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ABSTRACT

The constant battle between viruses and host organisms provides evolutionary
pressure for both to evolve powerful defense and counter-defense mechanisms to one
another. Many prokaryotes defend themselves from viruses and other mobile genetic
elements (MGEs) such as plasmids, using adaptive immune systems called CRISPR-Cas
(Clustered Regularly Interspaced Short Palindromic Repeats-CRISPR Associated)
systems. These CRISPR-Cas systems function by integrating short fragments of DNA
sequences (called spacers) from the MGEs into host cell CRISPR genomic arrays to
provide a heritable record of the captured MGE sequences (a process called adaptation).
Subsequent CRISPR array expression and RNA processing leads to the production of
small CRISPR RNAs (crRNAs) that guide recognition and Cas nuclease-mediated
destruction of invasive MGE nucleic acids to prevent further MGE infection. While
integration of invasive MGE DNA fragments into a host CRISPR array is normally an
exceptionally rare event, we observed that introduction of the first natural MGE (the
pT33.3 conjugative plasmid) tested for our model organism, the hyperthermophilic

archaeon Pyrococcus furiosus, stimulated a strikingly robust spacer acquisition response



whereby the majority of cells captured DNA fragments specifically against this pT33.3
plasmid into the host CRISPR arrays. Our investigation revealed that the observed
“hyper-adaptation” response was mediated by a specialized pathway known as “primed”
adaptation” that relied upon the presence of a partially matching, naturally acquired
spacer in one of the CRISPR arrays. In other work described in this thesis, we obtained
key mechanistic insight into the important question for how new spacers become
integrated in a directional manner at the leader end repeat rather than internal repeats
within CRISPR arrays. Here, through a combination of micrococcal nuclease DNA
protection assays, in vivo and in vitro adaptation studies and high throughput sequencing,
we discovered that the archaeal histones of Pyrococcus furiosus play a major role in the
guidance of new spacers to the first repeat of CRISPR arrays. The work in this
dissertation highlights the unique response against the first natural MGE for Pyrococcus
furiosus and reveals a novel role of archaeal histone proteins in shaping integration of

new spacer DNA in a polarized manner at CRISPR arrays.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

The CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic Repeat-
CRISPR associated) system is an adaptive prokaryotic immune system that targets and
silences invading DNA from viruses and other mobile genetic elements. There are many
diverse CRISPR-Cas systems, consisting of three main steps: adaptation, crRNA
(CRISPR RNA) biogenesis, and invader silencing. This dissertation seeks to study the
least understood part of this system, adaptation.

Our model organism, Pyrococcus furiosus, contains three CRISPR-Cas systems
as well as seven CRISPR arrays. There are 200 spacers within these arrays, however, the
origins of these spacers are unknown. Therefore, we have had to use standard shuttle
vectors to study adaptation in our systems. Excitingly, an archaeal conjugative plasmid
was recently discovered to transfer between many Thermococcales. We were able to
utilize this plasmid in our system as well and study the response of the CRISPR-Cas
system against this natural plasmid. It was found to cause a hyperadaptation effect, and
we ultimately found that our system was undergoing a specialized pathway known as
primed adaptation against this invader.

It was found that in addition to Cas proteins, there are also “non-Cas” proteins
that are involved in some of the steps in adaptation. IHF (Integration Host Factor), for

example, was found to be essential in the polarization of newly integrated spacers in the



genome of Escherichia Coli (E. Coli) [1]. This leads us to assume that other non-Cas
factors may be involved in the various steps of adaptation in Pyrococcus furiosus. In fact,
we have found that archaeal histones influence polarization of new spacers into CRISPR
arrays.

In this dissertation, we seek to explore determinants that affect integration at

CRISPR arrays in Pyrococcus furiosus.

CRISPR-Cas Systems

CRISPR-Cas systems are adaptive immune systems of prokaryotic organisms [2-
4] (Figure 1.1). These systems allow for the acquisition of short DNA fragments from
invading viruses or plasmids, and integrates the nucleolytically processed fragments into
the host genome [2, 4-9]. The entire CRISPR locus is then transcribed and the resultant
primary transcript is processed by Cas proteins to generate a mature crRNA [10-14]. The
crRNAs then associate with specific Cas proteins to assemble into an interference
complex, and to guide the complex to the target sequence [5, 6, 15-22] (Figure 1.1).

Our current model includes several conceptual steps for adaptation. The first step
is the nuclease excision of protospacers (DNA derived from invading elements) from
foreign DNA sources [23]. After a “pool” of protospacers have been created, Cas
adaptation associated proteins then identify the protospacers by recognition of a PAM
(Protospacer Adjacent Motif) and bind the protospacers [24-29]. These protospacers are
then “trimmed” down to an appropriate size, resulting in the loss of the PAM sequence.

These protospacers are then integrated into the genome of the host prokaryote in a



polarized manner into a CRISPR array consisting of many repeats and spacers [2, 4-9].
Once integrated into the array, these protospacers are now referred to as spacers.

In adaptation, a protospacer (the fragment of DNA from the invader) is targeted
adjacent to a PAM sequence [24-29]. PAM sequences can be from three to five
nucleotides in length, and are required for selection of the protospacer during the
adaptation step, as well as a method to aid in to selection of the foreign DNA rather the
host genome destruction during the downstream silencing stage [21, 27]. It has been
found that newly acquired spacers were acquired from regions corresponding to active
transposons, CRISPR loci, ribosomal RNA gens, rolling circle origins of replication in
our system (Pyrococcus furiosus), which combined with data from other systems, suggest
that free DNA termini and PAMS are important for spacer acquisition events [30] [23,
31-33]. The protospacers are attained by the universal Casl and Cas2 integrase complex,
which are known to allow for integration into the CRISPR locus [34-36]. In vivo, spacer
integration occurs primarily at the repeat that is most proximal to the leader, resulting in
the duplication of an additional repeat as well [1, 36-38]. After integration, this
protospacer is then referred to as a spacer within the CRISPR array. This CRISPR array
is composed of several components: 1) the leader, which has elements that allow for
transcription and integration of new spacers, 2) repeats, which are direct repeats of
conserved nucleotides throughout the CRISPR array, and 3) the spacers, which are on
average 30-45 base-pairs in length (but are typically of a very narrow size distribution in

a given CRISPR array) and are mostly derived from invading MGEs (Figure 1.2). These



spacers are incorporated into the CRISPR array in a polarized fashion, therefore the
spacer in closest proximity of the leader is typically the more recent invader [39].

There are multiple CRISPR-Cas systems based on diverse characteristics of each
system. There are two main classes, six types, and over 30 subtypes [40]. The three major
types of these systems consist of type I, type II, and type III. They are divided based on
their distinctive proteins involved in interference. type I is associated with Cas3, type II
Cas9, and type III Cas10 [41-45]. Both type I and type III systems are found in
Pyrococcus furiosus [25]. These types of systems are further divided up into subtypes, as
these CRISPR-Cas systems are so diverse [40-45]. The genes associated with the
CRISPR-Cas systems are usually in close proximity to each other, and consist of the
interference, crRNA biogenesis, and adaptation cassettes, although some of the genes

involved in the CRISPR-Cas system are located elsewhere in the genome [46, 47].

Pyrococcus furiosus and its CRISPR-Cas systems

Pyrococcus furiosus is a hyperthermophilic archacon organism that thrives
optimally at 100°C. This species belongs to the order of Thermococcales, and lives in
hydrothermal vents of the deep sea [46]. The strain of Pyrococcus furiosus that we are
using as wildtype in our studies is the COMI strain, which is naturally competent, and
allows for easy genetic manipulation of the genome [63-65].

There are seven active CRISPR loci within the Pyrococcus furiosus genome [66].
All seven loci produce crRNAs and allow for efficient targeting of invading DNA or

RNA [66-68]. These loci are of different lengths depending on how many spacers they



encode, with the longest being CRISPR 1 (51 spacers) and the shortest being CRISPR 8
(11 spacers) [69] (Figure 1.3).

Pyrococcus furiosus has three invader silencing systems, type I-A (Csa), type 1-B
(Cst), and type III-B (Cmr) [25, 67]. Type I-A and type I-B systems target invading DNA
within the cell [25, 45, 67]. This is true with both the type I and type II systems. The type
III-B system, Cmr, targets invading RNA and DNA [19, 68, 70]. Having the ability to
target both RNA and DNA invaders has its evolutionary advantages, and makes our

model organism more relevant, as we can use both DNA and RNA targets.

Adaptation in Pyrococcus furiosus

There are two universally conserved Cas proteins, Casl and Cas2. These two
proteins have been shown to be necessary and sufficient in catalyzing integration of a
protospacer into the CRISPR array [34, 35, 45, 71, 72]. In the absence of Casl or Cas2,
integration does not occur [1, 34, 35]. In our specific system (Pyrococcus furiosus), there
are a total of four known Cas proteins that play a role in adaptation: Casl, Cas2, Cas4-1,
and Cas4-2 [73]. The roles of Cas4-1 and Cas4-2 have been found to be involved in
several steps of adaptation. These include trimming of the protospacer, identification of
the PAM sequence, and correct orientation of new spacers being integrated into CRISPR
arrays [47, 58, 74]. While these proteins do play major roles in adaptation, we have found
that the presence of Casl and Cas2 is enough for integration of new spacers to take place,
both in vivo and in vitro [47, 75]. However, there are still questions about how new
spacers are integrated into the CRISPR array in a polarized manner in vivo. In my

dissertation, I identify another protein involved in adaptation, a trans-acting (non-Cas)



factor, archaeal histones, whose typical housekeeping functions are not related to the

CRISPR-Cas system.

Primed Adaptation

The initial protospacer acquisition and integration event during adaptation is
referred to as naive adaptation [5, 48]. This is the initial step, in which the CRISPR-Cas
system acquires a spacer from the invading DNA and integrates it into the CRISPR locus
[34-36] (Figure 1.1). Upon re-infection of the same invader, primed adaptation can take
place.

Primed adaptation occurs when the CRISPR locus has a spacer perfectly
(although if perfectly matching, the interference complex may degrade the invader too
fast to allow for the acquisition of new spacers) or partially matching the invader
(invaders are known to have mutations occur in the PAM or protospacer sequence that
allow for escape from the CRISPR-Cas system)[49, 50]. The interference RNA protein
complex takes crRNA to target and bind to the complementary sequence on the invader
DNA. The DNA then forms a R loop, in which the crRNA within the interference
complex is bound to the complementary DNA, and the other strand of DNA forms a
“loop” when the other strand of DNA is displaced [51]. Cas3 (the nuclease of the
interference complex in type I systems) then begins to degrade the displaced DNA that it

is bound to, providing substrates for the adaptation complex to take and integrate into the



CRISPR loci [52, 53]. This allows for the new, perfect matching spacers to target the
DNA and allow for efficient interference to take place.

Primed adaptation has been found to occur in several systems, including Type 1-B
in Pyrococcus furiosus, type 1-B in Haloarcula hispanica, type 1-C in Legionella
pneumophila, the type I-E in E. coli, type I-E in Thermobifida fusca, type I-F in
Pectobacterium atrosepticum, as well as a type II-A system [33, 49, 50, 54-59]. There
has been several studies done to understand the requirements behind primed adaptation,
and it has been found that the major nuclease of the CRISPR Cas system, Cas3 in type |
systems, the immune effector complex, and the adaptation machinery of that system are
essential for primed adaptation to take place [33, 49, 58, 60]. This connection between
the adaptation and interference pathways in primed adaptation allows for the adaptation
machinery to efficiently acquire new spacers from Cas3 degradation products. During
this Cas3 degradation, the effector complex, Casl and Cas2, and Cas3 are found to
associate with one another and one model proposes that all of these components move
along the DNA from the initial protospacer site until a PAM is encountered and a new
spacer is acquired. Another model suggests that the Cas1,Cas2, and Cas3 form their own
complex and translocate along the DNA together until a new PAM is found [33, 52, 59,
61]. This degradation has been found to occur on both the non-target and target strands,
although it observed primarily on the non-target strand in type I-E systems [52, 62]. The
ever-standing fight between invaders and host organisms continues to play out, with this

primed adaptation pathway evolving to help target and degrade invaders that have



mutations within the protospacer (targeted) region so that the CRISPR-Cas system can

still fight effectively against this invader.

Spacer integration in the CRISPR array

The proper integration of new spacers at the CRISPR array is essential for
successful downstream interference to take place. This requires the trimming of spacer
sequences to the correct size, integration at the known repeat borders to successfully
duplicate the repeat between spacers, and correct orientation of new spacers into the array
(dependent on PAM motifs).

The Cas1-Cas2 integrase complex is found in the majority of CRISPR-Cas
systems and integrates new spacers into the CRISPR array [40, 43, 45]. Cas1 has been
found to have nuclease activity in E. coli on both single and double-stranded DNA, and
RNA [76]. The nuclease active site of Casl was found to be metal-dependent [77]. Cas2
was also found to have nuclease activity against double-stranded DNA in B. halodurans
[78]. However, the main function of Cas2 in the integrase complex has been
demonstrated to be a scaffold for the dimers of Cas1 proteins, and its active site is not
essential for integration of new spacers [1, 35, 79, 80].

Integration of new spacers occurs at the borders of the repeat in the CRISPR
array. The Cas1-Cas2 integrase complex brings the new spacer (prespacer) to the
CRISPR array, and the 3” hydroxyl ends of the spacer undergo two nucleophilic attacks
at both borders of the repeat (the leader side of the repeat, and the spacer side of the
repeat) [79, 81-83]. It has been demonstrated some Type I and Type II systems that the

leader side of the repeat is attacked first, although in P. furiosus it has been found to be



promiscuous [35, 75, 81]. Whichever border of the repeat is targeted by the nucleophilic
attack of the 3’ hydroxyl of the spacer first, this is referred to as a half-site intermediate.
When the other border of the repeat is subsequently attacked by the other 3° hydroxyl of
the spacer, it effectively becomes a full site integration product. This causes the strands of
the repeat to dissociate, and allows for the spacer to insert between the two strands of the
repeat, and DNA polymerase (found to be essential in adaptation) fill in the gaps of the
single stranded repeats, leading to the formation of a new repeat-spacer unit in the

CRISPR array [35, 82, 84].

CRISPR Leaders

The leader is a key element of every CRISPR locus. It determines where the
integration of new spacers occur in vivo [1, 34, 37, 38]. The leader contains the promoter
region that allows for the binding of the transcription factors, which then leads to the
transcription of the CRISPR array [46]. This leads to the biogenesis of crRNAs. It was
found that the spacers in closer proximity to the leader were more abundant as crRNAs in
the cell than those spacers more distant from the leader [66]. These “surveillance” RNAs
are probably more abundant the closer to the leader due to the recent infection from the
invader and are more likely to provide immunity than the older spacers. The polarization
of the spacer was found to be important to the survival of the cell, as it provides a more
robust response against the most recent invader [39].

The leaders vary in size, and can be as small as 47 nucleotides in bacteria, and up
to 500 nucleotides in archaea [37]. It has been found, in E. coli, that the 40-60 nucleotides

of the (total leader examined was 90 base-pairs) leader, upstream of the first repeat, is



essential for the integration of new spacers [37]. When the leader of Sulfolobus was
deleted from the -47 to the -70 positions of the (total leader examined was 230 base-
pairs) leader, in relation to the first repeat, it decreased the specificity of spacer
integration at the repeat most proximal to the leader and instead integrated at other
repeats of the CRISPR array, and also lowered adaptation overall [37].

The leader sequence across prokaryotes has a generally low level of sequence
conservation, especially among bacterial species [37]. This makes it hard to define the
leader, as low conservation occurs even across similar species of archaea and bacteria
[37]. The hyperthermophilic archaea have higher levels of conservation amongst related
species, with the explanation being that due the extreme environment that the archaea are
more isolated and there is less biodiversity among them [37]. In euryarchaeal
Pyrococcales, there are high levels of conservation among the Pyrococcus genus in terms
of their leaders [46] (Figure 1.4). There are small differences between the leaders, but the
BRE/TATA elements are conserved throughout [46], as well as the nucleotide directly
adjacent to the first direct repeat [46] (Figure 1.4). It is important to note that the leaders
in these archaeal species are upwards of 500 base-pairs long, and just the repeat proximal
region of the leader in the Pyrococcus genus is shown in Figure 1.4. Specifically in
Pyrococcus furiosus, the leaders are around 450 base-pairs in size and have many
conserved regions throughout, some examples including the transcriptional start site, the
BRE/TATA elements, and the initial two nucleotides that are adjacent to the first repeat

(Figure 1.4) [66, 85].
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Archaeal Mobile Genetic Elements

Although there are no currently known natural invaders for Pyrococcus furiosus,
there is literature describing MGEs for a variety of archaea. There are many viral
invaders known, including those specific to archaea or ones that are more cosmopolitan
[86]. Currently all archaeal viruses have DNA genomes (single-stranded, double-
stranded, linear, circular), though some RNA viruses were detected through metagenomic
approaches (however, their host is uknown) [87-89].

Host response against these viral invaders is important to the survival of the host
and the virus, and it was found that host-virus interactions varied significantly among
archaeal viruses. For example, the SSV1 (Sulfolobus spindle-shaped virus 1) infection,
only a few of the host genes were differentially expressed [86, 90]. In contrast, SSV2
elicited a more robust host response, which included upregulation of the CRIPSR loci and
corresponding cas genes [86, 91]. This was also the case with SIRV2 (Sulfolobus
islandicus rod-shaped virus 2) and STSV2 (Sulfolobus tengchongensis spindle-shaped
virus 2) infections, both inducing transcriptional activation of genes involved in antiviral
defense which included CRISPR-Cas systems as well as toxin-antitoxin systems [86, 92,
93].

The Sulfolobaceae family are the only members of archaea known to have
conjugative plasmids in published literature. There are three major regions of genes
found on archaeal conjugative plasmids; an origin of replication, genes that are involved
with plasmid replication and an integrase, and a region that contains genes involved in
conjugation [94-96]. In this region with genes pertaining to conjugation, there are genes

that have been found to have homology to the ATPase VirB4 and the coupling protein
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VirD4 of bacterial type IV secretion systems (T4SSs) [94, 97-99]. There is also a protein
thought to be involved with the formation of the translocation pore for DNA transfer,
composed of 10-12 transmembrane helices [94, 96]. In the currently published work,
there are a lack of homologues of conjugative relaxases or other DNA transfer and
replication proteins, with the exception of VirB4 and VirD4 [94, 96]. This is odd in that
archaeal conjugative plasmids are self-transmissible, and these components that are
unknown in archaea play essential roles in bacterial conjugation systems.

While the mechanisms behind the act of conjugation in archaea is still a mystery,
we do know that cell to cell contact is important. There is an OriT (origin of transfer)
present on the conjugative plasmid, which is nicked by a relaxase, which then protects the
exposed end of DNA, and that is guided to the Type IV-like secretion system by the
coupling protein VirD4 to exit the donor cell and enter the recipient cell [96, 100-105].

In my dissertation, I will be describing experiments using a recently discovered
archaeal conjugative plasmid from Thermococcus 33.3. This is one of the first examples
of an archaeal conjugative plasmid outside of the Sulfolobaceae family. This allows for
us to study a natural MGE in Pyrococcus furiosus, and the response of the CRISPR-Cas

system against this element.

Trans-acting factors involved in adaptation
Known Cas proteins have been studied and characterized to elucidate their role in
adaptation. Casl and Cas2 form an integrase complex to catalyze integration into the

leader end of the CRISPR array [35, 36]. Additional Cas proteins were found to be
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essential for adaptation in other systems, for example, Cas9 in type II-A systems [56,
106].

It has also been found that other factors not involved with the CRISPR-Cas
system played a role in adaptation as well. Integration Host Factor (IHF) was found to
play an essential role in adaptation in E. coli [1, 80, 107, 108]. IHF binds and bends the
DNA of the leader to allow for proper DNA topology to allow for the Cas1 and Cas2
integrase complex to bind and catalyze integration at the repeat most proximal to the
leader [1, 108]. Specifically, IHF bends the leader by about 120°, causing the Cas1-Cas2
integration complex to be brought closer to upstream leader motifs [80, 109]. While IHF
bends the DNA of the leader, it has also been found to have direct interactions with Casl
as well [80]. IHF was found to be necessary for polarized integration at the repeat
adjacent to the leader in vitro and in vivo [1]. The published literature has not yet
identified other mechanisms that promote leader-proximal integration of spacers as well
in Type I systems. In my dissertation, I do demonstrate that the archaeal histones A and B
in Pyrococcus furiosus have been found to influence integration at the leader adjacent
repeat at CRISPR arrays (Chapter 3).

DNA repair and genome stability proteins have been demonstrated to play roles in
both naive and primed adaptation [23, 84]. The RecBCD helicase and nuclease complex
was found to be a key player in the acquisition of new spacers due to its processing of
double stranded DNA breaks [23]. RecBCD helps repair double stranded DNA breaks by
going to the exposed end of the break, and unwinding the DNA and processing the DNA
until it reaches a Chi (Crossover Hotspot Instigator) sequence site that causes it to stall

[23]. These Chi sites and replication fork stalls (which frequently occur at sites of double
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stranded DNA breaks) were found to be hotspots for protospacer acquisition, and it was
hypothesized that Cas1 and Cas2 takes these protospacers from the degradation products
from the RecBCD activity [23]. Studies also found that some proteins were important for
primed adaptation (RecG helicase and PriA protein in E. coli), and others were important
for both primed and naive adaptation (DNA polymerase I in E. coli) [84]. Sites of
replication fork stalls and double stranded DNA breaks or nicks of the DNA all seem to
be sites of active protospacer acquisition [23]. While these specific proteins may not be
present in the archaeal species, there are equivalents. For example, NurA (Nuclease of
Archaea) and HerA (Helicase of Archaea) of Pyrococcus furiosus are involved in the
processing of double stranded DNA breaks to allow for homologous recombination to
repair the DNA, very much like the RecBCD complex in E. coli [110-113]. Hef (helicase
associated endonuclease for fork-structured DNA) in Pyrococcus furiosus is also a
homolog of the RecG helicase, and has been predicted to play a role in resolving stalled
replication forks [114, 115]. These trans-acting (non-Cas) protein equivalents present in

Pyrococcus furiosus are ideal candidates to test for roles in adaptation in our system.

Histones
There are no known homologues for IHF in archaea. There are DNA binding
proteins that are involved in manipulating DNA architecture. There are several of these in
Pyrococcus furiosus, and these include TrmBL2, Alba, and histones A and B. TrmBL2
has been found to form stiff filaments and compete with histones for specific binding
sites [116-118]. Alba (Acetylation Lowers Binding Affinity) also forms stiff filaments

and cross bridges between DNA, and plays a role in the regulation of genes [118].
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Histones have been found to regularly chromatize the genome in archaea, as well as
being involved in the expression of certain genes and has been found to be involved with
the transformation of DNA in Thermococcus kodakarensis [117, 119-121].

Most archaea, with the exception of some crenarchaea, have histones present
(Figure 1.5) [122, 123]. They have been found to have similar properties to eukaryotic
histones, and crystal structures demonstrate how they interact with the DNA in a very
similar fashion to each other (Figure 1.6). Histone folds are highly conserved amongst
eukaryotes and archaeal histones (Figure 1.6B, Figure 1.6C). Eukaryotic histones form a
histone octamer (histones H2A, H2B, H3, and H4) [124]. Archaeal histones are found to
form dimers in solution, and can form either heterodimers or homodimers [119].
Eukaryotic histones have long N terminal tails that can undergo posttranslational
modifications and also lead to tighter DNA packaging, whereas most archaeal histones do
not have these [123].

A unique feature of archaeal histones includes the fact that they can form these
“endless” hypernucleosomes, where they can continuously wrap DNA and assemble into
an endless left-handed rod and can wrap DNA from 30-300 bp in length [123, 125].
Eukaryotic histones cannot form these assemblies and wrap around 147 bp of DNA.

We have found in Pyrococcus furiosus that micrococcal nuclease assays also
revealed 30-180 bp assemblies of DNA protection, similar to that of other studied
archaea. Upon closer examination of these regions of protection, we found that DNA
protection at the CRISPR leader, revealed two major peaks, each about 60 bp in length.
This is the same size bound by two histone dimers. Leaders in Pyrococcus furiosus are

extremely conserved with each other (Figure 1.4), and one peak was about 100 bp

15



upstream of the first repeat in the leader sequence and the other spanned the leader repeat
junction, both underlying DNA sequences in these regions were preferable for histone
binding. This led us to the hypothesis that histones may be involved with the integration

of new spacers in the CRISPR array (Chapter 3).

In this dissertation, we will explore how adaptation is influenced by various
determinants. Through testing of a natural invader, we discovered a robust adaptation
response against it, and found that it was undergoing a specialized primed adaptation
pathway against the plasmid. Additionally, we identified archaeal histones as playing an
important role in the polarization of new spacers into the CRISPR array, demonstrating a

new mechanism of integration in an archaeal system.
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Figure 1.1. The CRISPR-Cas System.

A schematic demonstrating the CRISPR-Cas defense pathway. The initial invasion of a
MGE is followed by the first step, adaptation. 1. Adaptation involves the acquisition of a
spacer from an invading MGE and subsequent integration of that spacer into the CRISPR
array. 2. The second step, crRINA biogenesis, is the transcription of the CRISPR array
and the processing of this transcript into mature crRNAs. 3. The final step, invader
silencing, is the association of the crRNA with an effector complex which will then guide
it to the complementary protospacer to silence the invading MGE. Adapted from Terns et

al, 2014 [9].
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Figure 1.2. The CRISPR array.
A CRISPR array is composed of three major parts. A leader (gray) containing a promoter
allowing for transcription of the CRISPR array, repetitive sequences throughout the array

(black repeats), and the various spacer sequences between the repeats.
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Figure 1.3. The CRISPR-Cas system within Pyrococcus furiosus.

(A) Distribution of the CRISPR loci and Cas genes throughout the genome of Pyrococcus
furiosus (Csa=Type I-A, Cst=Type I-B, Cmr=Type III-B). (B) The seven CRISPR loci of
Pyrococcus furiosus (L=Leader, black boxes=repeats, variety of colors=spacers). The
total number of spacers retained in each array are noted on the right. Adapted from Terns

and Terns et al, 2013, and Shiimori et al, 2018 [47, 69].
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Figure 1.4. Aligned leader sequences for Pyrococcus species.
Red arrows indicate transcriptional start sites. DR1=Direct Repeat 1. Red letter indicate
conserved sequences throughout all noted pyrococcal leader regions. Adapted from

Norais et al, 2013 [46].
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38



Figure 1.5. Distribution of histones throughout archaea.

Crystal structure of a histone dimer (medium and light green), and a phylogeny showing
the distribution of histones among archaea. The gap in the histone bar indicates those that
do not have histones, also indicated by the bold writing. Adapted from Laursen et al,

2020 [122].
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Figure 1.6. Comparison of archaeal and eukaryotic histones.

(A) Three histone homodimers of histone B from Methanothermus fervidus bound to 90
bp of DNA (4 A crystal structure). (B) The nucleosome hexasome, created by removing
one H2A-H2B heterodimer and the histone tails from the published structure. @ Indicates
axes of symmetry in both protein assemblies. (C) Histone folds (HFs) of one of the
Methanothermus fervidus dimers, (D) and the H3-H4 heterodimer from the eukaryotic

histone. Adapted from Mattiroli et al, 2018 [125].
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CHAPTER 2
HYPER-STIMULATION OF PYROCOCCUS FURIOSUS ADAPTATION BY A SELF-

TRANSMISSIBLE PLASMID!'

'Elizabeth A. Watts, Ryan Catchpole, Sandra Garrett, Landon M. Clark, Brenton G. Graveley,
Michael P. Terns. To be submitted to Biochemistry.

43



Abstract

Pyrococcus furiosus is a hyperthermophilic archaecon with seven functional
CRISPR loci and three effector crRNP complexes (types I-A, I-B, and III-B) that each
employ crRNAs derived from all CRISPR arrays. Here, we investigate the CRISPR
adaptation response to a newly discovered and self-transmissible plasmid from a
Thermococcus strain. This large conjugative plasmid is transferred from Thermococcus
species to Pyrococcus furiosus via mating induced by the plasmid. Transconjugate
strains of Pyrococcus furiosus exhibited elevated levels of spacer integration at all
CRISPR loci relative to the strain lacking the conjugative plasmid. High throughput
sequence analysis demonstrated that the majority of new spacers were derived from the
conjugative plasmid rather than the host genome. The new spacers were preferentially
selected from DNA surrounding a particular region of the plasmid and exhibited a bi-
directional pattern of strand bias that is a hallmark of primed adaptation by Type I
systems. We found that one of the CRISPR arrays of our Pyrococcus furiosus lab strain
encodes a spacer that closely matches the region of the conjugative plasmid that is
targeted for adaptation. Our results indicate that Pyrococcus furiosus naturally
encountered this conjugative plasmid or a related mobile genetic element in the past and

responds to infection with robust primed adaptation.

Introduction
There is a constant battle for survival between prokaryotes and the viruses and
other mobile genetic elements (MGEs) that infect them. As such, prokaryotes have

evolved ways to defend themselves against parasitization by MGEs, and conversely,
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MGEs have evolved mechanisms to evade these defenses. Host defense systems can be
broadly classified in two categories: innate defense systems such as restriction-
modification and toxin-antitoxin systems which act to non-specifically neutralize
invaders; or adaptive defense systems that target specific, remembered invaders. Among
prokaryotes, the CRISPR-Cas (Clustered Regularly Interspaced Short Palindromic
Repeats-CRISPR associated) system is the only adaptive system identified so far [1-3].
CRISPR-Cas systems are encoded in 42.3% of sequenced bacterial genomes, and
upwards of 85.2% of archaeal (96.7% of hyperthermophiles) genomes [4]. There is a
diverse range of CRISPR-Cas systems discovered thus far, and these are divided into two
classes delineated by the type of interference/effector complex genes they employ. These
two classes are further divided into six types and over 30 subtypes [4]. For most CRISPR
systems the effector complex genes are adjacent to a CRISPR array on the host genome
(with some exceptions, like the Type IV-B system which does not have an array). The
CRISPR array consists of a series of repeats with variable spacers, immediately
downstream from a leader region which encodes a promoter for transcription of the array.
The immunity conferred by CRISPR-Cas systems is composed of three major
steps [5, 6]. Adaptation, the first step, is the process by which DNA from an MGE is
acquired and integrated in the CRISPR array, usually at the first (leader-adjacent) repeat.
With every new spacer integration, the repeat is duplicated, resulting in a new repeat-
spacer insert. In the next step, CRISPR RNA (crRNA) biogenesis, the CRISPR array is
transcribed, and the resulting transcript is processed by either a Cas gene (Cas6 in Type |
and Type III systems; Cas12/13 in Type V/VI) or other trans-acting factors (For example,

RNase III in Type II systems) resulting in cleavage at repeat sequences [3, 7, 8]. These
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immature crRNAs are further trimmed at the 3* end, with the final crRNA product
referred to as a mature crRNA [8-10]. This mature crRNA then associates with a Cas
effector complex to form a crRNA-ribonucleoprotein complex (crRNP). In the final step
of immunity, interference, this crRNP binds nucleic acids complementary to the guide
crRNA and destroys invaders from which spacers have been acquired [11-14].

In certain cases, the adaptation stage of CRISPR immunity can become somewhat
iterative, being stimulated by interference activities employing existing spacers in a
process known as primed adaptation [15, 16]. Here, a spacer acquired by naive adaptation
(the initial acquisition of a new spacer) to an invading MGE guides effector complexes to
degrade invader genomes. The degradation products are then used as substrates by the
adaptation proteins and incorporated as new spacers in the CRISPR array. Importantly,
this mechanism can still operate if the original crRNA-target binding is weak (base-
pairing mismatches are present), allowing rapid adaptation of systems to mutant MGEs or
homologues of previously infecting elements [17-21].

While all steps of the CRISPR-Cas pathway are essential for effective defense,
the adaptation stage is what makes CRISPR unique by allowing heritable adaptive
immunity against invaders [22, 23]. Without the initial spacer to guide the effector
complex to the invader, this whole process would be non-functional. Intriguingly, it
remains difficult to identify targets of natural CRISPR spacers - studies have found that
only 1-19% (depending on CRISPR-Cas system type/organism) of the spacers have
corresponding protospacers (complementary region on the invading DNA from which the

spacer was derived) in sequence databases [24]. Of those, 80-90% are against known
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viral genomes, including proviruses, and the remainder target genes involved in plasmid
conjugation and replication that had been inserted into microbial genomes [24].

The near ubiquity of CRISPR-Cas systems in Archaea suggests they must
regularly encounter and defend themselves against numerous MGEs. Despite this, only
~60 viruses and ~60 plasmids have been identified from the Crenarchaeota and
Euryarchaeota phylums [25]. Conjugative plasmids are even rarer in isolated archaeal
strains, with all published isolates from a single family of Crenarchaea — the
Sulfolobaceae [26]. Archaea within this group have been extensively studied in regards to
their CRISPR-Cas systems, especially Saccharolobus solfataricus and Sulfolobus
islandicus, which carry type I-A and III-B systems. These systems are active in
interference against both viruses and plasmids, conferring immunity with either perfectly
matching protospacers or those with a few mismatches (<4) in the “seed” sequence [27,
28]. However, there has only been a handful of studies investigating conjugative plasmids
and the CRISPR-Cas system in archaea. One such study in Saccharolobus solfataricus P2
found that adaptation was only stimulated against the pMGB1 conjugative plasmid when
co-infected with the SMV1 (Sulfolobus monocaudavirus 1) [29]. Here, spacers were
acquired seemingly randomly across the plasmid, with a small bias towards the antisense
strand of protein-coding genes. In contrast, in E. coli spacers were preferentially acquired
from sequences of the plasmid corresponding to the leading or lagging regions relative to
the conjugative plasmid [30].

Pyrococcus furiosus (P. furiosus) is a hyperthermophilic archaeon isolated from
thermal marine sediments [31, 32]. This organism encodes three distinct CRISPR-Cas

systems: type I-A, type I-B, and type III-B [33, 34]. These three systems all share one set
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of adaptation proteins that include Cas1, Cas2, Cas4-1, and Cas4-2 [35], and this set is
responsible for adaptation at all seven CRISPR arrays. Previous studies have found that
all three effector complexes can utilize the 200 crRNAs from any of the arrays [36-39].
Therefore, the CRISPR-Cas system within P. furiosus is extremely cooperative.

Despite encoding 200 spacers in these CRISPR arrays, surprisingly, none of these
spacers match protospacer sequences in any currently known virus or other MGE. This
makes it impossible to study the response of the P. furiosus CRISPR-Cas system to
natural invaders, and to date all studies have relied on small plasmids to simulate
conditions of naive and primed adaptation [35, 40, 41].

Recently, our collaborators discovered a novel conjugative plasmid in an isolate
of Thermococcus 33.3, known as pT33.3. This is the largest plasmid in Thermococcales,
at 103,230 bp in length. While this plasmid encodes around 180 ORFs, their functions
remain mostly unknown. Among those to which function can be ascribed are several
genes homologous to bacterial conjugative transfer proteins, and an associated origin of
transfer (OriT). These features confer the capacity for pT33.3 to readily transfer between
many Thermococcales species.

In light of these new data, we sought to study this natural MGE in our P. furiosus
model system. Here, we demonstrate a striking CRISPR hyper-adaptation phenotype in
P. furiosus in response to pT33.3, with almost all new spacers arising from the
conjugative plasmid. The pattern of spacer uptake is reminiscent of primed adaptation
and allowed us to identify a protospacer on pT33.3 with a partial match to a spacer in one
P. furiosus CRISPR array. We show this spacer is the source of the primed adaptation we

observe; both the spacer and the I-B CRISPR-Cas system are necessary for the hyper-
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adaptation phenotype. The pT33.3 plasmid thus provides a new tool to study the natural

dynamics of adaptive immunity in an archaeal model system.

Results

The presence of pT33.3 leads to hyperadaptation in Pyrococcus furiosus

pT33.3 is a naturally occurring conjugative plasmid capable of transfer between
Thermococcales species. We hypothesized that a large, natural plasmid such as pT33.3
may cause different CRISPR spacer acquisition or effector activation than our lab-
generated shuttle vectors and that the patterns could be more akin to those that occur in
the environment. To test this, we transferred marker-encoding variants of pT33.3 from
donor strains of Thermococcus litoralis (T. litoralis) or Thermococcus kodakarensis (T.
kodakarensis) to P. furiosus (Pfu) (Figure 2.1A). We found that both donors were readily
able to transfer the plasmid to P. furiosus, and that the plasmid stably replicated, forming
transconjugate colonies on selective media. These transconjugates were inoculated into
selective liquid media for genomic DNA isolation.

To observe any changes in adaptation in response to pT33.3, we performed a
standard PCR assay in which we amplified from the leader to the first known spacer of P.
furiosus CRISPR arrays and looked for longer bands corresponding to “expanded” arrays,
ie arrays with newly integrated spacers (Figure 2.1A). A small shuttle vector, pYS3, was
used as a control (as in previous studies [35, 40, 41]).

In the absence of priming, adaptation occurs at low frequencies in Pfu and
normally requires several rounds of PCR to visualize a single integration event [35, 40].

Surprisingly, in the presence of pT33.3 we observed a striking increase in adaptation
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events in wildtype Pfu strains, with expanded products easily visible after first-round
PCR (Figure 2.1B, *=unexpanded array, +1=new spacer/expanded band). This
“hyperadaptation” effect did not occur in the absence of pT33.3, nor with our pYS3
control plasmid. Moreover, this phenomenon occurred at 5 of the 7 CRISPR loci in P.
furiosus (the CRISPR1 and CRISPRS loci do not adapt as efficiently as the other 5 loci

[35]) (Figure 2.1B).

New spacers are derived from pT33.3 and center around a potential protospacer

To identify the source of these new spacers, we did Illumina platform high-
throughput sequencing (MiSeq) of the expanded array PCR amplicons, then extracted any
new leader-adjacent spacer sequences from the reads and aligned them to a reference
containing the pT33.3 and the P. furiosus. In our control adaptation assay where P.

furiosus is challenged with the pYS3 plasmid, we observed that the majority of new
spacers are acquired from the genome (Figure 2.2A) [35, 40]. In contrast, challenging P.
furiosus with pT33.3 resulted in the vast majority (99% or more) of new spacers being
acquired from the plasmid rather than the genome (Figure 2.2A).

We aligned these new spacers to the pT33.3 reference sequence to identify the
locations and context sequences for the corresponding protospacers, ie the sources of the
newly-acquired spacers. On pT33.3, protospacers were concentrated around a particular
site in a pattern reminiscent of primed adaptation [40]. Specifically, the pattern was
characteristic of Type I primed adaptation, wherein spacer acquisition occurs
bidirectionally, emanating from the priming site in a predominately 3’-5” orientation

Figure 2.2B). In Type I systems, Cas3 is the major nuclease involved in interference and
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is required for primed adaptation in these systems [15, 19, 42]. With its 3’ to 5’
nuclease/helicase activity, Cas3 is able to degrade DNA of invading MGEs providing
immunity, which in turn provides free DNA ends for subsequent primed spacer uptake.
The directionality of the new spacers acquired from pT33.3 followed this pattern and
alerted us to the possibility of priming against the plasmid.

We focused on the DNA at the center of the apparent priming region and
compared it to all 200 spacers in P. furiosus’s seven CRISPR arrays. We identified one
spacer (spacer 13 in the CRISPR1 array) with a near-perfect match against the plasmid (2
mismatches within the 37 bp putative protospacer) (Figure 2.2C). We thus hypothesized
that hyperadaptation in the presence of pT33.3 was due to extensive priming against the

plasmid instigated by this single CRISPR1 spacer.

Hyperadaptation requires the Type IB effector complex and a priming spacer

In previous studies, we determined that the type I-B effector complex is
responsible for primed adaptation in P. furiosus [40]. To confirm that we are observing
primed adaptation against pT33.3, we introduced the plasmid (by mating) into P. furiosus
strains encoding only single effector complexes. We only observed hyperadaptation in
strains encoding the type I-B CRISPR-Cas system (either wildtype or the type I-B-only
strain) (Figure 2.3). This added further weight to our hypothesis that primed adaptation is
the cause of pT33.3-induced hyperadaptation.

Next, we deleted the entire CRISPR1 array, which encodes the presumed priming
spacer. In the absence of the CRISPR1 array, hyperadaptation was lost (Figure 2.4A),

confirming that the CRISPR1-encoded spacer is required for this phenotype. We
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sequenced the rare adaptation events captured in the absence of CRISPR1 and
hyperadaptation, and found that the majority of new spacers were acquired from the P.
furiosus genome rather than pT33.3, similar to that observed with the pYS3 plasmid
(Figure 2.4B) [35, 40]. For the minority of spacers that did arise from pT33.3 (~5-7% of
new spacer reads), the pattern across the plasmid was random, rather than centered
around any specific site (Figure 2.4C, bottom panel). Thus, priming was eliminated in the
absence of the CRISPR1 array (Figure 2.4). Together with the type I-B data, these results
confirm that hyperadaptation against pT33.3 is likely due to priming by a naturally

occurring spacer.

Evidence for processive acquisition of new spacers via primed adaptation

This new plasmid presented an opportunity to study patterns of spacer uptake
during priming in a natural scenario. We noted that under priming conditions (I-B and
CRISPRI array present) a majority of new spacers (65.2%) were taken from the non-
target strand, and the extent of uptake tapered off gradually moving out from the
protospacer in a 3’ to 5’ manner (Figure 2.4C, top panel). This is consistent with priming
patterns observed in other studies [15-17, 19, 43]. Spacers are also acquired from the
target strand in a 3’ to 5’ directionality, though not as frequently (25.7%). In the absence
of the CRISPR1 array (ACR1 array), and therefore no priming activity, the acquisition of
spacers from both strands and directions is more evenly distributed (Figure 2.4C, bottom
panel).

For all sequencing data described thus far, we focused on single, leader-adjacent,

newly integrated spacers. However, many of the array amplicons we observed showed
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evidence of more than one new leader-adjacent spacer; for example in Figure 1B and
Figure 5A, faint bands of up to 400 bp are visible and these products would correspond to
arrays with up to four newly integrated spacers (with each new spacer-repeat unit
extending the amplicon by about 67bp). These products gave us the opportunity to
examine arrays that had multiple contiguous new spacers. We isolated PCR products
corresponding to arrays with three new leader-adjacent spacers, generated libraries, and
sequenced on a MiSeq to generate single 300 bp reads. We then filtered for unique reads
with exactly three new spacers which could be aligned (redundant reads, reads with low
quality scores at the distal end, or shorter reads that did not span three new leader-
adjacent spacers were excluded). The aligned spacers were analyzed for spatial
relationships among the three positions: leader-adjacent (NS1), second (NS2), and distal
(NS3) (Figure 5A). Since new integrations are thought to occur almost exclusively at the
leader-adjacent position [15, 41, 44, 45], we assumed that NS3 spacers were integrated
first in time, followed by NS2 and then NS1.

Our first observation was that the diversity of spacers was greatest at the leader-
adjacent (NS1) position, followed by NS2 and then NS3. This was consistent with the
model of sequential spacer addition described above: after a given integration event, if
that cell proliferates, multiple progeny with that spacer could go on to new integrations.
We did not find evidence of spatial correlations among the three contiguous spacers; for
example, the three new spacers could be derived either from the same strand or different
strands and the frequency of those two possibilities was roughly the same as what would
arise from random events (Figure 5B-C). The three new spacers usually did not arise

from contiguous plasmid DNA and protospacers could be found 10kb or more from one
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another (Figure 5D, distances between protospacers). Interestingly, we saw a subtle trend
suggesting that the oldest spacers (NS3) were usually closer to the priming target than
subsequent spacers (NS2, NS1). This, together with the observations on positional
differences in spacer diversity (Figure SA) could support a model wherein priming takes

place iteratively over multiple cellular divisions.

Discussion

In this study, we challenged P. furiosus with the conjugative plasmid, pT33.3, to
study the response of the CRISPR-Cas systems to a naturally occurring MGE. Previous
work revealed this plasmid can readily transfer to a variety of Thermococcales via a self-
transmission mechanism resembling bacterial plasmid conjugation. In this study, we
confirm that pT33.3 can transfer to, and replicate in, P. furiosus, following transfer from
either 7. litoralis or T. kodakarensis donors. It must be noted that the genetically tractable
lab strain of Pfu used in this study is naturally competent for DNA uptake [46], thus is it
impossible to determine the route of plasmid transfer occurring in these experiments.

There is conflicting data regarding spacer acquisition against conjugative
plasmids in laboratory settings. In bacterial systems, MOBr (Mobility) plasmids are
more heavily targeted in the leading region (region adjacent to the oriT which enters the
recipient cell first), while MOBp plasmids are targeted in the lagging region (that enter
the recipient cell last) [30]. In contrast, spacers acquired against plasmid pMGBI in the
archaeon Saccharolobus solfataricus P2 were evenly distributed across the plasmid [29].
There is very little data on how conjugation operates in archaea, but genetic homologies

and similar experimental requirements (e.g. cell-to-cell contact) suggest it resembles
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bacterial plasmid transfer, where DNA enters the cell in a single stranded state (except
for a few enigmatic cases), through oriT-mediated transfer [47]. How spacers would be
acquired from a plasmid such as this remains unknown.

We were surprised to observe a robust increase in the frequency of newly
acquired spacers in P. furiosus strains in the presence of pT33.3 (Figure 2.1B). This
hyperadaptation effect occurred in multiple CRISPR loci in transconjugant cells. All
CRISPR loci in P. furiosus are active, although spacer uptake in the CRISPR1 and
CRISPRS loci is weaker than that of the other CRISPR loci [35]. We initially
hypothesized that conjugation itself was the cause of this increase in adaptation.
However, sequencing and analysis of the new spacers revealed a pattern reminiscent of
primed adaptation (Figure 2.2B). We observed a clear preference for new spacers at a
particular site of pT33.3, and adaptation radiating from this site in a 3’-5” direction. In
Type I systems, Cas3 is the major nuclease involved in interference and functions via 3’-
5’ exonuclease activity. This activity generates substrates which are frequently used as
substrates for further adaptation and is thus a major requirement of primed adaptation
[36, 40, 48-54]. Due to the spacer acquisition pattern we observed, we predicted that
there would be a sequence in the vicinity of this hotspot that would potentially match a
spacer in one of the CRISPR arrays. Indeed, spacer 13 of CRISPR1 was a partial match
to pT33.3, with only two nucleotides different.

P. furiosus has 7 CRISPR arrays encoding a total of 200 spacers. However, to
date, the source of these spacers has remained mysterious. None of the 200 spacers match
to any known MGE in sequence databases. It was thus novel to find a natural protospacer

targeted by the P. furiosus CRISPR-Cas systems. The presence of this spacer suggests P.
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furiosus may have encountered this, or a similar conjugative plasmid, in the wild and
acquired a spacer that efficiently targeted and silenced this invader. This study is the first
example of a natural invader for P. furiosus, with no known viruses or natural plasmids
identified in P. furiosus isolates. So far, most sampling of Thermococcales has
concentrated on isolating culturable cells, which almost by definition selects against
superfluous MGEs, or those which confer a growth deficit such as viruses. Hence, while
P. furiosus clearly has active CRISPR immunity and encounters numerous invaders,
these are not reflected in culturing experiments.

From our previous studies, we know that the type I-B effector complex is the sole
effector complex involved in primed adaptation in our system [40]. We confirm that
pT33.3-induced hyperadaptation occurs only in wildtype and type I-B-only strains
(Figure 2.3), and that this hyperadaptation requires the CRISPR1 array. We noted that the
hyperadaptation was more evident in strains encoding only the type I-B effector complex.
As hypothesized previously, this is likely due to dilution of the crRNAs among the type I-
A and III-B effector complexes [40].

The elimination of priming allowed us to observe naive adaptation against
pT33.3. These results reveal no obvious regions of heightened adaptation. This contrasts
to that observed with E. coli conjugative elements, mirroring more closely that observed
with the Crenarchaeon S. solfataricus. We might expect spacer uptake to more heavily
target regions adjacent to the oriT i.e. regions entering the recipient cell early, simply due
to their prolonged exposure to adaptation machinery. However, in our system it is unclear
if this conjugative plasmid is truly entering the cell via conjugation or transformation, or

even what form the DNA is in when entering the cell. Bacterial conjugative plasmids
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most often enter recipients through a Type IV secretion system, as linear single-stranded
DNA; however, the entering plasmid does not provide a free DNA end for adaptation,
being covalently bound to the nickase/relaxase protein [55-58]. It is possible that our
assay is not ideal for detecting true hotspots resulting from a plasmid P. furiosus by
conjugation. Future experiments to answer this question could include using the natural
isolate of P. furiosus, DSM3638, which is not naturally competent for DNA uptake [31,
59]. Thus, any transfer of pT33.3 would require conjugation. However, the lack of
competency makes this strain not amenable to genetic manipulation, and this strain also
encodes the spacer responsible for pT33.3 priming in our lab P. furiosus strain. Thus,
conjugation of pT33.3 to DSM3638 would likely induce hyperadaptation through
priming, obscuring any data regarding conjugation-induced adaptation.

It is also interesting to consider that while pT33.3 is heavily targeted by the Type
I-B effector complex under priming conditions, this plasmid persists in cultures (not
shown). Even if the first mismatched spacer is ineffective at clearing pT33.3, all
subsequent adaptation events (resulting from priming) should perfectly match pT33.3,
inducing strong CRISPR targeting. Thus, it seems that pT33.3 may be able to render the
CRISPR system ineffective at interference activity through an as yet unknown anti-
CRISPR mechanism. To date, all known anti-CRISPRs are proteins that protect invading
MGEs against the CRISPR-Cas defense system by abolishing CRISPR targeting [60, 61].
These proteins can act upon CRISPR effectors in various ways, including binding to
complexes, preventing loading of crRNAs, inhibiting PAM recognition, etc. [60-72]. If
such anti-CRISPRs are encoded by pT33.3, they could play a role in the persistence of

the pT33.3 plasmid. It is clear that the P. furiosus Type I-B effector is able to target
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pT33.3 (Figure 2.1B, Figure 2.3), at least initially, as priming requires an initial targeting
even, and the downstream Cas3-mediated nuclease activity. Thus the relationship
between pT33.3 and the CRISPR-Cas system(s) remains complex and unclear.

It would be interesting to further investigate how extensive priming against
pT33.3 affects its survival in cultures. Further experiments could include performing a
passaging assay to determine how long before the cells were cured of the plasmid in a
variety of strains, including the wildtype and the priming null strain (deletion of the
matching protospacer in the CRISPR1 array). We would hypothesize that priming could
clear a plasmid relatively quickly in wildtype strains, especially in P. furiosus where the
newly acquired spacers are used by all three effector complexes (IA, IB, and I1IB), and
more slowly (if at all) in the priming null strain.

Overall, we have identified a natural invader of the model archaeon, P. furiosus.
This will greatly enhance our ability to study CRISPR adaptation in archaea.
Additionally, we reveal that the CRISPR system of P. furiosus has encountered either
pT33.3, or a homologue thereof, in the past, encoding a partially matching CRISPR
spacer in the CRISPR1 array. This spacer induces a priming response, with massive
spacer uptake against pT33.3 in transconjugate cells. Identifying the natural source of a

P. furiosus spacer starts a new era of CRISPR research with this species.

Material and methods
Strain growth conditions
For P. furiosus strains, we grew cultures with defined media (either uracil or

tryptophan deficient for selection of plasmids with either the pyrF gene or the trpAB
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gene) with cellobiose as the carbon source, or complex media with yeast extract and
tryptone. We used the same complex media for growth with Thermococcus kodakarensis
and Thermococcus litoralis strains. For liquid cultures, we grew overnight (~16 hours) at
either 95°C (P. furiosus) or 85°C (Thermococcus). For plates, we either used defined
media or complex media, and grew strains for 3 nights (~65 hours) at either 95°C (P.

furiosus) or 85°C (Thermococcus strains).

Conjugation Assays

The Thermococcus donor strains were freshly grown in complex media at 85°C
and the Pyrococcus recipient strains were grown in defined selective media at 95°C, all
grown overnight for ~16 hours. Next 5 mL of each overnight culture was pipetted into a
15 mL conical tube. Cultures were centrifuged at ~3400 RPM for 20 minutes.
Supernatant was discarded and all remaining liquid media was tapped out. The tip of the
pipette tip was cut to prevent shearing of cells, and cells were resuspended in 50 pL of
1X Pfu Base Salts. Recipient cells were mixed with the appropriate donor in a 1.5 mL
tube, for a total of 100 pL cell resuspension. The entire cell mixture was spotted in the
center of a plate, which was then incubated at 95°C for 3 nights. After opening the
chamber, and the spot was scraped into 5 mL of defined selective liquid media and grown

overnight at 95°C.

Adaptation Assays
A population of cells were picked (~20 colonies), added to defined, selective,

liquid media, and then allowed to grow at 95°C overnight (~16 hours). Following
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overnight growth, 1 mL of the liquid culture was collected for genomic DNA extraction
using the Quick-DNA miniprep kit (Zymo Research). Ten ng of genomic DNA was used
in each PCR; adaptation primers spanned from within the leader to the first known spacer
of the array. PCR products were then run on a 2.5% agarose gel (120 V for ~48 minutes)
to separate unexpanded bands (no integration of new spacers) from expanded bands

(successful integration of new spacer).

Illumina Sequencing

To prepare samples for Illumina sequencing, the same culturing and DNA
isolation protocol was used as described above for adaptation assays. Following PCR,
expanded bands were excised (or potential expanded PCR that was too faint to see on a
gel in first round PCR) and DNA was recovered from the gel using the Gel Recovery Kit
(Zymo Research) and eluted in 10 uL of nuclease free water. One puL from the elution
was used in a second round of PCR, with primer containing adapters required for
[llumina-platform sequencing. Expanded bands were sized selected on an agarose gel and
recovered using the same kit, and eluted in 10 puL of nuclease free water. A 1:10 dilution
of the elution was made, and 1 pL from that elution was added into a final PCR with
primers containing sequencing barcodes. PCR products were run on the gel, expanded
bands were excised, and gel recovered. Twenty puL of nuclease free water was used for
the final elution.

Final gel-purified amplicon libraries were pooled according to band intensity,
normalized according to concentration and number of samples represented in the pool,

and sequenced on an Illumina MiSeq to yield 250 by 50 paired-end reads; the 250 base
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read 1 sequences were used in this study. After sequencing, samples were de-
multiplexed by index and the sequence corresponding to a new spacer was extracted from
each read. Spacer sequences were then aligned and analyzed, as previously described
[40, 41, 73], to characterize protospacer sources and patterns of protospacer distribution
along the pT33.3 plasmid

To prepare the long, three-spacer array amplicons for sequencing, Illumina
adapters were added to PCR products by a ligation method rather than the sequential
PCRs described above. Briefly, expanded array products in the size range expected for 3
new spacers were size selected from an agarose gel and purified using the Gel Recovery
Kit (Zymo Research). We then used the NEB Ultra II DNA library kit to ligate [llumina
adapters/barcodes to the amplicons and enrich/purify the resulting libraries. Amplicon
libraries were sequenced on an Illumina MiSeq instrument set to generate single 300bp

reads.

Strain construction

To generate the strains with the CRISPR 1 array deleted, we used homologous

recombination of PCR products, as described previously [31].
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Figure 2.1. Hyperadaptation observed in the presence of pT33.3.

(A) Flowchart of spacer analysis after conjugation and adaptation assays. Both
Thermococcus kodakarensis (Tko) and Thermococcus litoralis (T. lit) donors were used
to conjugate wildtype Pyrococcus furiosus (Pfu) strains. Resulting transconjugate
colonies were grown in selective media, and the isolated genomic DNA from these cells
was used to amplify the CRISPR loci from the leader to the first known spacer on the
array. Expanded bands were excised and subsequently sent for HTS. (B) Analysis of
adaptation at multiple CRISPR loci. CRISPR loci were amplified from the CRISPR
leader to the first known spacer on the array for all CRISPR loci using primers shown in

(A) (* = unexpanded array, +1 = expanded array).
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Figure 2.2. The majority of new spacers are acquired from pT33.3.

(A) Bar graphs demonstrating the percentage of new spacers acquired from the pT33.3
plasmid compared to the well-studied pYS3-Pgdh plasmid. (B) Distribution of
protospacers on the pT33.3 conjugative plasmid. Protospacers on the plus and minus
strand are indicated in blue and pink respectively. Protospacers were deduced from
aligning new spacers acquired into CRISPR loci of WT strain. Inset above plasmid shows
the center of the hotspot, and the potential protospacer being targeted (gray). (C)
Sequences in the hotspot region were aligned with all 200 spacers in Pfu, the partially
matching protospacer was found in the CRISPR1 array with two mismatches (yellow

highlight).
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Figure 2.3. The hyperadaptation effect is isolated to the type I-B effector complex.
Adaptation analysis of all CRISPR loci, amplifying from the leader to the first known
spacer (as indicated in Figure 1A) for wildtype (WT), single effector complex strains
(Type I-B only, Type I-A only, Type III-B only), and null strains (adaptation and

interference null). (C is wildtype strain in the absence of pT33.3).
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Figure 2.4. The hyperadaptation is caused by priming of the type I-B effector
complex.

(A) Adaptation analysis of CRISPR loci between WT (wildtype) and IB (Type I-B only)
strains, either in the presence or absence of the CRISPR1 array containing the partially
matching protospacer. (B) Bar graph shows the percent of pT33.3-derived new spacers
(versus genome-derived spacers) in WT and IB-only strains either with or without the
CRISPR 1 array. (C) Genome browser tracks show the distribution of aligned new
spacers across the pT33.3 plasmid in representative replicates for WT and WT-ACR1
strains. New spacers aligning to the top strand are shown in blue; bottom strand in pink.
The x-axis corresponds to the linearized pT33.3 plasmid reference sequence; the gray bar
indicates the position of the protospacer targeted by the CRISPR 1 spacer. The y-axis
indicates cumulative read (spacer) depth. The linearized reference was divided into four
quadrants and total, normalized spacer coverage was determined for each quadrant;

percents shown are average values from eight replicates.
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Figure 2.5. Primed adaptation against pT33.3 plasmid.

(A) (i) PCR products corresponding to arrays with three contiguous new spacers were
sequenced and analyzed. A total of 155 unique three-spacer reads were captured; among
these reads, greater spacer diversity was observed at the leader-adjacent end as compared
to the more distal positions. (ii) Cartoon schematic shows spacers from a hypothetical
three-spacer read and the measurements made to summarize spacial relationships among
them. (iii) The average distance between protospacers from a single read varied; spacial
clustering was uncommon. (iv) In general, distal spacers (presumed to be captured earlier
than spacers in the leader-adjacent position) were slightly closer to the protospacer. (B)
Spacers from two representative three-spacer reads are shown as genome browser tracks

to illustrate spacial relationships.
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CHAPTER 3
HISTONE DIRECTED INTEGRATION OF NEW SPACERS AT CRISPR ARRAYS

IN PYROCOCCUS FURIOSUS!

'Elizabeth A. Watts, Sandra Garrett, Landon M. Clark, Brenton G. Graveley, Michael P. Terns.
To be submitted to Nucleic Acids Research.
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Abstract

The Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-
CRISPR associated (Cas) defense pathway is involved in adaptive immunity in
prokaryotes. This pathway involves the acquisition of DNA from foreign invaders to
integrate into the host genome in a region known as a CRISPR array in a polarized
manner (adaptation), which is subsequently transcribed and processed to produce mature
crRNA (CRISPR RNA) guides that associate with an effector complex to target and
silence recurring invaders. This chapter seeks to explore the mechanisms behind the first
step (adaptation) in which DNA is acquired from the invader and integrated into the
CRISPR array at the leader adjacent repeat in our model organism, the hyperthermophilic
archaeon Pyrococcus furiosus. Previous studies in our lab demonstrate that integration
events were not polarized to the first repeat in the array adjacent to the leader in vitro, but
rather integrated at every repeat, and repeat-like sequences. These results indicate that
some factor is missing in vitro that is present in vivo to guide new integration events to
the first repeat. The combination of high throughput sequencing of micrococcal nuclease
digested DNA and adaptation studies allowed for us to identify archaeal histones as
factors important in guiding integration events to the leader adjacent repeat in CRISPR
arrays. These results reveal a new mechanism for the integration of new spacers into the

CRISPR array in an archaeal CRISPR system.

Introduction
The CRISPR-Cas system is an adaptive immune system found in prokaryotes.

This defense pathway is composed of three major steps. The first step is adaptation, in
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which Cas proteins acquire DNA (spacer) from an invading mobile genetic element
(MGE) and insert the spacer into a CRISPR array on the host genome at the first repeat
adjacent to the CRISPR leader in a polarized manner [1]. The next step is crRNA
biogenesis, in which the CRISPR array is transcribed via a promoter on the CRISPR
leader and processed to produce mature crRNAs that then associate with an effector
complex to carry out the final step, interference, to guide the complex and silence target
invaders [2-7].

Adaptation has several steps that the mechanism behind which are still unclear.
Integration of new spacers occurs in a polarized fashion at CRISPR arrays in vivo for
most CRISPR-Cas systems [8-12]. However, for Type I systems, in vitro integration
assays reveal integration occurring at all repeats [13, 14]. In previous studies in our lab,
we demonstrated that integration events in vitro occurred at every repeat, and repeat-like
sequences outside of the CRISPR array [14]. However, in vivo, integration occurs
primarily at the leader adjacent repeat, with no ectopic events observed at downstream
repeats. Therefore, there must be some factor that guides integration events to the first
repeat in vivo that is not present in our in vitro reactions. In Type I-E and Type I-F
systems, they discovered that integration host factor (IHF) was involved in the integration
of new spacers at the first repeat in vitro and in vivo [15, 16]. It binds to a consensus
sequence on the CRISPR leader, and bends the DNA 120°, and has been demonstrated to
interact with the Casl integrase during integration of new spacers into the CRISPR array
[15-18].

It is still unknown how polarized integration of new spacers occurs at archaeal

CRISPR arrays in vivo. It has been demonstrated that in Saccharolobus solfataricus
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(formerly Sulfolobus solfataricus), lysate added to in vitro integration assays allowed for
specific integration at the first repeat, while integration occurred at various repeats in the
absence of the lysate [19]. However, they were unable to identify which factor (or
factors) were causing this specificity.

We sought out to seek the answer to this question in our model organism,
Pyrococcus furiosus (P. furiosus). P. furiosus is an anaerobic hyperthermophile with
three CRISPR-Cas systems (type I-A, type I-B, and type III-B), and seven CRISPR
arrays on the genome [20-26]. We decided to analyze CRISPR leaders to find potential
binding factors that may be involved in polarizing integration to the first repeat. Through
a combination of micrococcal nuclease assays and sequencing of the DNA protected
regions from these assays, we identified two major peaks on CRISPR leaders adjacent to
the first repeat on the CRISPR array. The size and underlying sequence of these regions
led us to identify a potential factor that may be binding to these leaders, archaeal
histones.

Histones are found in most archaea and are highly conserved with eukaryotic
histones [27-30]. While similar to eukaryotic histones in structure and amino acid
sequence, they differ in that most lack the flexible N-terminal tails that protrude from
eukaryotic histones which allow for post-translational modifications [27]. They also
differ in that eukaryotic histones can only form heterodimers and primarily tightly wrap
147 bp of DNA, while archaeal histones can form homodimers and (due to the symmetry
of the histone dimer structure it forms) continuously wrap DNA depending on the
sequence it is binding to, wrapping 30 bp to >300 bp of DNA in what is referred to as a

superhelical ramp [27, 29, 31, 32].
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P. furiosus has two histones, archaeal histones A and B. In this study we perform
a series of experiments to test our hypothesis that histones may be involved with
polarizing integration events to the leader adjacent repeat. Here we study the influence of
histones on integration events at CRISPR arrays both in vivo and in vitro. We find that
the absence of histone A in vivo decreases the frequency of integration events at the first
repeat. Additionally, the presence of these archaeal histones in in vitro integration assays
polarize integration events to the leader adjacent repeat. Overall, we have found that
histones appear play a substantial role in the polarized integration of new spacers at

CRISPR arrays in P. furiosus.

Results

Potential conserved binding sites on CRISPR leaders

We sought to find any potential binding factors found on CRISPR leaders that
could be involved with the integration of new spacers into the CRISPR array. To find
these factors, we performed micrococcal nuclease assays on wildtype cell pellets from
Pyroccocus furiosus (P. furiosus). We observed a laddering pattern similar to that
observed in other archaea with histones (Figure 3.1A). This laddering pattern increased in
30 bp increments which indicates another histone dimer in complex with each other [27,
29, 33]. The smallest band observed was around 30 bp, which is the size of a single
histone dimer binding to DNA. However, the 60 bp band was more intense, indicating
that two histone dimers binding to DNA is more stable than one histone dimer, which
was observed in other archaea as well [27, 33, 34]. The 60 bp and 90 bp bands were

consistently the most prominent in multiple assays, likely indicating that either two or
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three histone dimers are the most stable when binding to DNA in P. furiosus (Figure
3.1A). The largest micrococcal nuclease digested products observed were around 180 bp,
but these were faint and indicated more rare events.

The 30, 60, 90, and 120 bp bands were excised and underwent high throughput
sequencing (HTS) to observe what regions of DNA were protected in the micrococcal
nuclease assay (Figure 3.1A). Due to our interest in potential binding factors on CRISPR
leaders, this is where we focused our analysis. We identified two consistent binding
regions on the majority of CRISPR leaders, specifically in the region spanning the leader-
repeat region (L-R), and a region about 100 bp upstream of the first repeat (L) (Figure
3.1B, Figure 3.2, Figure 3.3). Each of these peaks were about 60 bp wide, which is
reminiscent of two histone dimers binding to this region (Figure 3.3). Also, the
underlying sequence of these peaks indicated that a histone may prefer to bind here, as
demonstrated by the AT rich regions on the end of the peaks and GC rich content within.
Due to the CRISPR leaders in P. furiosus being highly conserved between each other, it
was predictable that the sequences of these binding regions would be similar amongst
arrays, again indicating that it is potentially the sequence that is leading to binding/DNA
protection in these regions (Figure 3.3) [26, 35, 36]. However, the CRISPR4 and
CRISPRS arrays vary the most from the other 5 arrays in the L region (Figure 3.3). There
were also peaks of DNA protected reads in the CRISPR arrays, most of them 90 bp +,
spanning spacers and repeats (Figure 3.1B, Figure 3.2). These variable spacers may
contain sequences conducive to histone binding [31, 33, 37, 38].

These consistent peaks of DNA protection found on most CRISPR leaders led us

to predict that histones may play a role in integration at the first repeat on P. furiosus
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CRISPR arrays. Histones in archaea are closely conserved with eukaryotic histones, as
observed with the H3-H4 dimer from eukaryotic histones and a homodimer of histone B
from Methanothermus fervidus (Figure 3.4A). However, the symmetry of archaeal
histones allows for them to stack as dimers, and form what has been referred to as a
hypernucleosome or a superhelical ramp, explaining the laddering of DNA protected
regions we observe from micrococcal nuclease assays (Figure 3.4B, Figure 3.1A) [27,
31]. Depending on the underlying sequence of the genome, they have been observed to
bind anywhere from 30-300 bp. Archaeal histones have extremely conserved histone
folds, and P. furiosus, Thermococcus kodakarensis, and Methanothermus fervidus
individual histone monomers appear to be almost identical both in structure and amino
acid sequence to each other (Figure 3.4A, Figure 3.4C, Figure 3.4D). They have been
shown to form both homodimers and heterodimers, in contrast to eukaryotic histones that

can only form heterodimers (Figure 3.4A) [27, 28, 31, 39].

Histones play a potential role in integration at the first repeat in vivo

To test if histones play a role in directing new integration events to the first
repeat, we decided to make histone gene deletions in P. furiosus. We deleted the histone
genes individually, however, we were unable to delete both histone A and B in the same
strain. This suggested that histone-mediated events in P. furiosus were essential, and the
deletion of both histones has proved to be an impossible task in Thermococcus
kodakarensis as well (closely related to P. furiosus) [28]. Therefore, we tested strains
with either histone A or histone B deleted. We made these deletions in wildtype strains of

P. furiosus and a strain with only the type I-B effector complex (the other two effector
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complexes deleted from this strain). We chose to include the type I-B only strain due to
this effector complex’s role in primed adaptation and we are utilizing the pT33.3
conjugative plasmid discussed in chapter 2. From our studies, the pT33.3 plasmid induces
a robust primed adaptation response and causes hyperadaptation to occur at the first
repeat in vivo (Chapter 2). This allows for us to observe any major changes in integration
events at the first repeat in vivo. The type I-B only strain demonstrates an even larger
effect of hyperadaptation, due to the crRNAs being diluted due to the other two effector
complexes (type I-A and type III-B) in wildtype strains (Chapter 2) [21].

We performed a conjugation assay using the pT33.3 plasmid and mated donor
cells with recipient wildtype, type I-B only strains, as well as with those strains with the
individual histone genes deleted in each of those backgrounds (Chapter 2, Figure 2.1A).
We then observed adaptation at the first repeat in multiple arrays by amplifying from the
leader of the CRISPR array to the existing spacer 1 to observe any new repeat-spacer
units added to the array. As expected, we saw hyperadaptation occurring in all strains
with the pT33.3 conjugative plasmid present (Figure 3.5A). However, the deletion of
histone A appears to significantly decrease integration events at the first repeat on
multiple CRISPR arrays (Figure 3.5A). These deletions did not cause total loss of
integration in any strain. Archaeal histones can also form homodimers in addition to
heterodimers and therefore it makes sense that integration may not be lost if one histone
is deleted [27, 40].

We then questioned if the deletion of these histones led to any ectopic integration
events to occur at downstream repeats in vivo. We amplified from spacer 1 to spacer 3,

and from spacer 3 to spacer 6 on the CRISPR7 array to observe any expanded bands to
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indicate new integration events. We did not observe any new integration events, only
unexpanded bands in all strains (Figure 3.5B). This indicates that integration is still
occurring at the first repeat in vivo with these histone deletion strains. To detect any
changes in DNA protected patterns on the CRISPR leaders due to these histone deletions
(specifically at the L and L-R regions (Figure 3.3)), micrococcal nuclease assays were
performed on wildtype strains with either histone A or B deleted. There were no
significant changes in micrococcal nuclease digested DNA patterns when analyzing
agarose gels or HTS data (Figure 3.5C, Figure 3.5D). However, we are potentially
biasing results due to analysis of these protected 60, 90, and 120 bp reads, which are
more than likely histone protected DNA regions (heterodimer or homodimer protected
reads), and anything that binds will be shown due to the sensitivity of this assay, so it
would be difficult to observe any minor changes at these leader regions. Our ability to
assess if histones are involved in adaptation is hindered by the failure to delete both

histones in vivo.

Histones guide new spacers to the first repeat in vitro

To circumvent the issue of the inability to delete both histones in vivo, we decided
to try an in vitro approach. We have performed successful in vitro integration assays in
previous studies [14], however now we are including histones in this assay. We are using
a pCRISPR plasmid with a full CRISPR7 leader and a three repeat array [14] in either the
absence or presence of archaeal histones (Figure 3.6A). The Cas1-Cas2 integrase
complex (with a prespacer) will then be added to the reaction to facilitate integration

events into the pCRISPR plasmid. In the absence of histones, we expect to observe no
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bias and observe integration events at every repeat. However, if histones do play a role in
directing integration events to the first repeat, this would create a bias for repeat 1 (Figure
3.6). To observe integration events on the plasmid, we are using a PCR based approach.
In #1 reactions, amplification from the specific prespacer integrated into the array to a
region beyond the CRISPR array will yield PCR products ranging from integration events
at repeat 1 to be the largest size, to integration at repeat 3 to be the smallest size (Figure
3.6A, Figure 3.6B). The opposite reaction is performed for the #2 reactions, in which
amplification occurs from the CRISPR leader to the specific prespacer which make repeat
1 integration events the smallest size PCR product and repeat 3 the largest (Figure 3.6A,
Figure 3.6B).

Using this assay, we decided to perform our initial tests using purified
Thermococcus kodakarensis histones A and B. These histones were readily available
from our collaborators, and they are extremely conserved with P. furiosus histones
(Figure 3.4C, Figure 3.4D, Figure 3.7). We tested combining Thermococcus kodakarensis
histones A and B in one reaction (to form possible heterodimers) and A and B separately
(to form possible homodimers) on a plasmid with the full CRISPR7 leader and an array
with three repeats (Figure 3.8A). In the absence of histones (0 uM), we observed
integration at all three repeats as we have seen in the past (Figure 3.8B). As the
concentration of histones increased, there was a marked increase of the amount of
integration occurring at the first repeat (blue box=R1), as opposed to the other repeats
present in the array (Figure 3.8B). We observed this by amplifying from specific
prespacer to beyond the CRISPR array (#1 reactions) and also from the leader to the

specific spacer (#2 reactions), allowing us to observe these integration patterns from two
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directions, with repeat 1 either being the largest or smallest PCR product observed,
respectfully (Figure 3.8A, Figure 3.8B). We also quantified these data by measuring the
intensity of each band (integration event) at each concentration of histones added using
Imagel software and calculating the percentage of each band when compared to the total
intensity of all bands within a given lane. This aligned with our PCR/agarose gel results,
as the concentration of histones increased, so did the preference for integration events at
repeat 1 (Figure 3.9C).

Due to the success with using Thermococcus kodakarensis histones, we then
proceeded to using purified P. furiosus histones A and B (Figure 3.7). The same in vitro
integration assay was carried out as described previously, however we proceeded with the
#1 reaction as it gave more clear results when compared to the #2 reactions (Figure
3.9A). In the absence of histones, we could observe integration events at all three repeats
(Figure 3.9B). We then observed the same drive to the first repeat that we observed with
the Thermococcus kodakarensis histones as we increased the concentration of P. furiosus
histones (Figure 3.9B). This was also demonstrated with quantitative analysis (Figure

3.9C).

Preference for the first repeat is a histone specific effect

We then tested DNA binding protein TrmBL2 (Figure 3.7) to demonstrate that the
guidance of integration events to repeat 1 is specific to histones. TrmBL2 has been found
to compete with histones for binding DNA under certain conditions [37, 41] and can form
stiff filamentous structures and prevent the packaging of DNA [41]. For these assays, we

are using a pCRISPR plasmid with a full CRISPR7 leader and a longer CRISPR array

90



with 11 repeats and 10 spacers (Figure 3.10A). In the absence of histones, integration is
observed at multiple repeats in #2 reactions (Figure 3.6B), with repeat 6 visualized as the
largest product (Figure 3.10B). As demonstrated with Figure 3.10B, histones continue to
influence integration events to occur at repeat 1 with this larger array, which is also
demonstrated with quantitative analysis (Figure 3.10C). The addition of TrmBL2 to the in
vitro integration reaction did not replicate this phenomenon we have been observing with
the histones. Instead, TrmBL2 appears to inhibit integration at repeats with increasing
concentration to fainter bands overall (Figure 3.10D). The quantitative analysis is
consistent with PCR results, as preference for repeat 1 is not seen, and rather repeat
preference is relatively the same with increasing concentrations of TrmBL2 (Figure
3.10E). This further enhances our hypothesis that histones are specifically involved with

integration at the first repeat, and not just any DNA binding protein causes this effect.

Histone directed integration events at repeat 1 is observed in both supercoiled and
linear substrates

We were curious as to why we were not observing integration at repeats past
repeat 6 when amplifying from the leader to the specific spacer in #2 reactions (Figure
3.10B, right panel). It should be possible to observe integration at every repeat in vitro,
but perhaps that particular reaction was not sensitive enough to capture those larger
integration events. Therefore, we designed primers to amplify from spacer 10 on CRISPR
array to the specific prespacer with the #1 reaction, to make integration events further
downstream on the arrays the smallest PCR product rather than the larger one (Figure

3.11A). Another question we sought to answer was if the integration of new spacers
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depended on the topology of the DNA being used as substrate for integration to occur.
We performed in vitro integration assays on both supercoiled and linear DNA substrates,
and also amplified from either spacer 5 or spacer 10 on the CRISPR array to the specific
spacer on the pCRISPR plasmid. In this assay we decided to use 0 and 3.4 uM of histones
because we have found from our previous assays that 3.4 uM was optimal for histone
guided integration at the first repeat. As you can see in Figure 3.11B, both supercoiled
and linear DNA substrates can be used to integrate new spacers into the array. We were
also able to visualize integration events at repeats 1-10 in the absence of histones when
amplifying from the specific prespacer to spacer 10 on the array (Figure 3.11B). The
preference for repeat 1 in the presence of histones continues to be clear, demonstrated by
both PCR products ran on agarose gels and quantitative analysis (Figure 3.11B (red

asterisk), Figure 3.11C).

Preference for the first repeat in the presence of histones is not CRISPR7 locus
specific

All experiments performed thus far have all been performed with the pCRISPR
plasmid with the CRISPR7 leader and array. To make sure this was not a specific effect
contained to the CRISPR7 plasmid, we performed this assay on multiple CRISPR array
plasmids, all containing 11 repeats and 10 spacers in their arrays. As observed before,
integration in the presence of higher concentrations of histones caused preference for
repeat 1 to appear, demonstrated by both PCR products from #1 reactions and
quantitative analysis of these gels (Figure 3.12A, Figure 3.12B, red asterisk). However,

this is only one experiment and needs to be replicated to confirm results.
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HTS data is consistent with previous observations of histone directed integration
events

To validate this preference for the first repeat in the presence of histones that we
have been observing in vitro, we went forward with HTS on these integrated plasmid
samples to further confirm this phenomenon. Sequencing analysis indicated that
integration was occurring at most repeats in vitro in the absence of histones (0 uM)
(Figure 3.13A). Repeats 1, 2, 3, 4, and 11 appear to be integrated more frequently than
others, with lower number of reads detected for the other repeats. As histone
concentration increased, so did the preference for repeat 1 (Figure 3.13A-D). At 3.4 uM,
integration events at repeats 2, 3, 4, and 11 have significantly decreased, while
integration at repeat 1 remains high (Figure 3.13D). These data confirm that histones do

guide integration events to the first repeat in vitro.

Discussion
In our attempts to understand how the integration of new spacers were polarized
to the first repeat in archaea, we were led to analyze potential areas of DNA protection on
the CRISPR leaders. We already know that IHF in bacterial systems binds to the CRISPR
leader to bend the DNA at 120°, and also has interactions with the Casl integrase during
this bending, allowing for the Cas1-Cas2 complex to successfully integrate new spacers
into the first repeat on the CRISPR array [15, 16, 42, 43]. There is a consensus sequence

(specific A-T rich sites) that was found on leaders in Type I-E and Type I-F systems [15,
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16], among others as well. However, there were no known homologues of IHF in our
archaeal system.

Through micrococcal nuclease assays, we found similar patterns of DNA
protection that had been found in other archaeal organisms with histones (Figure 3.1A)
[31, 33, 34, 40, 44, 45]. After sequencing of protected DNA reads on CRISPR leaders,
we found the major peaks on the majority of CRISPR leaders in P. furiosus. One such
peak spanned the region where the leader and the first repeat meet (L-R), and the other
was about 100 bp upstream of the first repeat (L) (Figure 3.3). Both peaks were about 60
bp in length. We know from our work that 60 bp and 90 bp bands were dominant in our
micrococcal nuclease assays (Figure 3.1A), and this is the predicted size of two or three
histone dimers binding to the DNA [27, 28, 34, 45].

While it may not necessarily be a histone binding there, as micrococcal nuclease
assays can reveal any regions of protection by DNA binding proteins, it’s size and
underlying sequence led us to believe that it was indeed a histone. Histones were widely
believed to binding nonspecifically, but the literature states that they do have preferred
sequences they like to bind to [30, 33, 46]. These include helical repeats of A/Ts and
G/Cs dinucleotides, and AT-rich oligonucleotides appear to repel histone binding [46]. It
is also found that the end sequences of histone protected regions are more AT rich,
allowing for some prediction of whether there may be a histone binding site or not [33].
When analyzing the sequences of these two peaks, the underlying sequence appears to be
favorable of histone binding, and the ends of these peaks are also relatively AT rich
(Figure 3.3). However, it should be noted that there are a few stretches of A/T tracts

within the L and L-R peaks we are observing on these leaders which are known to cause
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rigidity of the DNA and potentially repel histones (Figure 3.3). However, these regions
are G/C rich as well. Overall, these factors allow for us to predict that there are two
histone dimers binding to the leader at these separate sites.

The CRISPR4 and CRISPRS loci sequences were by far the least conserved when
compared to the other loci at the L region (Figure 3.3). The binding peak at the CRISPR4
array at the L region is extremely low, but this is not reflected with the CRISPRS array
(Figure 3.3). This does not appear to affect the integration of spacers into the CRISPR4
array, however, we do know that the CRISPRS array does not integrate new spacers at as
high of a frequency when compared to the other arrays [22]. It is still unknown how
important these sites are for integration to occur, but it is interesting to note. To
understand the importance of these sites, future experiments could entail the mutation or
deletion of these sites to observe if histones are repelled or unable to bind in vivo.
Plasmids with these mutations could also be utilized in in vitro assays to observe any
changes in integration patterns. These experiments could explain if the sequence itself is
important for histone binding, or potentially if these sites cooperate with each other for
successful integration at the first repeat.

Our in vivo approach was simply to delete the histones to observe any effects on
integration at the CRISPR array. Unfortunately, we were unable to delete both histone A
and B in the same strain of P. furiosus. This was the same case in Thermococcus
kodakarensis [28]. They were, however, able to create single histone deletion strains, and
we found that to be the case for our system as well. However, the presence of one histone
gene still makes it difficult to see any effects on adaptation due to the ability of these

histones to form homodimers. In Thermococcus kodakarensis, they found that when
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single histone deletions were created there were differences in levels of transcription for
certain genes, and the deletion of histone A no longer allowed for transformation of DNA
into Thermococcus kodakarensis [28]. These differences allow for us to assume that there
are indeed different roles for each histone within the cell, and that it may be the case for
P. furiosus histones as well. The deletion of histone B did not cause any major effects of
integration on the CRISPR arrays (perhaps slightly), however, the deletion of histone A
did decrease the frequency of integration at the arrays significantly (Figure 3.5A). This
provided evidence that perhaps there is a role for histones to be involved with integration
at the first repeat in vivo, and we can further explore this in vitro.

Thermococcus kodakarensis histones A and B are extremely conserved with P.
furiosus histones A and B (~90% identity) (Figure 3.4C, Figure 3.4D). Our collaborators
work frequently with purified histones A and B from Thermococcus kodakarensis and
were willing for us to use these proteins in our in vitro integration assays for our initial
tests. Excitingly, we found that these histones (even with the combination of purified P.
furiosus Casl and Cas2 proteins) caused a preference for the first repeat in the three
repeat CRISPR array. It should also be noted that in the presence of histone A alone, that
integration at the first repeat was stronger (more intense band) than with histone B alone
(Figure 3.8B). This may be connected to the in vivo data, as the frequency of integration
was significantly diminished in the absence of P. furiosus histone A (Figure 3.5A).
Perhaps these data provide evidence that histone A plays a greater role in the integration
of new spacers at the CRISPR arrays than histone B, although histone B still drives

integration to the first repeat (Figure 3.5A, Figure 3.8B).
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When using purified P. furiosus histones A and B, there was a striking difference
in integration patterns in the absence vs the presence of histones, just like we had
observed with histones A and B from Thermococcus kodakarensis (Figure 3.9B). The
quantitation of bands with ImageJ software in these assays confirmed these results.
Histones are known to wrap DNA to help compact the genome. In this case, perhaps it
has a similar function to IHF, an architectural protein that bends the DNA at the leader
adjacent to the first repeat to cause a signal for the Cas1-Cas2 integrase complex to
recognize and integrate new spacers there [15, 16, 47].

TrmBL2 was introduced into the in vitro integration assays to provide evidence
that this preference for the first repeat was a specific effect caused by the addition of
histones, not just any DNA binding protein. As mentioned previously, TrmBL2 had been
shown to compete with histone binding under certain conditions and forms stiff
filamentous structures which antagonize the compaction of the genome [37, 41, 48].
During these in vitro integration assays it was found integration was not preferred at the
first repeat in the presence of TrmBL2, in fact, integration overall was diminished at all
repeats with increasing concentrations (Figure 3.10D). This decrease of integration events
with increasing concentrations may be due to TrmBL2 coating the DNA all over the
plasmid, including at the CRISPR array, and blocking integration from taking place. In in
vivo studies, TrmBL2 is involved in gene repression, potentially blocking transcription
factors or RNA polymerase by binding to promoters [41]. Also, as noted above, its stiff
filamentous structures antagonize compaction of the genome, no longer allowing for

DNA to bend, which may be deleterious for new integration events to occur.
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We also observed that both supercoiled and linear DNA were able to be used as
substrates for the Cas1-Cas2 integrase complex to integrate new spacers into the repeats.
Both supercoiled and linear forms of DNA were found to be able to reproduce the same
integration patterns in both the absence and presence of histones (Figure 3.11). In E. coli,
DNA is maintained in a negatively supercoiled state while P. furiosus DNA is maintained
in a positively supercoiled state [49]. The pCRISPR plasmids used in our in vitro
integration assays are most likely in a negatively supercoiled state (as they were
maintained in E. coli), but histones have been demonstrated to induce positive
supercoiled substrates when bound [50]. Therefore, we had predicted that perhaps the
histones were causing a more preferred substrate for the Cas1-Cas2 integrase complex to
integrate into due to the typical positively supercoiled state of P. furiosus DNA and
causing this first repeat preference. However, we observed the same first repeat
preference with linear substrate, which cannot be made into a positively supercoiled state
in the presence of histones. Therefore, we were able to confirm that this was not an
artificial phenomenon due to the topology of the substrate, and the Cas1-Cas2 integrase
complex appear to be influenced by histone specific effects.

These data provide evidence that histones do play a role in integrating new
spacers at the first repeat, both in vitro and in vivo. However, there is still the question
remaining, are these histones the specific DNA binding proteins creating those protected
DNA peaks on the CRISPR leaders? Future studies could entail the addition of histones
to these pCRISPR plasmids in our in vitro integration assays and performing micrococcal
nuclease assays. By sequencing these protected reads, we could provide direct evidence

that these peaks we observe on the CRISPR leaders are histones. Other experiments could
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include adding histones to purified genomes and observing if we see the same DNA
protection patterns and performing in vitro integration assays and subsequent PCR with
all 7 CRISPR loci present on the genome.

While it is clear that histones do play a role in the integration of new spacers at
the first repeat, it is not a perfect phenomenon. There are still integration events occurring
at other CRISPR repeats in these in vitro integration assays. This suggests that there may
be other proteins involved in this process that we are not aware of. In our in vivo
experiments, integration has only ever been observed at the first repeat in P. furiosus
(Figure 3.5A, Figure 3.5B, Chapter 2) [21-23]. It is possible that the cooperation of
several proteins may be required to have sole integration at the first repeat in vivo, which
we are unable to replicate in vitro.

There are other proteins in P. furiosus that could be involved in adaptation (other
DNA binding proteins, proteins involved in DNA repair etc.) like there has been
observed in other systems [15, 51, 52]. Now that we have utilized the novel pT33.3
conjugative plasmid, we can visualize adaptation events at the first repeat in first round
PCR to the point where we can easily observe changes to the hyperadaptation pattern if
we find another factor that could be involved in spacer acquisition or spacer integration
into the CRISPR arrays (Chapter 2). For example, the NurA-HerA (Nuclease of Archaea,
Helicase of Archaea) protein complex is involved in homologous recombination/DNA
repair in archaea [53-57]. The nuclease and helicase of this complex targets double
stranded DNA breaks, and resections the break back to a point where homologous
recombination of the exposed single stranded DNA can undergo homologous

recombination. This gene pair has also been shown to be in close association with several
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CRISPR genes in the Pyrobaculum species [54]. This may indicate a function of the

NurA-HerA complex in adaptation, perhaps serving a similar function that RecBCD has
been shown in E. coli [51]. These genes are in P. furiosus and could be potential factors
to test in further adaptation studies in combination with the pT33.3 conjugative plasmid.
The results from this chapter broaden our understanding behind the mechanisms behind

CRISPR adaptation in archaeal systems.

Material and Methods

Micrococcal nuclease assays for genomic DNA

Pyrococcus furiosus cultures were grown in 250 mL cultures in defined media to
either exponential or stationary phase, pelleted, and flash frozen. These pellets were
resuspended in MNase buffer (50 mM Tris-HCI pH 8.0, 100 mM NaCl and 1 mM CaCl2)
then lysed mechanically by freeze/thawing with liquid nitrogen while grinding with a
mortar and pestle. Lysate was then clarified by centrifuging down cell debris, and then
adding RNaseA to a final concentration of 2 mg/500 uL and incubating at 37°C for one
hour. 500 Units of MNase was then added to the lysate, and 100 uL fractions were taken
out at various timepoints. MNase reactions were then stopped by the immediate addition
of phenol/chloroform/isoamyl alcohol (25:24:1), shaken vigorously, and centrifuged at
4°C for 5 minutes at 15,000 rpm. The aqueous layer was then taken into a separate 1.5
mL tube with 200 puL of 1 M Tris-HCI pH 8.0. DNA was precipitated and recovered by
ethanol washes. Resuspend DNA pellet in 10 mM Tris-HCI pH 8.0. DNA was then

visualized on a 4% Nusieve gel.
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Conjugation Assays

The Thermococcus donor strains were grown up in complex media at 85°C and
the Pyrococcus recipient strains were grown in defined selective media at 95°C, all grown
overnight for ~16 hours. We always use freshly grown strains for conjugation assays. 5
mL of each overnight culture was pipetted into a 15 mL conical tube. Cultures were
centrifuged at ~3400 RPM for 20 minutes. Supernatant was discarded and all remaining
liquid media was tapped out. The tip of the pipette tip was cut to prevent shearing of
cells, and cells were resuspended in 50 pL of 1X ASW (if plating on complex media
first) or 1X Pfu Base Salts (if going straight to selective media). Recipient cells were
mixed with the appropriate donor in a 1.5 mL tube, for a total of 100 uL cell
resuspension. The entire cell mixture was spotted in the center of the selective media
plate. Plates were grown anaerobically for three nights at 95°C. The spot of growth was

scraped into 5 mL of defined selective liquid media and grown overnight at 95°C.

Adaptation Assays

A population of cells are picked (~20 colonies) and added to defined, selective,
liquid media and allowed to grow at 95°C overnight (~16 hours). 1 mL of the overnight
culture is then used to extract genomic DNA from cells using the Quick-DNA miniprep
kit (Zymo Research). 10 ng of genomic DNA is used in PCR reactions. To determine
whether or not adaptation/integration of new spacers has taken place on the CRISPR
arrays, primers that are located on the leader and first known spacer of the array are

utilized. PCR products are then run on a 2.5% agarose gel (120 V for ~48 minutes) to
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separate unexpanded bands (no integration of new spacers) from expanded bands

(successful integration of new spacer).

Strain construction
To generate the strains with the histone deletions, we used homologous

recombination of PCR products, as described previously [58].

in vitro integration assay

Full CRISPR leaders and an array consisting of 10 full spacers and 11 repeats
were added to Blunt IT TOPO vectors via blunt end ligation. These plasmids (pCRISPR)
were then used in in vitro integration assays. In a 500 uL tube, a final concentration of 1
uM Casl, 1 uM Cas2, 1 mM DTT, 10 mM MgCly, and 50 nM of prespacer (5 nt
overhangs) was incubated in reaction buffer (20 mM Tris, 100 mM KCl, 5% glycerol, pH
7.5) for 1 hour at 4°C. During this time, single reaction tubes for each titration of histones
used in experiments were prepared. In 500 uL tubes, a final concentration of 50 nM
pCRISPR and varying concentrations of histones or TrmBL2 were added (0-5.1 uM)
were incubated at 70°C for 1 hour. After this incubation, the Cas1-Cas2 reaction mix was
added to the pCRISPR tubes for a final volume of 20 uL. This combined reaction was
then incubated for another hour at 70°C. The reactions were stopped, and proteins were
degraded by addition of EDTA and proteinase K (Life Technologies). DNA was purified
from reactions through use of the DNA Clean and Concentrator Kit (Zymo Research,
Irvine, CA, USA), and eluted in a volume of 15 pL of TE Buffer, and 1 uL was used

from this to add to a PCR reaction to detect where new spacers integrated on the CRISPR
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arrays. Primers were made to amplify from the CRISPR leader to the prespacer, or from
Spacer 5 or 10 on the CRISPR array to the prespacer. PCR products were then run on a

4% Nusieve agarose gel at 120 V for 45-50 minutes.

ImageJ Analysis
Imagel software was downloaded via the NIH website

(https://imagej.nih.gov/ij/download.html). The average intensity of each band (integration

event at a repeat) in each lane was acquired. Depending on how bands were observed, the
percentage of a given band was calculated by taking the band in question and dividing its
average intensity by the total band intensities observed for that lane and then multiplied
by 100 to get the percentage of the intensity of that specific band when compared to all

other bands in that lane.
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Figure 3.1. DNA protected regions on the CRISPR leaders.

(A) Separation of DNA fragments from micrococcal nuclease digestion of P. furiosus
chromatin. Different colored boxes indicate different size distributions of potential
histone dimer polymers. (B) HTS sequencing of DNA protected fragments on the
CRISPR loci. The full CRISPR7 is shown in the top panel, and the insets shows the
leaders (pale yellow), the first three repeats (black boxes), and 2 spacers (white space

between black boxes) for the CRISPR7, CRISPR2, CRISPR4, and CRISPR6 loci.
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Figure 3.2. DNA protection on all CRISPR loci.
HTS of micrococcal nuclease digested DNA for the full CRISPR array for all seven
CRISPR loci (leaders (pale yellow), the repeats (black boxes), and 2 spacers (white space

between black boxes)).
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Figure 3.3. Potential histone binding on CRISPR leaders.
Sequence alignment of the 60 bp protected regions on all seven CRISPR leaders.
L=Leader conserved binding region, LR=Conserved binding region spanning the leader-

repeat junction, +1=Transcription start site.
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Figure 3.4. Conservation of histones among eukaryotic and archaeal organisms.

(A) A eukaryotic (H3=dark blue, H4=dark green) dimer on the left, and an archaeal
histone dimer on the right (homodimer of histone B from Methanothermus fervidus), (B)
and a hypernucleosome structure formed from homodimers of histone B from
Methanothermus fervidus. The numbering and the corresponding colors indicate the
positions of each dimer (dimers 5 and 6 obscure view of dimer 7). DNA is shown as
cartoon and gray in this image. Adapted from Henneman et al, 2018 [27]. (C) AlphaFold
3D structure attained from amino acid sequence for P. furiosus histone A (blue) and
histone B (green), and Thermococcus kodakarensis histones A (orange) and B (purple).
(D) Clustal Omega Multiple Sequence Alignment of histones from P. furiosus (Pfu A and
Pfu B), Thermococcus kodakarensis (Tko A and Tko B), and Methanothermus fervidus
(HMf A and HMf B). * = completely conserved residues, : = conservation between
groups of strongly similar properties, . = conservation between groups of weakly similar

properties.
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Figure 3.5. Gene deletions demonstrate changes in integration at the first repeat in
the absence of histone A, but no change in DNA protection.

(A) Adaptation assays (PCR from the CRISPR leader to the first repeat in the CRISPR
array) on in vivo deletions of histones A or B in wildtype and type I-B only P. furiosus
cells for several CRISPR loci. C = Absence of the pT33.3 conjugative plasmid, A =
Deletion of the genes involved in adaptation (Cas1, Cas2, Cas4-1, Cas4-2), (* =
unexpanded array, +1 = expanded array). (B) PCR products from amplifying downstream
spacers from canonical spacer 1 and spacer 3, and spacer 3 to spacer 6 on the CRISPR7
array. (C) Micrococcal nuclease digestion on chromatin from wildtype and histone
deletion strains. Numbers inside of colored boxes indicate different sizes of histone
polymers observed on the agarose gel. (D) HTS sequencing of DNA fragments excised
from (C) agarose gels (30, 60, 90, and 120 bp) of the CRISPR7 leader. Different colored

peaks correspond to the size of coverage seen in (C).
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Figure 3.6. Schematic of in vitro integration assay.

(A) In the absence of histones, a plasmid with a full CRISPR leader and 3 repeat array is
added to a reaction with the Cas1-Cas2 integrase complex (orange and red respectively)
with a prespacer (purple shades), integration events are demonstrated to occur at multiple
repeats (No bias, #1 and #2). Same reaction in the presence of histones (blue and green
dimers encircling the pCRISPR plasmid), it is predicted that if histones play a role in
directing integration events at the first repeat, then there would be one main product at
repeat 1 in both reactions (Bias, #1 and #2). (B) After the reaction, the plasmid undergoes
a PCR, amplifying from the specific prespacer to beyond the CRISPR array (#1 reaction)
or from the CRISPR leader to the specific prespacer (#2 reaction). Different sized
expected PCR products are indicated below for integration at every repeat. Pale yellow =
CRISPR leader, black (R#) = repeats, different colors = spacers. Primer locations are

indicated with the half black arrows.
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Figure 3.7. Purified recombinant proteins.
SDS PAGE gels with the purified proteins used in these assays. Cas1=37.5 kDa, Cas2=10
kDa, P. Furiosus histones A=7.4 kDa and B=7.3 kDa, T. kodakarensis histones A=7.3

kDa and B=7.1 kDa, TrmBL2=30.6 kDa.
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Figure 3.8. in vitro integration assay reveals 7. kodakarensis histone driven
integration at the first repeat on CRISPR array.

(A) Schematic of expected products formed during in vitro integration assay using a
plasmid with a full CRISPR7 leader and an array with 3 repeats amplifying from either
the specific prespacer (purple shades) to beyond the CRISPR array (#1 reaction), or from
the Leader (pale yellow) to the specific prespacer (#2 reaction). (B) PCR products from
in vitro integration assays in the presence of 7. kodakarensis histones run on ethidium
bromide-stained agarose gels. R# = integration event at repeats, * = integration event
between R3 and reverse primer on pCRISPR backbone in #1 reactions. (C) ImageJ
analysis of each band intensity (integration event) as a percentage of all bands visualized

for each concentration of histones added in (B).
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Figure 3.9. The presence of P. furiosus histones demonstrate same preference of
integration at the first repeat.

(A) Schematic of expected products formed during in vitro integration assay using a
plasmid with a full CRISPR7 leader and an array with 3 repeats amplifying from either
the specific prespacer (purple shades) to beyond the CRISPR array (#1 reaction). (B)
PCR products from in vitro integration assays in the presence of P. furiosus histones run
on ethidium bromide-stained agarose gels. R# = integration event at repeats, * =
integration event between R3 and reverse primer on pCRISPR backbone in #1 reactions.
(C) ImagelJ analysis of each band intensity (integration event) as a percentage of all bands

visualized for each concentration of histones added in (B).
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Figure 3.10. Preference for the first repeat is only observed in the presence of
archaeal histones.

(A) Schematic of expected products formed during in vitro integration assay using a
plasmid with a full CRISPR7 leader and an array with 11 repeats amplifying from the
specific prespacer (purple shades) to spacer 5 the CRISPR array (#1 reaction). (B) PCR
products from in vitro integration assays in the presence of P. furiosus histones run on
ethidium bromide-stained agarose gels. R# = integration event at repeats. (C) ImageJ
analysis of each band intensity (integration event) as a percentage of all bands visualized
for each concentration of histones added from the agarose gel in (B). (D) PCR products
from in vitro integration assays in the presence of TrmBL2 run on ethidium bromide-
stained agarose gels. (E) ImagelJ analysis of each band intensity (integration event) as a
percentage of all bands visualized for each concentration of histones added from the

agarose gel in (D).
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Figure 3.11. Preference for the first repeat in the presence of histones is observed
when amplifying from various spacers in both supercoiled and linear forms of the
plasmid.

(A) Schematic of expected products formed during in vitro integration assay using a
plasmid with a full CRISPR7 leader and an array with 11 repeats amplifying from the
specific prespacer (purple shades) to spacer 10 (#1 reaction). (B) PCR products from in
vitro integration assays amplifying from either specific prespacer to spacer 5 or specific
prespacer to spacer 10 in the CRISPR arrays in the presence of P. furiosus histones run on
ethidium bromide-stained agarose gels. Red asterisk = integration at repeat 1, R# =
integration event at repeats, So=specific prespacer, Ss=spacer 5, Sio=spacer 10. (C)
Imagel analysis of each band intensity (integration event) as a percentage of all bands

visualized for each concentration of histones added from the agarose gel in (B).
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Figure 3. 12. Multiple CRISPR loci demonstrate the same preference for the first
repeat in the presence of histones.

(A) PCR products from in vitro integration assays performed as previously described, but
utilizing the CRISPR2, CRISPRS, and CRISPR6 leaders and arrays. (B) ImageJ analysis
of each band intensity (integration event) as a percentage of all bands visualized for each

concentration of histones added from (A). Red asterisk = integration at repeat 1.
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Figure 3.13. HTS validates histone driven integration events at the first repeat in
vitro.

The CRISPR7 pCRISPR plasmid with 11 repeats underwent in vitro integration assays
and was subsequently sequenced to observe how integration events were influenced in
the presence of histones. (A) No addition of histones, (B) 0.34 uM of histones, (C) 1.7
uM of histones, and (D) 3.4 uM of histones were added to in vitro reactions. Leader =

pale yellow, repeats = black, white spacing = spacers, purple star = repeat 1.
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CHAPTER 4

DISCUSSION

Prokaryotic organisms, in an attempt to protect themselves against deleterious
mobile genetic elements (MGEs), utilize both innate and adaptive immune systems. The
work presented in my dissertation focuses on the only known immune system to produce
adaptive, heritable immunity, the CRISPR-Cas system. My work specifically focuses on
the first step in this system, adaptation, which gives rise to the heritable nature of
CRISPR-Cas immunity by capturing DNA from invading MGEs. The CRISPR-Cas
systems of our model organism, Pyrococcus furiosus (P. furiosus) have been extensively
studied, yet without any isolated viruses or natural plasmids, we had previously been
unable to study how these systems respond to a natural invader. In Chapter 2 of this
dissertation, we describe the response of P. furiosus to a newly discovered conjugative
plasmid. Much to our surprise, this natural plasmid causes a hyper-adaptation response at
all CRISPR loci. We further investigate this response and identify the cause as priming-
based adaptation. As with all studied CRISPR-Cas systems, the new spacers acquired
against MGEs (including the priming-derived spacers targeting the conjugative plasmid)
are integrated in the first repeat (relative to transcription initiation) of CRISPR loci. The
mechanism behind this polarity of integration was previously unknown in Archaea. In
Chapter 3 of this dissertation, I describe the first identified factor in an archaeal system
that drives new spacer integration events to the first repeat on the CRISPR array. This

factor is the histones responsible for compaction and structuring of the chromosome in
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many archaeal species (and eukaryotes). This finding contributes an entirely new

mechanism to the adaptation process.

Mobile Genetic Elements in Archaea

Viruses are the most abundant biological entities on Earth, present in all studied
ecosystems, including the most extreme environments supporting only archaeal
extremophiles. Over 60 viruses and plasmids have been isolated from archaea and have
been found to have novel morphological and genomic qualities when compared to those
of bacteria [1].

However, when it comes to conjugative plasmids, there is only one archaeal
family found to host them, Sulfolobacea [1]. Not much is known about these archaeal
conjugative plasmids, with only descriptive studies (no genetic studies) reported. Similar
to the well-studied bacterial conjugative elements, these plasmids do require cell-to-cell
contact for transfer and encode genes homologous to bacterial Type IV secretion systems
[2-4].

In Chapter 2 of this dissertation, we discuss a novel conjugative plasmid found in
the Thermococcaceae family, which includes P. furiosus. This natural conjugative
plasmid, named pT33.3 after the host species in which it was identified, Thermococcus
sp. 33.3, has been found to transfer between many Thermococcales species. We were
excited to test this plasmid in P. furiosus, as this would be the first natural invader
identified for our system. Upon transfer of pT33.3 to P. furiosus, we immediately
observed a robust response against this foreign invader from the CRISPR-Cas system.

Here, 5 of the 7 CRISPR loci integrated new spacers at a significantly higher frequency
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than we typically observe against our lab-generated shuttle vectors (Figure 2.1). We
initially hypothesized that the act of conjugation itself was leading to this extreme
adaptation. Our classical adaptation assays use the natural competency of P. furiosus
COM1 to introduce DNA, while pT33.3 is able to transform cells which are not naturally
competent for DNA uptake. Thus, perhaps the plasmid-encoded entry mechanism could
trigger adaptation more-so than the recipient-encoded transformation process. The vast
majority of studied conjugative elements enter recipient cells in a linear, single stranded
form, with the 5° end covalently linked to a transfer protein (and thus likely not a free-
end susceptible to spacer uptake). It is difficult to imagine that Cas1/Cas2 would
recognize this single-stranded DNA as a substrate for spacer acquisition. Moreover, host
crRNPs would also be unable to target this incoming DNA in a single-stranded state.
Thus, the timing of both new spacer acquisition and targeting by pre-existing spacers may
depend upon (and indeed provide insight into) the timing of complementary strand
synthesis of conjugative plasmids. It has been found in bacterial systems that spacer
acquisition from conjugative plasmids was primarily preferred on either the leading
region (first section entering the recipient cell) or the lagging region depending on the
plasmid MOB classification [5], suggesting adaptation was responsive to conjugation
mechanism. However, a study in Saccharolobus solfataricus P2 revealed that spacer
acquisition appeared to be evenly spread throughout the plasmid [6].

The latter scenario described above in S. solfataricus reflects our findings in P.
furiosus with pT33.3. The initial hyperadaptation events that we observed was due to a
primed adaptation event against the pT33.3 (Figure 2.4), which we characterized

thoroughly (Chapter 2). However, when we eliminated the priming protospacer, we found

138



that naive spacer acquisition occurs evenly throughout the plasmid, no longer centered on
any particular region (Figure 2.4). Additionally, the rate of spacer uptake from pT33.3
was no higher than that seen in previous transformation-based assays. This suggests that
either adaptation in P. furiosus is not responsive to the conjugative mechanism of pT33.3;
or that conjugation is not the main mechanism of pT33.3 entry into the hyper-competent
strain P. furiosus COM1 used in these assays [7]. Indeed, we may expect active DNA
uptake mechanisms such as natural competence to be at least partially protected from
CRISPR targeting. Such uptake mechanisms likely evolved to benefit the cell by
promoting homologous recombination and gene acquisition for rapid fitness gains, and
thus immediate targeting of incoming DNAs would be antithetical. To finally determine
whether conjugative transfer can trigger adaptation, we could transfer pT33.3 (or a
derivative thereof without the priming spacer) to P. furiosus strain DSM3638, which is
not naturally competent for DNA uptake. Any pT33.3 transconjugants of DSM3638 must
result from plasmid self-transmission rather than recipient-encoded uptake, and thus
could be assayed for elevated rates of adaptation.

The finding that there was a spacer which partially matches pT33.3, which causes
primed adaptation, was exciting in itself (Figure 2.2). This is the first discovery of a
source for one of the 200 spacers contained in the seven CRISPR arrays of P. furiosus.
While a large number of Thermococcales strains have been isolated and grown in lab
culture, very few harbor viruses or extra-chromosomal elements. Thus the mobilome of
Thermococcales responsible for the many thousands of spacers encoded by these species
remains mysterious. The presence of a spacer capable of targeting pT33.3 suggests that P.

furiosus encountered this plasmid (or a similar conjugative plasmid) in the wild, prior to
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isolation. The two mismatches between the spacer and pT33.3-encoded protospacer,
along with the fact that P. furiosus and T. sp. 33-3 were isolated ~7000 miles apart
(Vulcano, Italy vs. East Pacific Rise, respectively), and from different environments
(volcanic caldera sediments vs. tectonic plate boundary hydrothermal vent), likely
indicates that the spacer was not acquired from pT33.3 itself, but rather a related element.
The protospacer is found in a homologue of traJ — a gene involved in regulation of
expression of transfer genes in bacterial conjugative plasmids. Thus the mismatched
spacer in P. furiosus hints at the presence of other conjugative elements in
Thermococcales which are yet to be identified. Combined with the 199 other unknown
spacers, the CRISPR arrays of P. furiosus suggest a very active and diverse mobilome

waiting to be discovered.

Adaptation in P. furiosus

Adaptation entails the acquisition of DNA from a foreign invader, which is then
trimmed down to the appropriate size, and ultimately integrated into the CRISPR array in
the correct orientation (with reference to the PAM (Protospacer Adjacent Motif)
sequence) in a polarized manner at the first repeat adjacent to the CRISPR leader, in most
cases.

It was found in vitro for our system using P. furiosus recombinant proteins and
CRISPR loci, that integration of new spacers occurs at every repeat [8]. This was found
to be the case in other type I systems as well, for example the type I-E and the type I-F
system [9, 10]. However, in P. furiosus, not only was integration occurring at every

repeat, it was occurring at repeat-like elements not on the CRISPR array [8]. It was found
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that DNA sequences with those similar to the CRISPR repeat borders in P. furiosus, were
found to have integration events with top and bottom strand events occurring about 30 bp
apart (the size of a repeat in P. furiosus) [8]. A guanine was found to be a preference for
sites of integration for the Cas1-Cas2 integrase complex in P. furiosus, as well as in type
I-A, I-B, I-E, 1I-A, and V-C systems as well [9, 11-13]. There was also an adenine-rich
sequence located in the central region of repeats and repeat-like sequences that is
predicted to play a role in the orientation of the Cas1-Cas2 integration complex in the
correct position to integrate new spacers, as mutations at this motif disrupted integration
events at both borders of the repeat [8].

In contrast to the type I system’s preference for repeat-like sequences for
integration to occur, type Il systems have been found to integrate specifically at the
leader adjacent repeat. In type II studies, it has been found that the first 10 bp or so of the
leader before the first repeat and 5 bp of the repeat are important for integration
efficiency both in vivo and in vitro [13-15].

This lack of specificity for the first repeat in type I systems is not observed in
vivo, with all integration events occurring at the first repeat adjacent to the leader, with no
ectopic events observed (Figure 3.5) [16]. In chapter 3, I identify archaeal histones as

factors that direct integration to the first repeat.

Histones in P. furiosus
Micrococcal nuclease assays are a common experiment performed to observe
DNA protection patterns created by histones, or potentially some other DNA binding

protein. We used this assay in our own work in chapter 3 to observe if any DNA
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protection peaks were on the CRISPR leaders to potentially identify a factor binding to
the leader and guiding integration at the first repeat. We observed a laddering of
micrococcal nuclease digested DNA similar to that seen in other archaea, with 30 bp
being the smallest band observed, and upwards of 150 bp+, bands going up in 30 bp
increments, the same as an additional histone dimer bound to the DNA (Figure 3.1,
Figure 3.4B). We then performed HTS on these DNA fragments and found that there
were two 60 bp peaks observed on the CRISPR leader, one 100 bp upstream of the first
repeat and the other spanning the leader-repeat junction (Figure 3.1, Figure 3.2, Figure
3.3). The size of these peaks, 60 bp, is the same size as two histone dimers binding to
these areas. The underlying sequence also suggests that histones may bind there.

Another interesting note was that these 60 bp peaks were not found to be common
throughout the genome of P. furiosus, only occurring every 1 kb or so. Most CRISPR
leaders in P. furiosus were found to have these peaks (or some rather one or the other
preferred) (Figure 3.3). It is interesting to think that the genome evolved to dictate that a
histone dimer pair should bind to these CRISPR leaders and fill the role of a signal to
guide integration events to the first repeat in vivo.

The deletion of these histones in vivo proved difficult, as was found in other
organisms as well [17]. We were able to delete either histone A or histone B, but not both
in the same strain. This made studying any potential role histones may play in integration
in vivo difficult, as archaeal histones can form either homodimers or heterodimers.
However, we know that although the amino acid sequences for both histone A and
histone B are extremely conserved with each other (Figure 3.4C, Figure 3.4D), that can

play different roles in the cell. For example, in Thermococcus kodakarensis, the deletion
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of histone A prevented subsequent transformation of DNA into the cell, but the deletion
of histone B did not [17]. With our in vivo studies, we did find that the deletion of histone
A appeared to decrease the frequency of integration events at the first repeat, while the
deletion of histone B did not have as significant an effect (Figure 3.5A). This could
suggest that histone A plays a larger role in the integration of new spacers at the first
repeat than histone B, although, it is difficult to say exactly what is happening there. We
also know that deletion of one histone or the other in Thermococcus kodakarensis has
different effects on gene expression in the cell [17, 18]. Perhaps the deletion of histone A
in P. furiosus affects the expression levels of another protein that may cooperate with
histones to guide integration to the first repeat in vivo.

To bypass the inability to delete both histones in vivo, we went in vitro to be able
to control exactly what we are incorporating into the reaction. In our first studies, we
utilized both Thermococcus kodakarensis and P. furiosus histones and performed assays
in which we added both histones A and B, histone A alone, and histone B alone.
Strikingly, all combinations appeared to drive integration events to the first repeat (Figure
3.8 and Figure 3.9). This collaborated with what we observed in vivo, as potential
heterodimers and homodimers could guide integration events to the first repeat.

The purified recombinant histones in our in vitro studies have demonstrated that
they direct integration at the first repeat in CRISPR array in a variety of experiments.
However, we needed to confirm that this was a histone specific effect, not just any DNA
binding protein. Therefore, we decided to experiment with another major DNA binding
protein found in P. furiosus, TrmBL2. As described previously, TrmBL2 forms stiff

filaments on DNA, and has been demonstrated to compete with histone preferred
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sequences [19-21]. In our studies, we found that the addition of TrmBL2 did not have the
same effect as histones in driving integration events to the first repeat. In fact, it appeared
to inhibit integration at increasing concentrations (Figure 3.14). This further demonstrates
that this histone directed effect we are observing is indeed a histone specific one.
TrmBL2 antagonizes the compaction of DNA due to the stiff filaments it forms, while
histones wrap and compact it. The wrapping of DNA by histones may be the reason why
the Cas1-Cas2 integrase complex recognize the leader adjacent repeat, similar to the way
IHF bends DNA and creates a signal while also bringing upstream sequence motifs in
contact with Cas1 in type I-E and type I-F systems. [HF is also found to interact with
Casl, and we have also observed interactions of archaeal histones with Casl in P.
furiosus with immunoprecipitation and mass spectrometry to identify potential factors
associated with Casl in vivo, although we do not know if these are direct or indirect
interactions (unpublished).

To further confirm that histones are indeed binding to the leader to create those
two conserved DNA protection peaks, future experiments can involve the addition of
histones to the pCRISPR plasmid and performing micrococcal nuclease assays on these
substrates. In this controlled experiment, we can perform HTS on the micrococcal
nuclease digested plasmid DNA and observe if those same peaks arise on the CRISPR
leader in in vitro conditions with only histones present. In other studies, the addition of
purified Thermococcus kodakarensis histones to purified genomic DNA created a similar
binding profile as observed in vivo [22]. Another future experiment here involves the
addition of histones to purified P. furiosus genomic DNA and performing the same assay

as above to observe strictly histone binding at the CRISPR leaders. The profile of histone
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binding to plasmid DNA may be different than that of genomic DNA, and the
comparison between a 6 kb plasmid to a 1.9 Mb genome may have interesting differences
in the way histones bind and wrap DNA given the size constraints of the plasmid.
During our studies in chapter 3, it was discovered that both supercoiled and linear
substrates could be utilized for the Cas1-Cas2 integrase complex to integrate new
spacers. This was surprising, due to type I systems in bacteria being unable to integrate
new spacers into CRISPR arrays with linear substrate [11, 12]. Additionally, CRISPR-
Cas targeting is dependent upon DNA supercoiling state [23], with at least one Acr
inhibiting crRNP interference by relieving DNA torsion [24] . DNA topology is thus
critically important for multiple steps of CRISPR-Cas immunity. In E. coli, DNA is
maintained in a negatively supercoiled state while P. furiosus DNA is maintained in a
positively supercoiled state by the action of reverse gyrase [25, 26]. This is thought to
protect the genome from denaturation at the 100°C optimum growth temperature
for Pyrococcus [26]. The pCRISPR plasmids used in our in vitro integration assays are
most likely negatively supercoiled (as they were isolated from E. coli), and thus may be
an unfamiliar substrate for P. furiosus Cas1-Cas2. Archaeal histones have been shown to
induce positive supercoiling in plasmids by tightly wrapping DNA [27]. Hence, we
wondered if rather than actively directing adaptation, histone binding was simply
converting plasmids to a more natural substrate for the P. furiosus adaptation complex.
However, both supercoiled and linear forms of DNA were found to be able to reproduce
the same integration patterns (Figure 3.11), indicating that this adaptation polarizing
effect of histones is not an indirect result of supercoiling, but rather a histone-specific

effect on Cas1-Cas2.
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Concluding remarks

The CRISPR-Cas adaptive immune system has been found to incorporate both its
own Cas proteins and trans-acting factors in the host cell to accomplish successful
defense against foreign invaders. In this dissertation, we describe the first, natural foreign
invader discovered for P. furiosus. The hyperadaptation response to this element allowed
for us to find the source (or related source) of one of the 200 spacers in the CRISPR
arrays due to the robust primed adaptation event occurring in these cells. We then
identify the factor that directs polarized integration of new spacers at the leader adjacent
repeat in an archaeal CRISPR-Cas system, archaeal histones. This dissertation features a
unique response against the first natural invader for P. furiosus, as well elucidating a new
mechanism by which the polarized integration of new spacers at the CRISPR arrays can

occur.
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