived and thus useful for defense (10,16).
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To dissect the role of RecBCD on CRISPR adaptation, a previous study
demonstrated that deletion of RecBCD proteins in E. coli resulted in a shift in adaptation
biases for acquired spacers and acquisition hotspots were confined by chi sites (10).
Similar homologs of RecBCD in Gram-negative bacteria such as AddAB, have also been
linked to adaptation frequency and spacer acquisition patterns around chi sites. This
effect however, was simplified to the nuclease activity of the primary protein AddA (30).
While nuclease activity of repair proteins have been linked to CRISPR adaptation, weak
evidence suggests that helicase activity of RecBCD, as well as several other host
proteins, can contribute to adaptation, so utilization of non-Cas proteins and their natural
function for host survival mediated by CRISPR is not uncommon in organisms (11,31).
In DNA repair exo/hel (exonuclease/helicase) enzymes, sequence differences amongst
bacterial species suggest functional variability however, conservation of active-site
domains likely suggest overlapping roles. Given that RecBCD nuclease activity
contributes to CRISPR spacer acquisition, will its homologs behave in similar ways? The
RecBCD analog, RexAB, is commonly found in several Gram-positive species such as
Staphylococcal, lactococcal and streptococcal species including Streptococcus
thermophilus (32-35). In vivo studies suggest that RexAB is involved in DNA repair and
has been identified to behave similarly to the extensively studied, two-subunit enzyme
AddAB present in other Gram-positive bacteria (32-35). To date, the relationship
between RexAB and CRISPR adaptation has not been explored in any organism.

During the capture of foreign nucleic acids as protospacers, proper processing into
pre-spacers is critical for the integration of functional spacers into the CRISPR array. A

key characteristic of spacer acquisition is the selection of pre-spacers with a flanking
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PAM (protospacer-adjacent motif) sequence (36). By targeting protospacers with a PAM,
the system can prevent self-recognition or autoimmunity against spacers in the CRISPR
locus (whose repeats are devoid of PAMs) by the crRNA-effector complex during
interference. In Type I-E systems, the Cas1-Cas2 complex composed of two Casl dimers
and one Cas2 dimer, mediates PAM recognition during protospacer capture via Casl
(37,38). The pre-spacer is further processed at the respective ends to generate a substrate
with 3°-OH groups for spacer integration by Cas1-Cas2 (37,39). Other Type I systems
such as the Type I-A, I-C, I-D and I-U require Cas4 to recognize PAM-containing pre-
spacers (40-42). However, Cas4 is not present in all CRISPR systems, suggesting that
this role in the identification of PAM sequences is handled by other CRISPR or
potentially non-CRISPR proteins.

In Type II-A systems, spacer acquisition in vivo requires all four CRISPR-Cas
proteins, which are Casl, Cas2, Csn2 and Cas9 (Cas9:tractRNA:crRNA) plus a non-
coding RNA known as the trans-activating CRISPR RNA (tracrRNA), that base-pairs
with each crRNA to facilitate crRNA maturation and is an integral component of the
Cas9-crRNA complex that cleaves target DNA (43,44). Currently, the mechanistic
details of how Casl, Cas2, Csn2, Cas9 proteins and the tracrRNA function together to
select PAM-containing pre-spacers and integrate them into the CRISPR array remains to
be elucidated. However, previous studies have provided evidence of functional roles for
each protein. Casl and Cas2 are universally conserved in almost all CRISPR systems and
are directly involved in integration of a new spacer into the CRISPR array (37,45-50).
Although deletion of Csn2 has been shown to significantly reduce adaptation frequency

(43,44), the mechanism for this is yet unclear. Csn2 is a tetramer that forms a toroidal
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structure that has been shown to bind to double-stranded DNA ends (45,51-54).
Structural analysis of the Type II-A Cas proteins suggests that Csn2 may direct Casl-
Cas?2 to pre-spacer substrates bound by Cas9 in a PAM-dependent manner (54). Unlike in
Type I systems, PAM recognition is carried out by the interference protein Cas9 through
the same PAM-interacting domain that is required for PAM-specific DNA targeting (43).
However, the double-stranded DNase activity of Cas9 required for interference is not
required for adaptation. Specifically, mutations in the Cas9 RuvC and HNH nuclease
active centers prevent Cas9 from cutting DNA and providing protection against mobile
genetic elements, but these mutations do not impair the function of Cas9 in adaptation
(43,44). Drawing these observations together into a cohesive model of spacer uptake will
require additional information.

The finding that adaptation in the Type II-A systems requires all four Cas proteins
was determined by observing changes in adaptation efficiency with gene deletions and
mutations. Due to the low frequency of adaptation, it is often difficult to detect spacer
uptake in a population of cells, so both studies utilized the overexpression of the Cas
proteins to increase adaptation and permit detection of spacer uptake after a single-round
PCR amplification of the CRISPR array and visualization by gel electrophoresis. These
early studies therefore did not address how Cas deletion affects adaptation under
endogenous expression levels. In this study, we used a sensitive high-throughput
sequencing approach (CAPTURE) to analyze the effects of gene deletions on adaptation
in a background of endogenous expression levels.

Previous work has shown that in S. thermophilus, Type 11 adaptation is the

dominant mechanism leading to cell survival when challenged by lytic phage infection
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(1,55,56). Other methods of defense such as restriction modification and abortive
infection are also observed in other bacteria and these different mechanisms of phage-
resistance may interfere with several stages of the phage life cycle such as phage DNA
replication and release. For example, evidence shows that L. lactis can sense
bacteriophages and mount a response targeting the host cell envelope stress response
pathway (57). This response was additionally demonstrated to contribute to the regulation
of transcriptional factors of the lytic phage 4 in E. coli. In this study, we searched for
additional mechanisms of phage resistance (besides Type II CRISPR-based resistance) by
creating S. thermophilus strains wherein the Type II CRISPR systems was genetically
deleted and then infecting them with lytic phage. Using this host-phage system,
characterization of non-CRISPR mediated phage response offered the possibility of
identifying new factors and mechanisms that reduce phage infections.

In this study, we build on what is currently known about the functional role of
both non-CRISPR associated DNA repair proteins and CRISPR-Cas proteins during
adaptation and phage resistance. Expression of Cas1-Cas2 in the absence of Csn2
resulted in increased spacer integration of sequences without the proper PAM suggesting
that Csn2 selects PAM-adjacent substrates upstream of integration by Cas1-Cas2. We
also observe spacer duplication of pre-existing spacers within the CRISPR array. These
duplication events were observed to occur at increased frequency when adaptation
efficiency was low. Moreover, deletion of the trans-activating RNA, tracrRNA, reduced
spacer duplication frequency and resulted in hotspot patterns of spacer acquisition at the
ribosomal RNA gene loci providing evidence of increased self-targeting spacer uptake by

Cas9 in its apo-form. Addressing the upstream processes of adaptation, our results show
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that RexAB nuclease activity contributes to spacer acquisition likely through the
generation of protospacers. Furthermore, we gained insight into the evolutionary arms
race of host versus phage in the absence of CRISPR systems. Together, our work
contributes to the current efforts to understand the molecular mechanisms governing
CRISPR adaptation as well as further elucidate the diverse mechanisms involved in

bacterial survival against invading foreign elements.

Materials and methods

S. thermophilus strains and growth conditions

S. thermophilus DGCC7710 was kindly provided by Dr. Sylvain Moineau. The
cas2, csn2, cas9 and tracr deletion strains were constructed using the pINTRS plasmid
(58). The csn2/cas9 deletion strain and rexA4 and rexB mutation strains were constructed
using ComS-dependent natural transformation (59). Briefly, 800 bp upstream and
downstream of the site of mutation was PCR-amplified from the S. thermophilus genome
and ligated via splicing overlap extension PCR to generate a linear dsSDNA fragment. The
final PCR product was gel purified and transformed with 10 mM ComS peptide into
natural competent cells as previously described (59,60). All strain mutations were
verified by DNA sequencing and sequences of oligonucleotides are listed in
Supplementary Table 3.S2. Overexpression plasmids expressing S. thermophilus
CRISPRI proteins were previously described (47). Plasmid constructions were verified
by sequencing and transformed into S. thermophilus DGCC7710 strains via
electroporation or ComS-dependent natural transformation (61). Plasmids used in this

study are listed in Supplementary table 3.S1. S. thermophilus strains were grown in
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LM17 (HiMedia) at 37°C. S. thermophilus harboring plasmids were grown in LM17

liquid medium supplemented with 2 pg/mL chloramphenicol for 16 hours.

Population-based adaptation assay

S. thermophilus cells harboring the indicated plasmids were grown in LM 17
supplemented with 2 pg/mL chloramphenicol for 16 hours. Cells from each strain were
harvested, pelleted and genomic DNA was extracted using the Zymo Research Quick-
DNA Fungal/Bacterial Miniprep Kit (Zymo Research, Irvine CA) and used as PCR
template. The CRISPR array was amplified using primers matching the leader sequence
and first spacer of CRISPRI1. Oligonucleotides used in this study are listed in
Supplementary table 3.S2. PCR products were run on 2.5% TAE-agarose gels, pre-
stained with ethidium bromide and examined under UV light to visualize CRISPR array

expansion.

Spacer Acquisition high-throughput sequencing

CRISPR arrays were amplified by using a pair of primers in which the forward
primer annealed within the leader region of the CRISPR array and the reverse primer
annealed within the existing spacer closest to the leader (spacer 1). If a new spacer was
integrated into the CRISPR array, the resulting PCR product was longer because of the
additional repeat and spacer sequence, and the CRISPR array was considered to be
expanded. These larger, expanded PCR products were separated from unexpanded
products by 2.5% agarose gel electrophoresis using TAE buffer followed by DNA

recovery (Zymogen DNA Gel Recovery Kit, Zymo Research). A second PCR reaction
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utilizing CAPTURE repeat primers was used to amplify expanded arrays only. Single
amplified products were gel extracted under similar conditions and used as a template for
the final round of PCR. The repeat PCR primers included an overhang corresponding to
part of the adapter necessary for [llumina sequencing. After size selection of the PCR
product containing adapter sequences, the final PCR reaction was performed to add
additional sequences corresponding to Illumina adapters and barcodes. Each experimental
condition and replicate received a unique barcode (index) for multiplexing. The
sequences of oligonucleotides used are available in Supplementary Table 3.S2. For each
strain, at least four biological replicates were prepared, and from each of these replicates,
an amplicon library was prepared from the CRISPR1 array. Final gel-purified amplicon

libraries were pooled and generated for Illumina sequencing (59,62,63).

Phage infection assay and survivor genotyping

S. thermophilus DGCC7710 strains and derivatives were incubated at 42°C in
LM17 until they reached an ODgoo of 0.3. Lytic 2972 phages were amplified and
propagated in LM 17 media supplemented with 10 mM CaCl, as described previously
(64). Purified 2972 phage was added to 200 pL cells at a MOI of 2 in 3 mL of top agar
(0.75% LM17 agar) supplemented with 10 mM CaCl, and poured over 1.5% LM17+10
mM CaCl, plates and incubated at 42°C. Surviving colonies were isolated on 1.5% LM17
plates incubated at 42°C. Individual liquid cultures of each colony was made by
inoculating 1 mL of LM 17 with cells and grown overnight at 42°C. CRISPR spacer
uptake into each of the four CRISPR arrays was assayed (using 1 puL of the overnight

liquid culture) by PCR using primers matching to the leader sequence and first spacer of
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each CRISPR array. Oligonucleotides used for the PCR tests are listed in Supplementary

Table 3.S2.

Isolation of BIMs

Bacteriophage insensitive mutants (BIMS) were generated by challenging
sensitive S. thermophilus strains and derivatives with virulent 2972 phages. Similar to the
phage infection assay defined above, S. thermophilus strains were grown in LM17 at
42°C until an ODeoo of 0.3 was reached. 2972 phage was added to 200 pL cells at a MOI
of 2 and mixed with 3 mL of top agar (0.75% LM17 agar) supplemented with 10 mM
CaCl; and poured over 1.5% LM17+10 mM CaCl: plates and incubated at 42°C. To
ensure independence, single survivor colonies were genotyped using primers matching to
the leader sequence and first spacer of each CRISPR array to confirm phage spacer
acquisition. Phage sensitivity of the isolated BIMs were tested by a spot test using a range

of phage titers (10° -10% pfu/mL).

Phage Spotting Assays

S. thermophilus strains were grown in LM 17 at 42°C until an ODgoo of 0.3 was
reached. 1.5% LM17 + 10 mM CaCl, agar plates were pre-warmed in a 42°C incubator.
400 pL of cell culture was mixed in 4 mL top agar (0.75% LM17 agar) supplemented
with 10 mM CaCl, and poured over the agar plate to create a lawn of cells. Five-fold
serial dilutions of phage were spotted onto the plates (8 puL of each dilution) to the

surface of the agar plate and incubated overnight at 42°C. Agar plates with phage plaques
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were imaged using a Gel Doc system (Bio-Rad Gel Doc XR+ Gel Documentation

System).

Isolation and purification of mutant phages

Phage mutants were generated from purification of single-plaques after re-
infection of 2972 phage onto BIMs originating from the CRISPR1 null strain. Individual
phage plaques from the CRISPR1 null strain were individually isolated using a blunt-
ended 1 mL pipette tip and the gel piece was resuspended in 500 pL LM17 + 10 mM
CaCl,. 200 pL of the resuspended phage was used to re-infect 5 mL of S. thermophilus
cells grown to a starting OD600 of 0.3. The liquid culture containing cells and phages
were incubated in a 42°C shaker until complete cell lysis. Upon cell lysis indicated by
full clearing of the cell culture, the culture was centrifuged at 3,000 rpm for 15 minutes.
The cleared lysate was filtered using a 0.22 pum syringe filter to remove cell lysis debris
and the titer of purified phage lysate was quantified by infecting S. thermophilus cells
with a range of diluted phage lysate and counting the total number of phage plaques per

mL of phage.

Non-CRISPR survivor (NCS) and phage genomic DNA extraction and sequencing
S. thermophilus non-CRISPR survivor genome extraction

S. thermophilus strains were grown in 100 mL of LM 17 and incubated overnight
at 37°C. Following overnight growth, cells were pelleted at 3,500 xg for 20 minutes. Cell
pellets were flash frozen using liquid nitrogen and used for genomic DNA extraction.

Bacterial genomic DNA was extracted from frozen cell pellets using the DNeasy
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PowerBiofilm extraction kit (Qiagen, Germantown, MD, USA) following manufacturer’s

instructions.

Phage genome extraction

Genomic DNA of phage 2972 was isolated using a phenol-chloroform based
extraction method. Purified phage lysate (2 ml) was treated with 7.5 ug/mL of both
DNase I (Thermo Scientific, EN0523) and RNase A (Thermo Scientific, EN0531) for 30
min at 37°C to remove host nucleic acids. Following DNase/RNase treatment, phages
were concentrated by ultracentrifugation at 40,000 xg for 2 hours at 4°C (Beckman
XL90, SW41Ti rotor, Beckman 344059 Ultra-Clear 13.2 mL open top ultracentrifugation
tubes). The supernatant was discarded, and remaining phage pellet was resuspended in
500 pL phage buffer (50 mM Tris-HCI pH 7.5, 100 mM NaCl, 8 mM MgSO4)
supplemented with 20 mM EDTA pH 8.0, 50 ug/mL proteinase K (New England
Biolabs), and 0.5% SDS, and incubated for 1 hour at 56°C. Following incubation, equal
volume of phenol:chloroform:isoamyl alcohol (Fisher Scientific, 25:24:1) was added and
gently inverted prior to centrifugation at 3,000 xg for 5 min at 25°C and supernatant was
carefully collected for subsequent wash steps. This step was repeated twice. Equal
volume of chloroform was then added to the collected supernatant and gently inverted
prior to centrifugation (3,000 xg for 5 min at 25°C) (Eppendorf 5424 Microcentrifuge).
The supernatant was collected and 10% volume of 3M NaOAc (pH 7.5) was added and
resuspended. 100% cold ethanol was added and incubated at 25°C for 30 minutes. The
samples were centrifuged at 20,000 xg for 20 min at 4°C and the supernatant was

removed. 500 puL 70% ethanol was used to resuspend the pellet and centrifuged (20,000
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xg for 20 min at 4°C). The supernatant was removed, and pellets were dried in an open
microcentrifuge tube for 30 minutes at 25°C. DNA pellets were resuspended in 50 pL

water and quantitated.

Library preparation and sequencing

Sequencing libraries were prepared using the Illumina DNA prep kit (Illumina,
San Diego, CA, USA) and sequenced on an Illumina MiSeq instrument with reagents and
protocol set to generate 150 bp unpaired reads (first set of bacterial samples) or 2 x 300
bp paired-end reads (phage samples and all additional sets of bacterial samples), both
with 8 bp dual indexing.

After sequencing, reads were de-multiplexed and adapter-trimmed using the
generate FASTQ module within the MiSeq Reporter analysis package provided with the
instrument. Reads were aligned to the appropriate reference sequence (phage 2972 or
Streptococcus thermophilus DGCC7710 genome) using bowtie2 (65) in local mode with
default settings. Aligned reads were sorted and indexed with samtools, default settings
(66). Short sequence variants (SNPS, short insertions and deletions) were identified using
bceftools mpileup and beftools call (67), with the ploidy option set to one and default
settings. To search for larger mutations, alignment files were used to generate custom
genome coverage tracks (66,68), which were then visualized on the UCSC Genome
browser (69). Tracks were examined individually for any coverage gaps or anomalies,

which are indicative of deletions, duplications, or inversions.
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Results
S. thermophilus Csn2 controls PAM-dependent spacer acquisition in vivo

To investigate the in vivo roles of each Type II-A Cas protein and the tracrRNA in
directing PAM-dependent protospacer recognition and processing, we generated strains
in which one or more of the Type II-A Cas or tractrRNA genes (ACas9, ACsn2, ACas9-
Csn2, ACas2, ACas1-Cas2-Csn2, AtracrRNA) was deleted from the chromosome (Figure
3.1A). RexAB nuclease active site mutants were additionally generated to determine if
the nuclease activities of these DNA repair proteins influenced adaptation as has been
observed for related RecB-like nucleases in other systems (42). We then characterized
newly integrated spacer sequences into the CRISPR1 array of S. thermophilus and the
adjacent downstream PAM in both wild-type (WT) and mutant strains by using high-
throughput sequencing (Figure 3.1B). To maximize the capture of expanded CRISPR
arrays, we employed the “CAPTURE” method (Figure 3.1C) (70).

As expected, spacers taken up into the CRISPR1 locus of the wildtype S.
thermophilus strain are derived from protospacer DNA exhibiting a conserved 5°-
NNAGAAW-3’ PAM sequence located immediately downstream (Figure 3.1D)
(44,61,71). Loss of Csn2 and Cas1-Cas2-Csn2 severely reduced efficiency of adaptation,
as indicated by the total number of unique spacers detected in the CRISPR array at
position 1 (Figure 3.1D, left panel). We note that deletion of adaptation proteins (Casl,
Cas2, Csn2 and Cas9) and the resulting loss of adaptation was expected based on our
earlier work (44) and further confirms the important role of each Cas protein for efficient
adaptation. Despite the much lower number of unique new spacers, we examined the

sequences upstream and downstream of the protospacers for evidence of PAMs.
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Consistent with previous findings, deletion of Cas9 or Casl, Cas2 and Csn2 abolished
adaptation (data not shown) confirming the importance of these four Cas proteins in
adaptation. Deletion of Csn2 alone however, did result in spacer levels above background
levels when compared with the Casl1, Cas2, Csn2 null strain that should not be active in
spacer uptake and integration (43,72). Loss of Csn2 resulted in a reduction of new
protospacers with canonical PAMs compared to wild-type.

To identify a role for tracrRNA in adaptation, a tractrRNA deletion strain was
generated whereby the region of tracrRNA that recognizes the repeat region of the
crRNA was removed, which is expected to render the tractrRNA inactive due to inability
to base-pair with crRNA repeats. This tractrRNA truncation mutant did not decrease the
efficiency of adaptation, but far fewer protospacers had a PAM as compared to the
wildtype strain (Figure 3.1D, right panel).

To determine whether RexAB nuclease activity contributes to PAM specification
during spacer acquisition, adjacent downstream sequences were analyzed for proper
PAM sequences in RexAB mutation strains. The mutations created in the RexA and
RexB subunits were designed to disrupt the highly conserved motifs (DYK and GIID)
within the nuclease domain of both enzymes. Neither mutation in either subunit appeared
to affect efficiency of adaptation or PAM recognition (Figure 3.1D, right panel). These
results indicate that the predicted nuclease activities of RexAB are not involved in the
recognition and selection of PAM during protospacer generation and this process is likely
a functional role of Cas9 and Csn2.

Given our observation that loss of Csn2 did not result in a significant phenotype

due to major effects on the reduction of adaptation frequency, we elected to identify

155



phenotypes when the proteins were overexpressed to gain insight on the functional role of
Csn2. To test this, we included an overexpression plasmid in the WT strain of S.
thermophilus to express excess Casl, Cas2 and Csn2 proteins and analyzed new spacer
sequences for frequency of protospacer selection from PAM-containing DNA regions
(Figure 3.1E). Under endogenous levels of all CRISPR-Cas proteins, a strong consensus
for the proper 5’-NNAGAAW-3 PAM was observed for spacers originating from both
the genome and plasmid. However, overexpression of Cas1-Cas2 alone resulted in a
severe reduction in the number PAM-adjacent sequences that were acquired for
integration regardless of spacer source. Although the consensus was low, the PAM
sequence pattern was still maintained. We believe that the endogenous levels of Casl,
Cas2, Csn2 and Cas9 are functioning properly in vivo to maintain PAM recognition.
Additionally, the total number of spacers were significantly higher in the strain
overexpressing Cas1-Cas2 than in the wild-type strain with endogenous levels of all Cas
proteins. To test a potential regulatory role of Csn2 during spacer integration by Casl-
Cas2, we compared the properties of spacer integration when just Casl and Cas2 were
overexpressed with the scenario when Cas1, Cas2 and Csn2 were overexpressed. We
found that overexpression of Cas1-Cas2 only not only resulted in a higher number of total
acquired spacers, recognition for the 5’-NNAGAAW-3’ PAM was severely diminished.
When Csn2 was additionally expressed with Casl and Cas2, the number of total acquired
spacers decreased compared to the overexpression of Cas1-Cas2 but higher than the no
plasmid wild-type strain. High specificity for the correct PAM was also observed in the
Cas1-Cas2-Csn2 overexpression strain at similar levels to the no plasmid wild-type strain

compared to the Cas1-Cas2 overexpression strain. Together, these results not only
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confirm the importance of Cas proteins for efficiency adaptation but indicates that Csn2
plays a role in selecting PAM-containing sequences that does not occur with Cas1-Cas2

alone.

Spacer duplication is influenced by tracrRNA and reduced spacer acquisition

In this work, the S. thermophilus strains with truncated tracrRNA did not result in
a loss of adaptation efficiency (Figure 3.1D). However, a slight reduction in PAM
selection was observed. These results suggested that the apo-form of Cas9 is functioning
differently than the holo-Cas9 bound by tracrRNA and the crRNA. To address the
question of whether tractrRNA can influence spacer acquisition by Cas9 in S.
thermophilus, we investigated the phenotype of the tractrRNA deletion strain with respect
to spacer origin and the distribution of self-targeting protospacers across the S.
thermophilus genome. We also looked for protospacer clusters or hotspots across the S.
thermophilus genome in the AtractrRNA strain. The distribution of acquired protospacers
was the same for all mutant strains compared to WT, however the genome protospacer
hotspots in the Atracr strain were specifically located at the rRNA (ribosomal RNA) gene
cluster (Figure 3.S1). The rRNA cluster includes the 5S, 16S, 23S rRNA and Asn-, Ala-
tRNA genes. Previous studies have implicated that high rates of transcription of rRNA
are necessary for optimal growth (73). Additionally, highly transcribed regions have been
observed as targeted regions for spacer uptake in CRISPR-Cas systems (74). Our results
suggest that tractRNA not only acts as a co-factor for Cas9 but appears to influence the
spacer acquisition patterns. A second cluster of new spacers was additionally detected

and found to represent spacer duplications of pre-existing spacers in the CRISPR array.
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During CRISPR-Cas immunity, adaptation requires the capture and integration of
new spacer sequences at the leader-proximal repeat of the CRISPR array (Figure 3.2A).
Under circumstances that are not well understood such as integration errors or
recombination events within the CRISPR array, we demonstrate that duplications of pre-
existing spacers can occur to generate multiple copies of an already existing spacer. We
analyzed the origin of the unique spacers for each strain and mapped them back to the
location on the S. thermophilus genome. Any new spacer that aligned to a pre-existing
spacer was considered a duplication event. In WT, the majority of new spacers were
acquired from unique regions of the genome although 22% of expanded arrays were the
result of spacer duplications (Figure 3.2B). Interestingly, in strains missing one or more
adaptation proteins (Casl, Cas2, Csn2 and or Cas9), the frequency of spacer duplication
in the expanded arrays was nearly 100% for each strain (>98%) indicating that spacer
duplications at CRISPR arrays primarily occur independently of Cas protein function. We
found that RexAB nuclease-deficient strains, exhibited high relative levels of duplicated
spacers (RexA GIIA: 55.2%, RexA AYK: 74.7%, RexB GIIA: 34.2%, RexB AYK:
82.4%). The frequency of spacer duplication in the RexAB mutant strains was more than
WT but less than the adaptation null strains. This suggests that the role of RexAB
nuclease activity may have an intermediate effect on the efficiency of adaptation
compared to the Cas protein deletion strains. Surprisingly, in the tracrRNA deletion
strain, spacer duplication frequency was lower than WT (5.1% compared to 22%). These
results suggest that there are likely functional differences of Cas9 in the absence or
presence of its co-factor during spacer acquisition or selection of functional protospacer

sequences. In contrast, the wild-type tracrRNA may independently bind to the DNA
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repeat region of the CRISPR repeat to catalyze sequence duplication and thus partial
deletion of tractrRNA could hinder the duplication reaction.

To further investigate the pattern of spacer duplication events, particularly in the
AtracrRNA strain, we examined the aligned spacers within the CRISPR1 array for WT,
the CRIPSR1 null (ACas1-Cas2-Csn2) and AtracrRNA strains (Figure 3.2C). The heights
of the peaks indicate the relative number of reads supporting each spacer duplication.
Based on these heights, we observed a strong preference for duplication of the first two
spacers regardless of the mutation strain (CRISPR1 null or AtracrRNA) and the first three
spacers in WT (Figure 3.2C, top panel). Every spacer in the CRISPR1 array was found to
have been duplicated at low levels in the cell population except for a single mid-array
spacer. Certain spacers were duplicated with higher frequency near the middle of the
array, such as spacers 11, 13, 14 and 21 (for all strains). Additionally, spacer 19 exhibited
no duplication in all strains and replicates for unknown reasons. As noted before, the
number of duplication events was significantly higher in strains where adaptation is
severely reduced (CRISPR1 null: up to 16,000 total reads) compared to those with
functional adaptation proteins (WT and Atracr: up to 3,000 total reads) (also described in
Figure 3.2B).

Analysis of unique spacer duplication sequences also revealed that improper
duplication of spacers in the Atracr strain occurred more frequently than in WT and
CRISPRI null (Figure 3.2C, bottom panel). Spacers were more likely duplicated in the
reverse orientation (pink bars) and sequences of the spacer or repeat were deleted
arbitrarily which would result in non-functional crRNAs. The results also suggest that

spacer duplication involves functional adaptation giving spacer duplication a potential
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biological role for maintaining immunity of relevant spacers. In contrast, these events
may additionally occur due to spontaneous nicking, recombination of the CRISPR array,
or replication errors derived from mechanisms similar to trinucleotide repeat expansions

that results in the duplication of sequences.

RexAB nuclease activity promotes spacer acquisition

Alignment of several exonuclease/helicase enzymes reveal poor homology over
most of the protein, the RecB nuclease motifs in RecBCD-like proteins are highly
conserved. In RecBCD, these motifs correspond to the nuclease activities of RecB
enzyme (16,75,76). We show that this motif is present in not only the homologous two-
subunit exo/hel enzymes AddAB, but in the similar and not widely characterized RexAB
species (Figure 3.3A). Characterization of the nuclease motifs have indicated that
nuclease activity of the AddAB two-subunit nucleases are primarily found within the
DYK RecB motif-III motif (75-77). This domain in AddA was found to influence spacer
acquisition patterns in the Type II system in S. aureus (30). These corresponding motifs
are additionally found in the CRISPR Cas4 proteins (78). Previous studies in Pyrococcus
furiosus show that mutation of a single motif in the GIID RecB motif-II, abolishes Cas4
nuclease activity (42). This mutation clearly showed that nuclease activity of Cas4
proteins are essential in defining PAM, length and orientation of DNA fragments prior to
spacer integration into the CRISPR array (42). Both DYK and GIID motifs are conserved
in RexAB (Figure 3.3A). Therefore, the conservation of the RecB-like nuclease motifs
between RexAB and Cas4 lead us to ask whether RexAB proteins are similarly involved

in CRISPR-Cas adaptation. To test this, we generated two independent mutations in each
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subunit of RexAB. The aspartic acid in the DYK motif of RexA and RexB were mutated
to an alanine (RexA D1164A; RexB D892A) as well as the aspartic acid in the GIID
motif of RexA and RexB (RexA D1151A; RexB D878A). Each of the RexAB mutant
strains were generated in a Cas9 deletion strain and transformed with a plasmid
expressing Cas1-Cas2-Csn2-Cas9 (pCas). In the presence of the over-expression plasmid,
adaptation can be observed following PCR amplification of the region between the leader
and first spacer (Figure 3.3B, lane 1 and 2, spacer uptake indicated by the additional of a
single repeat-spacer unit (+1)). The RexAB mutant strains demonstrated either no spacer
acquisition (lanes 3, 4, and 6), or reduced spacer acquisition (see faint band, RexB GIIA
mutation strain, lane 5). In the presence of a catalytically defective Cas9 on the over-
expression plasmid (dCas9), targeting ability by Cas9 is eliminated and spacer
accumulation is significantly increased with nearly all cells having acquired at least 2
new spacers (Figure 3.3C, lane 2 compared to lane 3). In the dCas9 background, the
RexAB mutant strains exhibited either severely reduced spacer acquisition with the
majority of the cells acquiring 1 new spacer (RexA GIIA, (data not shown); RexB AYK,
lane 6), or moderately reduced spacer acquisition (RexA AYK, lane 4; RexB GIIA, lane
5). All RexAB mutation strains resulted in reduced adaptation as evidenced by increased
signal for cells with unexpanded arrays (0) compared to the WT strain. These results
indicate that RexAB mutation strains in both motifs of the nuclease domain reduce
adaptation levels in the context of plasmid-based overexpression of Cas1-Cas2-Csn2-
Cas9.

To investigate whether the RexAB mutation strains affect spacer acquisition from

phages, WT and each RexAB mutant strain was infected with lytic phage 2972 and
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surviving colonies were assayed for an expanded array representing spacer acquisition
against the phage. WT §. thermophilus infected with the lytic phage resulted in 11/15
surviving colonies having picked up a new spacer in the CRISPR1 array (Figure 3.4).
Additionally, a single survivor adapted in the CRISPR3 array with no expansion in the
CRISPR2 and CRISPR4 arrays. These results with the WT strain are consistent with
numerous previous studies showing that Type II-A CRISPR-Cas system affiliated with
CRISPRI array is the dominant system but that the second Type II-A system affiliated
with CRISPR3 array is also weakly active, while no activity is observed with the Type
ITI-A system (CRISPR2 array) or Type I-E system (CRISPR4 array) (1,55,56). Mutations
in RexA (GIIA and AYK) significantly reduced the ability of cells to adapt against the
phage with only 1/15 survivors having undergone spacer acquisition in CRISPR1 for both
strains. Reduced spacer acquisition in the CRISPR1 array was additionally observed with
RexB mutant strains (5/15 in the RexB GIIA strain and 3/15 in the RexB AYK strain)
although the effect was not as significant as the RexA mutant strains. Taken together, the
results indicate that RexAB nuclease activity contributes to spacer acquisition.
Additionally, the spacer characteristics for the RexAB mutant strains such as PAM
sequence and spacer size (data not shown), were the same as wild-type (Figure 3.1).
These results further suggest that the role RexAB during adaptation is likely upstream of
protospacer processing and new spacers are acquired as degradation intermediates of

RexAB processing.
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Mutations in FtsH hinder phage infectivity in non-CRISPR survivors

In the phage infection assay described above, we note that some cells that
survived phage infection did not acquire a spacer in any CRISPR array (Figure 3.4), and
thus are non-CRISPR survivors (NCS). In addition, a significant number of phage
infection survivors are observed in a CRISPR1 null strain (ACRISPR1 array) that did not
adapt a new spacer against the infecting phage (Figure 3.4). We examined the context of
these non-CRISPR survivors (NCS) in the phage infection assay (Figure 3.5A) by
characterizing the total number of expanded Type II CRISPR arrays (CRISPR1 and
CRISPR3). Of the genotyped survivors, over 75% of the survivors in the wild-type S.
thermophilus cells expanded in the CRISPR1 array with very little expansion observed in
the CRISPR3 array (Figure 3.5B). As expected, the CRISPR1 null strain (deletion of all
CRISPRI repeat-spacer units) did not exhibit expanded (or unexpanded) CRISPR1 arrays
in its survivors and also had very few expanded CRISPR3 arrays. We confirmed that
despite similar number of phage infection survivors (not shown) between the wildtype
and the CRISPR null strain, nearly 100% of the survivors for the CRISPR null strain
were non-CRISPR survivors (Figure 3.5C).

The numbers suggested that non-CRISPR associated survival mechanisms may be
an important part of phage resistance and we sought to determine their genetic basis.
Starting with the standard phage infection assay to characterize S. thermophilus
survivors, we generated NCS isolates and second-generation mutant phages (Figure
3.5A). Strains devoid of an active CRISPR system were generated and tested against WT
lytic 2972 phages, resulting in survivors that were not a result of spacer acquisition in a

CRISPR array. These new NCS strains were initially insensitive to the WT 2972 phage
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(Figure 3.5D, Figure 3.S2). We re-infected these NCS strains and, surprisingly, observed
plaque formation on agar plates, which is indicative of viable phages (Figure 3.S2). The
phages from these plaques were isolated, deemed “mutant 2972 phages, and used to
challenge both WT and NCS strains. WT S. thermophilus was still sensitive to the mutant
2972 phage. The NCS strains were infected with the mutant 2972 phages and plaque
formation was observed, demonstrating that the mutant 2972 overcame phage resistance
in the NCS isolates (Figure 3.S2, Figure 3.5F).

In all, we isolated and prepared 11 NCS strains for genetic analysis, along with
two isolates of mutant 2972 phages that could overcome NCS resistance. Eight NCS
strains contained mutations in the gene coding for an ATP-dependent metallopeptidase
FtsH/Ymel/Tma family protein (FtsH). A different mutation was found in each of the
eight NCS strains and the mutations were located throughout the coding region of the
gene. Mutations consisted of pre-mature stop codons (Stop-96, Stop-240), single amino
acid substitutions (Q97R, G224D, G289V, T3061, R359L, M539I) and a frameshift
mutation (FS-512) (Figure 3.5E). Additionally, NCS strains exhibited moderate growth
defects compared to WT S. thermophilus (data not shown).

To explore the effects of FtsH on phage resistance as observed with the NCS
strains, we tested phage susceptibility of WT and NCS strains to both WT and two
individually isolated second-generation mutant 2972 phages. Additionally, WT FtsH was
complemented on an expression plasmid (Figure 3.5F). WT S. thermophilus was sensitive
to both WT and mutant phages, but was more sensitive to the WT phage (Figure 3.4E,
top left panel). The non-CRISPR survivor originating from a CRISPR1 null strain was

resistant to the WT phage but was sensitive to both isolates of the mutant phages (top
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right panel). In the presence of an empty plasmid (pEmpty) with the non-CRISPR
survivor strain, phage sensitivity and resistance was comparable to the parental strain
without the plasmid (bottom left panel). However, expression of WT FtsH on the plasmid
(pFtsH) in the same non-CRISPR survivor strain rescued susceptibility of this strain to
the WT phage (bottom right panel). These results suggest that mutation in the FtsH gene
is contributing to phage resistance in the absence of CRISPR-mediated defense, and they
demonstrate, for the first time, evidence of a host’s response to phage infection in S.
thermophilus through mutations predicted to alter the expression or function of a
membrane protease.

Next, we characterized the two isolated second-generation mutant phages to
identify genetic changes. The mutant phages were purified, and genomic DNA was
extracted for whole-genome sequencing to identify common mutations. Interestingly, two
mutations were identified in a hypothetical protein within the coding region of tail
proteins: a one nucleotide SNP was found in mutant phage 1, G10473C, and a two
nucleotide SNP, GG10485TT was found in mutant phage 2 (Figure 3.5G). No other SNPs
were observed. Further alignment studies suggested that the hypothetical protein is likely
a tail assembly chaperone. Both SNPs would result in amino acid substitutions (G100R
and G104F) in the C-terminal end of the tail assembly chaperone. Given the evidence that
tail proteins provide specificity of host cell recognition, we reason that this adaptation
observed by the invader could arise from evolution between host and invader. Our
findings provide strong evidence that under some environments, secondary mechanisms
such as self-mutation of genomes is an adapting survival mechanism that is independent

of CRISPR-Cas systems.
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Discussion

Spacer acquisition is an essential step of CRISPR adaptation that contributes to
effective protection against foreign nucleic acids. Successful acquisition by CRISPR-Cas
systems requires sequence recognition and processing of foreign DNA elements for
integration into the CRISPR array. This sequence recognition is not only dependent on
the discrimination of foreign nucleic acids but is reliant on selection of protospacers in a
PAM-dependent process. However, the processes underlying how protospacers are
recognized, generated and selected are poorly understood. Here, we report the first
evidence that the nuclease activity of DNA repair proteins, RexAB contributes to
adaptation in S. thermophilus. Our results indicate that RexAB is not involved in PAM-
dependent processing of pre-spacers but is likely involved in CRISPR adaptation through
the generation of substrates for spacer uptake. Spacer acquisition is also a PAM-
dependent process to ensure discrimination between host and invader during target
silencing. Our results are consistent with previous findings that Cas9 is important for
adaptation and is likely the primary protein recognizing the PAM sequence of newly
acquired spacers (43,44). However, our work further reveals a role for Csn2 in the
selection PAM-flanking spacer sequences prior to spacer integration. Given these results,
we propose a speculative model that Cas9 scans protospacer sequences (likely generated
as degradation intermediates by RexAB and by other processes) in a PAM-dependent
manner until the correct 5’-NNAGAAW-3’ sequence is recognized. Upon PAM
recognition, Cas9 binds tightly to the protospacer. Cas1-Cas2-Csn2 bind as a complex,
engaging free DNA ends until the complex encounters Cas9 bound to the PAM. By an

unknown mechanism, the protospacer is processed by nucleases to remove the PAM. The
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resulting pre-spacer is integrated as a new spacer into the CRISPR array by Cas1-Cas2.
Additionally, in the context of spacer acquisition and integration, our data demonstrates
that duplication of pre-existing spacer sequences occurs at high frequency in the absence
of Cas proteins required for new spacer integration. The frequency of duplication of pre-
existing spacers was additionally reduced in the absence of the Cas9 co-factor, tractrRNA,
and suggest that either the apo-form of Cas9 functions very differently from the holo-
Cas9 during adaptation or that tracrRNA may function independently of Cas9
association. This work also implicates a metalloprotease membrane protein, FtsH, in the
life cycle of phage 2972 as loss of fully functional FtsH confers resistance in the host.
Mutation of a tail assembly chaperon gene in the phage can overcome the FtsH mutation
in the host demonstrating adaptive mechanisms between host and invader. Collectively,
our work reveals several key factors involved in the acquisition of functional spacer
sequences as well as critical functions for CRISPR-independent factors in mediating

phage defense.

Substrate generation by RexAB nucleases for spacer uptake

The main functional role of RexAB in Gram-positive bacteria is the repair of
dsDNA breaks. However, other studies have linked similar exonuclease/helicase enzymes
to anti-viral defense (10, 16). The process of utilizing the cellular functions of RecBCD-
like enzymes as a means of antiviral defense systems likely involves degradation of linear
phage DNA following infection. is through the function of the enzyme to degrade linear
DNA- a key characteristic of phage DNA upon infection. In this process, the RecBCD-

like RexAB binds to double-stranded DNA ends and translocates along the linear
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fragment until a chi sequence is reached (33). This species-specific cis-regulatory
element dramatically alters the properties of RexAB nuclease and helicase activity to
pause further degradation (33,35). This process of regulation has evolved to act as a
method of distinguishing between self (chromosomal DNA) and non-self (invading phage
DNA) as chi sites are more abundant in genomes of bacteria such as E.coli which are
found at an average of every 5 kb compared to the genomes of phages (27).

In the Type I-E system in E.coli and Type 1I-A system of S. aureus, RecBCD and
its homolog AddAB influence adaptation (10,11,30). In particular, the nuclease activity
of the main subunit AddA contributes to spacer acquisition. Additionally,
characterization of protospacer hotspots revealed boundaries defined by chi-sequences
suggesting that spacer substrates are derivatives of AddAB end-processing (30). The role
of AddAB during spacer acquisition upon infection initially requires recognition of the
phage DNA upon entry. Previous data showed that new spacers are acquired immediately
following injection of viral free DNA ends into the cell and end-processing by AddAB
likely contributes to the generation of substrates for acquisition by CRISPR proteins (30).
Our results provide the first evidence that the RecBCD homolog, RexAB contributes to
adaptation in S. thermophilus through similar pathways (Figure 3.3, 3.4). Mutation of two
motifs within the nuclease domain of RexA and RexB reduced adaptation frequency of
self-derived genome spacers in the context of over-expressed Cas proteins (Figure 3.3) as
well as in the context of an invader under endogenous levels of Cas proteins (Figure 3.4).
However, a decrease in the number of unique spacers was not observed in the sequencing
assay with endogenous levels of Cas proteins (Figure 3.1). We speculate that nuclease

activity of RexAB supplies protospacer substrates but is not involved in processing of
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protospacers. Therefore, it is likely that availability of Casl, Cas2, Csn2 and Cas9 limits
adaptation and RexAB mutations are curtailing spacer uptake when Cas proteins are no
longer limiting this supply through overexpression. Additionally, despite recent evidence
of RecB-like nuclease domains in Cas4 functioning in PAM-dependent protospacer
processing, mutation of this motif did not impact PAM specificity of newly acquired
spacers (Figure 3.1D). Without an impact on PAM recognition and simply the reduction
of acquired spacers during adaptation, the role of RexAB is very likely contributing to

CRISPR adaptation through the generation of pre-spacer intermediates.

Role of Csn2 in maintaining PAM-dependent pre-spacer capture

During spacer generation, proper PAM recognition is required for cleavage of
foreign nucleic acids. Additionally, specificity for PAM-flanking protospacers during
spacer acquisition further differentiates between invader and integrated spacers within the
CRISPR array. Therefore, targeting of protospacers with the proper flanking PAM
sequences is a critical process during spacer capture. Sequencing analysis of newly
acquired spacer sequences in the Type II-A CRISPR-Cas system demonstrated that
spacer uptake depends on recognition of the 5’-NNAGAAW-‘3 PAM (Figure 3.1D). Our
results support previous findings that Cas9 is necessary for efficient spacer uptake (data
not shown) and is likely contributing to PAM-dependent targeting similar to S. pyogenes
(43,72). Additionally, preference for pre-spacers containing the proper PAM sequence
was influenced by the presence of Csn2 (Figure 3.1E). In the absence of Csn2, PAM-
specific spacer acquisition was maintained despite the low number of acquired spacers

suggesting that PAM recognition is not dependent on Csn2 (Figure 3.1D). However,
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preference for PAM-containing spacers for integration was demonstrated by the over-
expression of Csn2 in the presence of excess Cas1-Cas2 (Figure 3.1E). We hypothesize
that the dilution of PAM in newly acquired spacers in the presence of excess Cas1-Cas2
may result from promiscuous spacer integration by the excess Cas1-Cas2 integrase
complex. Though adaptation was described to require all four Cas proteins (Casl, Cas2,
Csn2 and Cas9) in vivo, recent studies have only visualized adaptation efficiency using
gel electrophoresis (43,44). Additionally, integration activity of Cas1-Cas2 has been
observed in vitro suggesting that although all four Cas proteins are required for functional
adaptation in vivo, spacer integration of dSDNA substrates may still occur with only Cas1
and Cas2 (47,50,79). Together, these findings contribute to the on-going hypothesis that
Csn2 is contributing to adaptation by regulating Cas1-Cas2 spacer integration until the

complex encounters a Cas9 protein bound to a PAM-containing pre-spacer (54).

Spacer duplication as a potential CRISPR-mediated method of defense

During spacer integration, Cas proteins integrate a new spacer into the CRISPR
array at the leader-proximal repeat. In vitro studies have provided mechanistic details as
to how new spacers are integrated into the array as a new repeat-spacer unit. However, in
the absence of CRISPR-Cas proteins to perform this function, our data has demonstrated
duplication of pre-existing spacer sequences occurring at high frequencies. Our approach
of studying spacer duplication in a cultured population of cells in mutation strains devoid
of the Type II-A Cas proteins provides us with a snapshot of events that occur when
adaptation is non-functional. These results demonstrate that duplication of pre-existing

spacers are occurring at relatively low levels in wildtype, with 22% of captured expanded
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arrays showing spacer duplication. Interestingly, in the absence of CRISPR-Cas proteins,
nearly 100% of captured expanded arrays were as a result of spacer duplication (Figure
3.2B). Analysis of duplicated spacers demonstrated that almost all spacers in the CRISPR
array were found to have been duplicated at least one time at the leader-proximal repeat.
However, a strong preference for duplication of the first three spacers was clearly evident
(Figure 3.2C). Though these specific events have not been described previously and the
biological role of spacer duplication has not been investigated, spacer duplication may
contribute to supporting long-term CRISPR-mediated survival. Our data leads us to
hypothesize that pre-existing spacer sequences are continuously duplicated and
positioned at the first position of the array to maintain a constant level of immunity when
new spacers are not being actively acquired. We cannot dismiss however, that spacer
duplication is simply a result of incomplete spacer integration through array nicking and
host repair or a phenomenon arising from recombination within the CRISPR array.
Another potential cause of spacer duplication could be a result of slippage during DNA
replication, also known as triplet repeat expansion or trinucleotide repeat expansion. Due
to the repetitive nature of the repeat sequences in the CRISPR array, the repeat sequences
may form unusual DNA loop structures during DNA synthesis that causes misalignment
between the synthesized and template DNA resulting in sequence expansions (80,81). In
addition to occurring during DNA synthesis, trinucleotide repeat expansion events can
occur during DNA repair. The pathways involved in the repair or synthesis of DNA and
its influence on spacer duplication is not well documented. However, these findings raise
an interesting possibility that spacer duplication may be driven by the frequency of spacer

uptake as the frequency increases in the absence of adaptation.
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tracrRNA as a functional co-factor of Cas9 in discriminating between self and non-
spacers

In S. thermophilus, all four Type II-A CRISPR-Cas proteins (Casl, Cas2, Csn2
and Cas9) as well as tracrRNA (trans-activating crRNA) are required for adaptation,
however nuclease activity of Cas9 is not (44). Despite Cas9 being widely characterized
during CRISPR-mediated immunity, the specific role that Cas9 plays in protospacer to
pre-spacer generation is not well understood. During target interference, Cas9 bound to
tractrRNA:crRNA form an effector complex that base-pairs to the target sequence to
induce sequence-specific cleavage (61). However, in its apo-form, structural analysis
revealed that in the absence of its crRNA + tractrRNA co-factors, the PAM-recognition
domain is in an inactive configuration (82). Interestingly, our results demonstrated that
truncation of tracrRNA did not abolish PAM-recognition but resulted in a severe dilution
of PAM-adjacent spacers. The S>’NNAGAAW-3" motif was weakly conserved, and the
majority of new spacer sequences did not contain the canonical PAM (Figure 3.1D). This
may suggest that Cas9 in the apo-form has less efficient PAM-recognition activity. In the
similar species S. pyogenes, full deletion of tractRNA prevented spacer acquisition,
suggesting that the apo-form of Cas9 is not sufficient to promote spacer acquisition
without the presence of the crRNA and tracrRNA (43,83).

Moreover, the observed hotspot region for the preferred site of spacer acquisition
in the context of self-acquired spacers in the tracrRNA deletion strain occurred within the
rRNA gene cluster (containing 58S, 16S, 23S, tRNA-Asn and tRNA-Ala) (Figure 3.S1).
rRNAs are highly transcribed genes in both bacteria and archaea, and high transcription

levels have been implicated in the generation of protospacers (73,74,84-86). Our results
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demonstrate that the apo-Cas9 enzyme targets these highly transcribed regions suggesting
that in the absence of its co-factors, fidelity of self-avoidance during spacer acquisition
may be affected. It has been shown in a previous study that in the presence of a nuclease-
defective Type II-A S. thermophilus Cas9, the majority of all newly acquired spacers
were from the host genome (44). Additionally, previous studies demonstrating non-
specific DNA binding of the apo-Cas9 may reveal underlying details about the regulatory
function of Cas9, its co-factors such as tracrRNA, and how a functional Cas9 contributes
to ensuring proper activity of the enzyme during spacer recognition (87). The apparent
requirement for tractrRNA for specific Cas9 function may have additionally evolved to
play a role in spacer duplication. Although the biological role or mechanisms of spacer
duplication is not known, we speculate that these events are either rare occurrences that
are a result of recombination due to the numerous tandem direct repeats, or an evolved
mechanism to enhance immunity by increasing copy of number of specific crRNAs
produced from a given array. Collectively, the findings implicate a role of tracrRNA as a
Cas9 co-factor important for Cas9 fidelity during multiple stages of adaptation to ensure

effective CRISPR-Cas immunity in downstream processes.

CRISPR-independent phage survival by FtsH inactivation

Our findings indicate that FtsH plays a major role in phage sensitivity in S.
thermophilus. These findings are consistent with similar work performed in Lactococcus
lactis in which the ftsH gene impacts the life cycle of temperate phage TP712 through
unknown mechanisms (57). In E. coli, FtsH plays a role in lambda phage infection by

proteolysis of phage protein CII, a transcription factor which modulates phage lysis

173



versus lysogeny (88-90). Accordingly, the S. thermophilus FtsH protease may normally
act on key regulatory phage proteins required for the 2972 phage life cycle. More work is
required to understand how the S. thermophilus FtsH membrane protease hinders cell
infection by bacteriophage 2972.

Our data revealed that in a CRISPR1 null strain, frequency of cell survival after
phage infection was not lower than in wild-type, despite the absence of an active CRISPR
system (Figure 3.4). Whole genome sequencing revealed that S. thermophilus non-
CRISPR survivors were resisting phage infection through distinct mutations in the
membrane-bound metalloprotease fisH gene predicted to lead to loss or functional
inactivation of FtsH protein (Figure 3.5E, 3.5F)). A study in L. lactis observed that FtsH
did not hinder phage adsorption, DNA delivery or activation of the lytic cycle (57).
Therefore, based on the function of FtsH in maintaining membrane integrity in Gram-
negative bacteria, we speculate that mutation of FtsH is a means to prevent cell lysis
during phage infections in S. thermophilus (91), though the exact mechanism is not clear.
It is possible that mutation of FtsH in S. thermophilus results in physiological changes to
the cell wall structure resulting in failed recognition of cell surface receptors by phages,
blocks DNA injection, or impairs phage assembly of cell lysis . A previous study in S.
thermophilus demonstrated that a host gene coding for a metalloprotease, methionine
aminopeptidase (metAP), is necessary for phageDT]1 infection (92). Similar to effects
observed in FtsH mutant strains, phage adsorption, DNA replication and protein
expression were not affected by the mutation, suggesting a wide-range of host

adaptations in evading phage infections.
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To understand the molecular mechanism underlying phage resistance in the NCS
strains, second-generation mutation phages were isolated and sequenced for common
mutations (Figure 3.5A, 3.5F, 3.S2). Whole-genome sequencing of the mutant phages
revealed mutations in the same hypothetical protein gene, which we predicted to be a tail
assembly chaperone (TAC) (Figure 3.5G). Genes encoding TAC are found in the
majority of long-tailed phage genomes and are flanked by genes encoding the tail tube
and tape measure proteins that are related by a translational frameshift (93). The
requirement of frameshifting events for tail formation has been observed in several E.
coli phages and suggests that these events are internally controlled for the assembly of
tails (94,95). In the context of the mutation of TACs to infect NCS strains, the
evolutionary adaptation by the phages is suggested as a mechanism by which TAC could
alter tail assembly production. This simple adjustment may allow surface interaction of
the phage in the NCS (mutant FtsH) host. An additional proposed function of the mutated
TAC is to avoid specific proteolytic degradation by host surface proteases, allowing
phage adsorption. Overall, our data demonstrates an example of adaptive mechanisms
between host and invader, further contributing to the understanding of phage resistance in
hosts as well as phage response in an evolutionary context.

In summary, we have characterized the role of CRISPR-Cas and RexAB proteins
of S. thermophilus during spacer uptake for adaptation. Our results contribute to the
current model that RecBCD-like enzymes such as RexAB contribute to spacer generation
through a CRISPR-independent process. The function of these enzymes is likely
upstream of CRISPR-mediated spacer uptake and it is suggested here that dsDNA

processing provides substrates for PAM-dependent spacer recognition by Cas proteins.
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Furthermore, we determine the specific role of Cas9 in PAM-dependent spacer uptake.
Additionally, a regulatory role of Csn2 in ensuring Cas1-Cas2 spacer uptake is PAM-
specific was demonstrated. We provide the first evidence illustrating spacer duplication
of pre-existing CRISPR array spacers and a possible function of tracrRNA and apo-Cas9
in host survival through spacer duplication and discriminating against self-targeted
spacers. Lastly, we provide evidence of host-regulated mutagenesis as a method of phage
defense and evolutionary adaptations of the invader to overcome these mutations.
Understanding the molecular basis of RexAB during spacer substrate generation is an
important future goal that will likely require more in-depth molecular analysis and in
vitro characterization. For example, there is a gap of knowledge in understanding if
RexAB is capable of processing substrates after they are captured and bound by CRISPR-
Cas proteins. Furthermore, there is a need for determining the specific role of Csn2,
tractrRNA, as well as the apo-Cas9 versus holo-Cas9 during protospacer to pre-spacer
generation and PAM-dependent processing. Finally, additional studies are necessary to
address how mutations in FtsH of the host and TAC of the phage can affect the phage life

cycle through adsorption, DNA delivery, and activation of the lytic cycle.
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Figure 3.1. Analysis of PAM-dependent spacer acquisition in S. thermophilus during
adaptation.

(A) Architecture of the CRISPR1 loci of S. thermophilus DGCC7710. Adaptation genes
(orange) and tracr (black) are indicated. The CRISPR leader (L) is followed by
alternating repeat sequences (black) and spacer (colored) units. (B) Graphical
representation of the adaptation assay. (C) Illustration of the CRISPR locus and
amplification of the CRISPR array for the adaptation assay. The leader to the first spacer
region of the CRISPR array was amplified using primers indicated (black arrow) in the
first amplification reaction. The second amplification reaction was performed using the
first reaction DNA as template with repeat-specific primers to amplify expanded arrays.
(D) Newly-acquired spacers were identified on the genome to find the consensus 5°-
NNAGAAW-3’ PAM sequence 8 bp downstream of the protospacer in WT and deletion

strains. (E) PAM-analysis of Cas1-Cas2 and Cas1-Cas2-Csn2 over-expression strains.
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Figure 3.2. Spacer duplication frequency is influenced by reduced adaptation levels
and tracrRNA.

(A) Illustration of new spacer integration during adaptation. (left panel) New spacer
sequences (blue) are integrated at the leader-proximal position of the CRISPR array.
(right panel) Recombination, spacer integration errors and other unknown factors may
contribute to spacer duplication events with previously existing spacers (*) being
duplicated within the CRISPR array. (B) Proportion of expanded arrays resulting from
spacer duplication in WT and mutant strains. Pooled data from four replicates. (C)
Distribution of total and unique duplicated spacers in the CRISPR1 array of three
replicates of WT, CRISPR1 null (ACas1-Cas2-Csn2) and AtracrRNA. Bars show total
number of new spacers originating from each pre-existing spacer (colored blocks).
Spacers on the plus and minus strand are indicated in blue and pink. Spacer duplication
mapping from CRISPR1 in the WT, adaptation null (ACas1-Cas2-Csn2) are compared to

the Atracr strain is shown here; other mutation strains and WT show similar distributions.
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Figure 3.3. RexAB nuclease activity is important for adaptation.

(A) Alignment of conserved RecB nuclease motifs present in each subunit of two-subunit
exonuclease/helicase enzymes. Highly conserved motifs are enclosed in rectangles, and
the black arrow over the sequence DYK and GIID corresponds to the amino acid
mutation from aspartic acid to alanine generated in both RexA and RexB. Sth,
Streptococcus thermophilus; Lla, Lactococcus lactis; Spnu, Streptococcus pneumoniae;
Bsub, Bacillus subtilis; Ecoli, Escherichia coli. (B) Analysis of adaptation in a Cas9
deleted WT RexAB (left) and RexAB mutation strains (center) with over-expression
conditions of Casl, Cas2, Csn2 and Cas9 from a plasmid (pCas) for CRISPR1.
Adaptation null (ACas1-Cas2-Csn2) strain did not contain a plasmid to represent a
baseline for no adaptation. PCR products corresponding to an expanded array of a single
repeat-spacer unit is indicated with a “+1”, or “+2” for two repeat-spacer units. (C)
Analysis of adaptation in a Cas9 deleted WT RexAB (left) and RexAB mutation strains)
with overexpression conditions of Casl, Cas2, Csn2 and dCas9 from a plasmid (pCas) for

CRISPRI.
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Figure 3.4. Loss of RexAB nuclease activity reduces adaptation against phages.

(A) Genotyping of phage infection survivors in WT, CRISPR1 null, and RexAB mutation
strains. The leader-proximal region of CRISPR1, CRISPR2, CRISPR3 and CRISPR4 was
PCR-amplified with primers indicated in Figure 3.1. Array expansion of survivors by a
single repeat-spacer unit is indicated with a “+1” and unexpanded arrays in the survivors
are indicated with a “0”. ACRISPRI1 array strain includes a control left of the marker,
representing an unexpanded band to control for PCR. Total number of CRISPR1-adapted

survivors corresponding on PCR amplification is presented on the right.
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Figure 3.5. Lack of FtsH contributes to phage-resistance in non-CRISPR survivors.
(A) Illustration for non-CRISPR survivor mutant and phage mutant generation. Infection
of a strain devoid of a CRISPR array (CR1 null) with a WT lytic phage (¢2972)
generates non-CRISPR survivors (NCS) that survive infection independent of CRISPR-
mediated defense. Re-infection of NCS with the WT phage results in either phage-
resistant survivors or phage plaques representing mutated phage (mutant ¢p2972). (B)
Percentage of phage-resistant survivors due to array expansion in CRISPR1 versus
CRISPR3 in WT and a CRISPRI1 array deletion strain. (C) Percentage of phage-resistant
survivors that did not have expanded CRISPR arrays. (D) 5-fold dilutions of WT lytic
phage (¢2972) were spotted to lawns of WT Sth, Adaptation null (ACas1-Cas2-Csn2)
and a ACRISPR1 array non-CRISPR survivor (NCS-1). (E) Mutations in fish gene of
NCS strains. Mutation positions are of 9 independent NCS strains. Frameshift mutations
(FS), premature stop codons (STOP) and single amino acid mutations at each position are
shown. (F) WT (¢2972) and two mutant phages (Mut ¢2972) were spotted in 5-fold
serial dilutions to WT Sth, ACRISPR1 NCS, ACRISPR1 NCS with an empty plasmid,
and ACRISPR1 NCS with an FtsH complementation plasmid. (G) Sites of mutation from
mutant phages (Mut ¢p2972) following infection of NCS strains. Schematic
representation of sites of mutation shows mutations within the tail assembly chaperonin
(blue and pink arrow) and tape measure protein (grey arrow) of the 2972 phage

genome.
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Table 3.S1. Plasmids used in this study
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Plasmid name

Plasmid description

pEmpty (PWAR)
O/E Casl-Cas2

O/E Casl-Cas2-Csn2
pCas(WT Cas9)
pCas(dCas9)

pFtsH

pWAR derived from pWAR228

pWAR + ppgm-Cas1-Cas2

pWAR + ppgm-Cas1-Cas2-Csn2

pWAR + ppgm-Cas1-Cas2-Csn2+PromCas9-Cas9
pWAR + ppgm-Cas1-Cas2-Csn2+PromCas9-dCas9
pWAR + ppgm-wildtype FtsH
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Table 3.S2. Oligonucleotides used in this study
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Oligos

Sequences (5° —3°)

CR1 Leader-F
CR2 Leader-F
CR3 Leader-F
CR4 Leader-F

CR1 Spacerl-R
CR2 Spacerl-R
CR3 Spacerl-R
CR4 Spacerl-R
CCl1-Capture-L
CCl1-Capture-S1
CCl1-Capture-R1

CCl1-Capture-R2

RexA-800-F
RexA-800-R
RexB-up-F
RexB-800-R
RexA GIID-F
RexA GIIA-F
RexA DYK-F
RexA AYK-F
RexB GIID-F
RexB GIIA-F
RexB DYK-F
RexB AYK-F
RexB Seq-F
FtsH-Up-f
FtsH-Dn-r
FtsH487-508

FtsH1081-1104
FtsH1387-1409

GCC-CTCGAG —-CCTAAATCAGCTGTTTCATTTTAG
CATTCTCTTCTTCTAAGCCTTTATAGACC
TAAAATTGGAATTATTTTGAAGCTGAAGTC
GAAAGATGCTAGACTAATCTATC
CAAT-CTCGAG-TTCGAATCTTGATTTGCTGT
TTTCTAGGAATGGGTAATTATAGCGAGCTAGAAAGC
CCTCTTCCTCTTTAGCGTTTAG
CTATTCGCCGATAATACAGG
GTGGGTATAAAAACGTCAAAATTTCATTTGAG
ACAATTCGAATCTTGATTTGCTGTCAAACA
ACACTCTTTCCCTACACGACGCTCTTCCGATCT
CTCTCAAGATTTAAGTAACTGTACAAC
GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT
CAGTTACTTAAATCTTGAGAGTACAAAAAC
GCCTCATGACCATTCACAAGTCCAAG
CTTTACGGCTATGATTTTCTCTTGTAGTCTAGG
CAATGAGGCGACGGATGAGC
GTCCAATCATATCAAGGATACGCTCAACC
GTCGTCCGTGGTATCATCGA
GTCGTCCGTGGTATCATCGC
GAAGACCGTATTGTCCTCTTTGA
GAAGACCGTATTGTCCTCTTTGC
GCATCAAGATTACTGGGATTATTGA
GCATCAAGATTACTGGGATTATTGC
GATGGTGCTCTGGGTGTTGTTGA
GATGGTGCTCTGGGTGTTGTTGC
GCTCTGACGACCTTCTATAACAAC
GCAAAGCAAGCTCAGTAAAAATTGC
GATTATGAATGCACTGGAACTTCC
GCCATGAACTTTGGCCGTAATC
GCCATCTTGAAAGTACATGCTAAG
GTTCACAAAGTTACTATTGTTCC
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Figure 3.S1. Protospacers are enriched for ribosomal RNA (rRNA) in Atracr
strains.

(A) Protospacers are significantly enriched around the 5S, 23S and 16S rRNA encoding
regions. Plus and minus strands are indicated in blue and pink respectively. Protospacers
enrichment for total and unique spacers was analyzed by aligning new acquired spacers
into the CRISPR1 array in both WT and Atracr. Spacer mapping from CRISPR1 in the
WT compared to the Atracr strain is shown here; other mutation strains and WT show

similar distributions.
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Figure 3.S2. NCS survivor susceptibility to wild-type and mutant 2972 phages.
(A) Top panel, Phage spot test using titrating concentration of phages from 10° to 10?
pfu/mL. Bottom panel, wild-type 2972 phage and mutant 2972 (derived from NCS
infections) were spotted in triplicates on 5 different NCS strains originating from

CRISPR1 null strains at phage pfu/mL dilutions from 10° to 10? pfu/mL.
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CHAPTER 4

DISCUSSION

CRISPR-Cas systems are elaborate bacterial and archaeal adaptive immune
systems that encompasses complex machinery to elicit an immune response against
foreign genetic elements. The Type II-A CRISPR-Cas system in Streptococcus
thermophilus is notable in that adaptive immunity against bacteriophages was first
discovered in this system (1). Efforts have primarily focused on understanding the
specific details governing the steps involved in CRISPR adaptation. The work presented
here is a contribution to these efforts by providing information on how pre-spacers are

generated and integrated into the Type II-A CRISPR-Cas system of S. thermophilus.

Pre-spacer generation in Type II CRISPR systems by RexAB
During CRISPR adaptation, capture of foreign DNA and incorporation of the
DNA into the CRISPR array is an essential first step in CRISPR-Cas mediated immunity.
However, the machinery and steps involved in the upstream processes of protospacer
generation such as recognition of foreign DNA as a source of spacer sequences and
PAM-dependent spacer acquisition are not well understood.
Recent studies have demonstrated the involvement of DNA repair machinery

RecBCD, during CRISPR adaptation in the Type I system of Gram-positive bacteria
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Escherichia coli (2,3). Additionally, a single study characterizing AddAB, the functional
homolog of RecBCD in Gram-positive organisms, in the Type Il system of S. pyogenes
revealed similar adaptation hotspots bound by the staphylococcal Chi sequence. This bias
was further identified to be a result of nuclease activity in the AddA subunit (4). Nuclease
activity of the AddB was not tested in that study suggesting that AddA nuclease activity
may sufficient to reduce spacer acquisition. Here, we provide novel evidence that the
RecBCD homolog, RexAB, influences adaptation in S. thermophilus. We demonstrate
that nuclease activity of both RexAB subunits are contributing to spacer acquisition
during adaptation in the context of not only self-targeting spacers from the host
chromosome, but from plasmids and invading bacteriophage in the Type II system of S.
thermophilus.

Bioinformatics analysis revealed that a set of highly conserved motifs found in
RecBCD and AddAB are also found in the RexAB enzymes of S. thermophilus (Figure
3.3A). An in vitro study in Lactococcus lactis showed that RexAB nuclease activity is
attributed to the conserved DYK motif within the nuclease domain (5). Mutational
analysis of the DYK motif in both subunits of RexAB was tested here to determine the
effects of both RexA and RexB nuclease activity on adaptation (Figure 3.3A).
Additionally, further sequence alignments of RecBCD homologs containing RecB-like
nuclease domains revealed two additional motifs, G--D and QhXXY, all within the
metal-binding pocket of these enzymes (Figure 3.3A). Furthermore, the CRISPR-Cas
protein Cas4 contains the same conserved RecB-like nuclease motifs. Cas4 plays a
significant role during pre-spacer generation by controlling pre-spacer processing and

PAM selection in vivo (6). The mutation that disrupted this functionality in vivo was in
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the less-studied G--D motif in the RecBCD nuclease domain. Structural analysis
indicated that all three motifs were highly conserved and overlapped between Cas4 and
the homologous AddAB enzymes, suggesting a potential role in pre-spacer processing in
RexAB that is not associated with the conserved DYK motif that have been previously
characterized in similar two-subunit homologs of RexAB. Therefore, we tested the DYK
and GIID motifs of RexAB for effects on adaptation specifically spacer generation and
PAM-recognition (Figure 3.3B, 3.3C).

Mutations of the aspartic acid in either the DYK motif (AYK) or GIID motif
(GITA) of both subunits of RexAB resulted in a reduction in adaptation frequency in the
context of both host chromosome and plasmids (Figure 3.3B). This system expressed a
high levels of all Type II-A CRISPR-Cas proteins (Casl, Cas2, Csn2, Cas9) to provide
increased levels of spacers acquisition that is detectable with amplification of the
CRISPR array. These effects are consistent with the reduced adaptation frequency
observed with RecBCD and AddAB studies in the Type I-E and II-A systems (2-4). We
also mutated the GIID domain (to GIIA) to address questions of potential Cas4-like
processing activity in RexAB. A similar pattern of reduced adaptation frequency was
observed in a strain with RexB mutated in the GIID motif (Figure 3.3B, 3.3C). PAM-
recognition of new spacer sequences, however, was not affected in both the DYK to
AYK and GIID to GIIA mutation strains of RexA and RexB (Figure 3.1D). Our findings
suggest that the nuclease activity of RexAB is likely contributes to adaptation not through
direct PAM sequence processing, but rather through its natural role in the host as an DNA
end-processing complex. This DNA end-processing activity is predicted to generate

spacer substrate intermediates that are available for spacer uptake by CRISPR proteins
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and this natural process contributes to this process significantly given the measurable
reduction in CRISPR adaptation. To determine whether the reduction in adaptation is
observed in the context of a natural invader, phage infections were carried out in the
RexAB nuclease-deficient strains and spacer uptake of phage DNA was monitored
(Figure 3.3C, 3.S3). In a study of lytic phage infection of S. thermophilus in the same
RexAB mutations strains, array expansion following infection was reduced in all strains
(Figure 3.3, 3.S3). This reduction coincides with the patterns observed with spacer uptake
from chromosomal and plasmid DNA, indicating that RexAB degradation intermediates
are likely spacer substrates for CRISPR adaptation rather than direct processing of

substrates by RexAB.

Role of Cas proteins during spacer acquisition

The work presented in this dissertation not only focuses on the potential role of
RexAB during pre-spacer generation but attempts to identify the role of CRISPR-Cas
proteins during this stage. In the Type I-E system of E. coli, Cas1 and Cas2 are the only
two Cas proteins sufficient for spacer integration into the CRISPR array (7,8). The Type
IT CRISPR system of S. thermophilus consists of four proteins: Casl, Cas2, Csn2, Cas9
and two co-factors of Cas9 being tracrRNA and a crRNA (9,10). All four proteins are
required for adaptation to occur while CRISPR interference involves the
Cas9:tracrRNA:crRNA complex (9-11). However, the specific role for each protein

during spacer generation and PAM-dependent processing is not well understood.
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Casl-Cas2

In S. thermophilus, Casl and Cas2 have been characterized to function as an
integrase complex in vitro (12-14). In vivo however, whether the functional role of Casl-
Cas?2 that was observed in vitro is directly translatable is unknown. In the Type I CRISPR
system of E. coli, Casl was demonstrated to be a metal-dependent nuclease that is
required for spacer acquisition while Cas2 enzymatic activity was not (15). In similar
Type II systems like S. pyogenes, whether Cas1 nuclease activity is required for
adaptation is still know understood, however crystal structures revealed that metal-
binding required for nuclease activity is not necessary for spacer acquisition (9,16).
Although we did not characterize metal-binding or nuclease activity in this study, we
demonstrate that Cas1-Cas2 is not involved in PAM recognition and both proteins are
required for efficient adaptation in vivo (Figure 3.1D). In addition, over-expression of
Cas1-Cas2 resulted in a significant increase in the number of newly acquired spacers as
well as a loss in PAM-specificity (Figure 3.1E). PAM-specific DNA uptake into CRISPR
arrays was restored to that of the wild-type strain upon addition of Csn2 indicating that
Csn2 plays a key role in ensuring that PAM-containing protospacers are selected (Figure

3.1E).

Csn2

It has been demonstrated that in S. thermophilus, Csn2 is an essential player in
CRISPR adaptation (10). However, aside from functioning in binding dsDNA ends, its
role during adaptation is not known (17-19). Recent crystal structures have provided

potential roles by demonstrating that Csn2 forms a complex with both Cas1 and Cas2
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proteins in both S. pyogenes and in S. thermophilus (16,19). Additionally, Cas9 was
found to weakly interact with Csn2 suggesting a functional role of Csn2 in regulating
PAM-specific spacer acquisition during the integration step of adaptation (16,19). This
study shows that excess Cas1-Cas2 proteins result in promiscuous spacer integration of
spacers originating from any source as long as the substrate length is of the proper size
(Figure 3.2). The promiscuity of Cas1-Cas2 spacer acquisition is evident in the random
sampling of chromosomal DNA without a conserved PAM sequence (Figure 3.2).
Conservation of the downstream 5’-NNAGAAW-3’ PAM was also significantly reduced
in the presence of excess Cas1-Cas2. This promiscuity in PAM selection and spacer
source is significantly reduced in the presence of excess Csn2. It is likely that the non-
specific nature of Cas1-Cas2 is controlled by Csn2 through direct interaction with Casl-
Cas2 leading to modulation of integration activity. We speculate that this Cas1-Cas2-
Csn2 complex represents an early state of spacer capture. This provides a potential link
between the two main stages of adaptation: spacer capture and spacer integration. The
genetic and biochemical data presented here adds to the understanding of a higher order
assembly of Casl, Cas2, Csn2 and Cas9 (and potential specific subcomplexes of two or
three components) during pre-spacer generation. However, it is also clear that further
studies are required to understand the details of how the pre-spacers are processed for
integration and what role these proteins play in spacer integration in vivo. Given our
current understanding, we speculate that cellular nucleases cleave the DNA after

protospacer capture by Cas proteins.
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Cas9

In Type II CRISPR-Cas systems, Cas9 is required for both adaptation as well as
interference (9-11). In vivo, Cas9 forms a complex with tractrRNA and crRNA to target
foreign DNA during interference and binding of Cas9 to its cognate co-factors are
required for its activity during adaptation or interference (11,20). Previous work in S.
pyogenes demonstrated that the major role of Cas9 during adaptation, however, is the
recognition of PAM sequences of acquired spacers (9). The work presented here further
contributes to the understanding that the role of Cas9 is important amongst Type 11
CRISPR systems during adaptation particularly through defining PAM-dependent spacer
acquisition. In the absence of Cas9, adaptation was severely reduced (data not shown).
This suggests that the role of Cas9 during both adaptation and interference is highly
conserved and likely contributes to high specificity for spacer targeting.

The experiments performed here additionally investigated the role of the
tractrRNA during adaptation and PAM-dependent spacer acquisition. Similar to
conformational changes induced by Cas9 bound by crRNA, tracrRNA is an essential co-
factor required for the activation of Cas9 (11,20). Our results demonstrated that in the
absence of tracrRNA, adaptation appears to occur with a similar frequency as WT
although specificity for the proper PAM sequence was diminished. This suggests that
apo-Cas9 can function in adaptation but the lack of bound tracrRNA reduces its ability of
the PAM-interacting domain of Cas9 to recognize PAM-sequences (Figure 3.1D).
Interestingly, protospacer hotspot regions of acquired spacers exhibited a strong
preference for the rRNA gene cluster on the host genome (Figure 3.S2). Recent work

demonstrated that although Cas9 nuclease activity is not required for spacer acquisition
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(10). We speculate that the apo-Cas9 functions differently from the holo-Cas9 in the
context of spacer sequence targeting. Highly transcribed regions have been linked to sites
of preferred regions of acquired spacers suggesting that CRISPR adaptation may be a
costly system if self versus non-self discrimination is not controlled for.

Lastly, mutational analysis of Cas9 and its co-factors revealed spacer duplication
of pre-existing spacers in the CRISPR (Figure 3.2A). Our data demonstrated that in the
absence of functional adaptation, the frequency of pre-existing spacer sequences being
duplicated to the first position of the CRISPR array was nearly 100% (Figure 3.2B). The
patterns of duplicated spacers revealed that not only were almost all 32 spacers in the
CRISPRI1 array duplicated at least one time, spacers at the leader-proximal end of the
CRISPR array were duplicated more frequently than mid-array spacers. This suggested
that spacer duplication may be an adaptive response when host spacer acquisition is not
functioning. We cannot, however, dismiss that spacer duplication is a result of improper
spacer integration following incomplete nicking and integration of a new spacer into the
CRISPR array, or the result of recombination of the many closely spaced, direct repeat
units in the CRISPR array. It is surprising however, that the deletion of tracrRNA
significantly reduced the frequency of spacer duplication (Figure 3.2B). Additionally, the
apo-Cas9 in the absence of tracrRNA affected the fidelity of duplication with a higher
number of reverse oriented spacer sequences and sequence deletions (Figure 3.2C, 3.S1).
It remains unclear whether the apo-Cas9 functions differently than the holo-Cas9 during
spacer acquisition. Alternatively, the tracrRNA may function independent of its
association with Cas9. Of note, a large portion of the tracrRNA molecule is

complementary to one strand of the CRISPR DNA repeats. Perhaps novel tracrRNA-
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repeat DNA base-paired interactions normally enhances recombination of CRISPR
spacers as well as influences directionality of integration of incoming spacers.

Our results indicate that pre-spacer generation in the Type II CRISPR system
depends on several factors. Based on our findings, we propose a model that involves host
proteins RexAB, the functional analog of RecBCD, in S. thermophilus. Each subunit of
the RexAB enzymes, similar to AddAB, encodes a nuclease domain capable of end-
processing dsDNA (5,21-23). The S. thermophilus Type 11 CRISPR-Cas system does not
contain a Cas4, so it is likely that RexAB simply functions in generating substrates for
spacer acquisition. However, further testing is required to understand the mechanistic
details of RexAB is contributing to spacer generation by analyzing protospacer
boundaries and whether end-processing by RexAB could be utilized for protospacer
trimming. Our general model then invokes that all four Type II-A CRISPR-Cas proteins:
Casl, Cas2, Csn2 and Cas9 are involved in the selection, processing and integration of
spacer sequences. Pre-spacer selection is initiated by Cas9 binding at a PAM. Following
pre-spacer selection, a complex of Cas1-Cas2-Csn2 binds to the DNA duplex and
translocates along the DNA until the Cas9 protein is reached to initiate further
processing. However, the mechanisms of how this pre-spacer is processed when all four
Cas proteins come into contact with each other is still not well understood. It is possible
that the CRISPR proteins are capable of pre-spacer cleavage as Casl has nuclease active
sites and has been shown to cut DNA in vitro(24-27). Although given the already
characterized function of these proteins, it is likely that host nucleases (such as RexAB)

are recruited for processing of a pre-bound spacer.
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Spacer integration
Following foreign DNA capture, the spacer sequence must undergo spacer
integration into the CRISPR locus. The work presented here contributes to ongoing
research that identifies the functional role Cas1-Cas2 during spacer integration as well as

cis-acting elements that are important for site-specific integration in S. thermophilus.

Casl-Cas

A goal of this dissertation was to understand how the Type II-A Cas1-Cas2
proteins facilitate spacer integration into the CRISPR locus. First, we identified that
spacer integration by S. thermophilus CRISPR1 Cas1-Cas2 proteins were both required
for sufficient integration into the CRISPR array (Figure 2.1, 2.3). This finding aligns with
previous in vitro studies characterizing similar Type II CRISPR-Cas systems as well as
other well-studied Type I systems(7,12-14,28-32). Low levels of integration were
observed with Casl in the absence of Cas2, suggesting that Cas1 may either be acting
alone in vivo or these integration reaction intermediates never progress to full-site
integration products. However, adaptation in the Type II-A CRISPR-System in S.
thermophilus requires all four CRISPR-Cas proteins in vivo (10). Therefore, it is likely
that Cas1-Cas2 is minimally required for the most simplified integration reaction of a
pre-processed, properly sized substrate and Csn2 and Cas9 are required in upstream steps
involved in pre-spacer processing.

The Type II-A Cas1-Cas2 proteins in S. thermophilus were also shown to have an
innate ability to recognize and prefer sequences spanning the leader-repeat junction of the

CRISPR array without the requirement of accessory host proteins (Figure 2.1, 2.2). This
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ability by the integrase complex to recognize specific sequences is different from Type I-
E and I-F systems, which required an integration host factor (IHF) protein that bends the
leader sequence within the CRISPR array to direct polarized integration to the first repeat
(30,33). Type I-A CRISPR-Cas systems in archaea have additionally been demonstrated
to require an unknown ATP-dependent host factor to recruit Cas1-Cas2 to the first repeat
(34). It is evident that Type II Cas1-Cas2 proteins have evolved to self-recognize
sequences to dictate site-specific integration without the presence of a host factor that are

required in other systems.

Cis-acting sequences involved in spacer integration

As CRISPR-Cas systems rapidly evolve, the diversity of these systems is ever
expanding. Despite CRISPR-Cas diversity, studies have shown that there is co-evolution
with the CRISPR leader sequence, the repeat, adaptation modules and the cognate PAM
(35-37). These evolutionary studies further support an innate recognition ability by
CRISPR-Cas proteins involved in spacer integration and cis-acting sequences in the

leader and repeat sequences to dictate site-specific integration.

Leader sequence

The Type II-A leader sequence in S. thermophilus was minimized to an essential
10 base-pairs (bp) at the repeat-proximal end that allowed for adaptation against phages
to occur in vivo(38). However, recognition of this sequence by Cas1-Cas2 in vitro was

addressed in the work presented (Chapter 2).
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In vitro, the 10 bp at the repeat-proximal end of the leader was found to be critical
in recruiting Cas1-Cas2 to the first repeat. This essential region is consistent with what
was observed in vivo and further supports the idea that recognition of the sequences
spanning the leader-repeat sequence is an evolved mechanism by Cas1-Cas2 adaptation
proteins to ensure proper spacer integration to the leader-adjacent repeat. Characterizing
non-CRISPR integration sites on a plasmid and observing leader-repeat-like sequences
flanking the site of integration further demonstrated this sequence specificity (Chapter 2,
Figure 2.2).

The importance of the leader-repeat junction is further emphasized in Chapter 2
with additional in vitro work involving a minimal CRISPR target. Utilizing modified
hair-pin target sequences and 3’dideoxy-termini modified pre-spacer substrates
demonstrated that the spacer integration reaction is highly directional, with the first site
of integration almost always occurring at the leader-repeat junction (Figure 2.4).
Recognition of the leader and repeat sequence by the adaptation modules is an innate
ability to control for site-specific integration to the specific CRISPR array. Our findings
show that this recognition is highly specific and acts as an initial check point to ensure

proper first-site integration.

Repeat sequence

Having found the important role of the first 10 bp of the leader sequence in
directing polarized integration, sequences within the repeat were investigated in this
study to identify DNA elements affecting site-specific integration at the second site

(repeat-spacer junction). Proper integration at the repeat-spacer junction is critical in
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ensuring that proper repeat duplication occurs after the integration of a new spacer.
Improper repeat duplication has downstream implications such as generating non-
functional crRNAs. The results reported in this dissertation solidifies the importance of
repeat sequences in directing site-specific integration to the second site.

Previous studies have demonstrated that internal sequences within the repeat are
important elements although how these sequences dictate integration is not understood. In
several studies, both adaptation and integration efficiency was affected by the presence of
a mutated repeat sequence in vitro and in vivo (12-14,38-42). Despite these studies,
specific implication for these repeat sequences were not understood until the Type [-B
and I-E systems were revealed to contain mid-repeat motifs that acted as docking sites for
a molecular ruler dictating site-specific integration (39,42). The molecular ruler was
thought to measure a known distance from the docking sites to determine the sites of
integration at the borders of the repeat. However, a limitation to all previous in vitro
studies is that integration efficiency does not directly translate to integration specificity.
For example, a reduction in integration efficiency at one junction of the repeat can still
maintain specificity. This limitation was addressed in this work as both integration
efficiency and specificity were observed for each repeat mutation tested.

We identified several DNA elements within the repeat sequence that are
important for integration. First, the identity of the base at the sites of transesterification
attack on the CRISPR repeat is an important component for both efficient and specific
integration (Figure 2.6). Second, although the role is not yet known, mid-repeat mutations
influence integration efficiency of the integration reaction, though specificity is not

disrupted. This suggests that the structural integrity of the repeat may influence

220



integration (Figure 2.5). Lastly, for the first time in Type II systems, evidence for a
molecular ruler similar to the ruler observed in the Type I-E and I-B systems was
demonstrated (Figure 2.7, 2.8). Evidence for the molecular ruler was additionally
observed in vivo although with the same insertions and deletions, spacer integration at the
second-site was not entirely disrupted as observed with the in vitro reactions (Figure 2.8).
This suggests that although the molecular ruler influences spacer integration at the second
site, second-site integration is not dependent on this mechanism in vivo. Further studies
are required to understand the molecular basis of the ruler-based mechanism that guides

second-site integration, likely necessitating structural and molecular analyses

Phage resistance by non-CRISPR survivors

Phage-host relationships have evolved extensively over time leading to an
evolutionary arms-race. Bacteria have therefore evolved to develop several strategies to
evade phage infections such as CRISPR-Cas, restriction modification, and abortive
infection (43). Although not a common method of phage resistance, host regulation of
membrane proteins has been demonstrated to provide immunity in bacterial species (44-
46). Our findings indicate that a membrane-bound metalloprotease in S. thermophilus is a
host regulated protein that plays a major role in phage resistance during infection. In the
absence of an active CRISPR1 systems, we observed similar number of phage infection
survivors compared to the WT strain (Figure 3.4A). Genotyping of these survivors
revealed that strains harboring functional CRISPR systems were surviving (12 out of 15)
due to a newly acquired spacer from the phage into the CRISPR array. However, in the

absence of a functional CRISPR system, genotyped survivors (non-CRISPR survivors,
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NCS) revealed that almost no survivors (1 out of 15) adapted a spacer sequence (Figure
3.4A, 3.S3). This suggested that these survivors were resisting phage infection through
another mechanism. Whole-genome sequencing revealed a common mutation in the fisH
gene of all non-CRISPR survivors (Figure 3.4D, 3.4D). In E. coli, FtsH, a membrane
protein that regulates lipopolysaccharide biosynthesis, plays a role in viral infection by
proteolysis of phage proteins CII , which modulates phage lysis and lysogeny (44,47,48).
However, the role of similar membrane proteases in S. thermophilus hindering cell
infection by bacteriophage 2972 has not been investigated. A previous study in S.
thermophilus have additionally demonstrated that a host gene coding for a
metalloprotease, methionine aminopeptidase (metAP) is necessary for phageDT1
infection (45). It is possible that mutation of FtsH in S. thermophilus results in
physiological changes to the cell wall structure resulting in impaired cell lysis or failed
recognition of cell surface receptors by phages.

Second-generation phages capable of infecting NCS strains revealed an adaptive
mutation to infect originally resistant host strains (Figure 3.4B). Whole-genome
sequencing of the mutant phages revealed common mutations in a hypothetical protein
predicted to be a tail assembly chaperone (TAC) (Figure 3.4F). Although this adaptive
method has not yet been observed in previous studies, we speculate that this simple
adjustment may allow surface interaction of the phage to the newly adapted host. Overall,
our data further illustrates the constant adaptive nature between host and invader,
contributing to the understanding of phage resistance and response in an evolutionary

prospective.
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Concluding remarks

CRISPR-Cas systems have diversified over time to defend against rapidly
evolving invaders. The large diversity of these defense systems presents a challenge to
fully determine the mechanisms involved in CRISPR-Cas immunity. Although significant
work has been done to elucidate the downstream stages of CRISPR-Cas systems, the
mechanisms involved in adaptation are not well understood. The work presented here
provides information to further the understanding of the Type I1I-A CRISPR-Cas system
in S. thermophilus. First, we demonstrate that Cas1 and Cas2 have an intrinsic ability to
exhibit polarized integration in a directional manner. We also provide the first evidence
supporting a molecular-based mechanism that maintains repeat length during spacer
integration. Additionally, we characterize both CRISPR and non-CRISPR proteins
involved in adaptation. Lastly, we provide novel details behind host-regulated
mechanisms of phage resistance in the absence of CRISPR-Cas systems. In summary,
this dissertation contributes novel insight into the processes involved in phage resistance

by CRISPR-Cas systems in S. thermophilus.
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