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Abstract

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) together with cas (CRISPR asso-

ciated) genes constitute an adaptive immune system found in prokaryotes. Microbes evolved a vast diversifi-

cation of these systems that can be classified in two major classes and more than 30 subtypes according to

their cas genes content. However, despite of their large diversity, in all CRISPR-Cas systems the immuno-

logical memory is adapted by integrating small fragments of foreign DNA (protospacers) into the CRISPR

locus. Subsequently, the CRISPR array is transcribed resulting in short CRISPR RNAs (crRNAs) that will

later guide the Cas proteins (encoded by the cas genes) to cleave and destroy the invading genetic elements.

One of the CRISPR associated proteins is Cas4 which role was recently described. The cas4 gene

is usually located next to the cas1 or cas2 in different systems. The association of Cas4 with the Cas1

and Cas2, constitute the CRISPR acquisition machinery that is crucial in the recognition, processing and

orientation of protospacer integration. Curiously, cas4 genes can also be found not associated with the

CRISPR-cas loci in some bacterial and archaeal genomes as well as plasmids or bacteriophages, being

their role unknown.

Here, was studied the phylogenomics of Cas4 solo in phages (vCas4) and their influence in CRISPR

adaptation through in vivo and in vitro assays. Was demonstrated that, notwithstanding the vCas4 does not

interact with the CRISPR acquisition module, the rates of novel spacers acquired decrease. Moreover, the

sequencing of those new spacers revealed an enrichment of host genome derived spacers, which would

contribute to CRISPR autoimmunity.

Keywords: CRISPR-Cas system, Cas proteins, sCas4, vCas4, bacteriophages, phylogenomics,

CRISPR adaptation, type I-E CRISPR-Cas systems, type I-C CRISPR-Cas systems, protein activity
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Resumo

A combinação de CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) com os seus

genes associados (genes cas), constitui um dos sistemas imunitários adaptativos que pode ser encontrado

em procariontes. Estes organismos desenvolveram uma vasta diversidade destes sistemas, que podem ser

divididos em duas classes e mais de 30 subtipos, consoante o seu conteúdo em cas genes. A capacidade

de adaptação da sua memória imunológica é conseguida através da integração de pequenos fragmentos

de DNA dos organismos invasores (protospacers) no CRISPR locus. O CRISPR array é, depois, transcrito

levando à formação de pequenos CRISPR RNAs (crRNAs) que recrutam as proteínas Cas (codificadas

pelos genes cas) e levam, por conseguinte, à destruição do material genético dos organismos invasores.

Uma das proteínas CRISPR associadas é Cas4, cuja função foi recentemente descrita. O gene cas4

encontra-se localizado, em diversos sistemas CRISPR, nas proximidades dos genes cas1 ou cas2. A as-

sociação de Cas4 com Cas1 e Cas2 constitui a maquinaria necessária à acquisição em sistemas CRISPR,

sendo crucial no reconhecimento, processamento e orientação de protospacers, durante a sua integração.

Curiosamente, os genes cas4 foram recentemente encontrados não associados ao CRISPR-Cas loci, em

genomas de bactérias e archaea, bem como plasmídeos e bacteríofagos, sendo o seu papel desconhecido.

Aqui, estudou-se a filogenia desses Cas4 solo em fagos (vCas4) e a sua influência na adaptação dos

sistemas cRISPR através de ensaios in vivo and in vitro tendo sido demonstrado que esta proteína, embora

não interaja diretamente com o módulo de acquisição dos sistemas CRISPR, influencia os rácios de ac-

quisição de novos spacers. Além disso, por sequenciaçao dos novos spacers adquiridos, foi possível revelar

que mais spacers com origem no organismo hospedeiro são integrados o que, consequentemente, contribui

para a auto-imunidade dos sistemas CRISPR.

Keywords: sistema CRISPR-Cas, proteínas Cas, sCas4, vCas4, bacteriófagos, filogenia, adap-

tação CRISPR, sistemas CRISPR-Cas tipo I-E, sistemas CRISPR-Cas tipo I-C, actividade proteica
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Chapter 1

Introduction

Dynamic interactions between phages and hosts have been studied since the early days of molecular

biology. Bacteria are outnumbered by a factor of 10 by phages that infect them - bacteriophages [27,53,57].

This phage-host arms race shaped the evolution of microbes to evolve a number of pathways to enable their

infection by invader elements that compromise the fitness of the population [35]. The pressure caused by

this ever-changing mobile genetic elements (MGEs) that include, not only bacteriophages, but also other

entities such as conjugative plasmids, allowed for prokaryotes to have complex systems to thrive in hostile

and competitive environments where both predator and prey fight and evolve for survival.

These interactions lead to the development of a vast diversification of defense mechanisms in prokaryotes

that can be classified as innate or adaptive immune systems [3, 61]. The innate systems act as the first line

of defense and include receptor modification, restriction modification systems and abortive infection systems

[61]. If these systems fail and the viral replication outpaces innate defenses, the adaptive immune systems

are activated as a second line of defense [3] showing a higher specificity. CRISPR and their associated

cas genes encode one such adaptive immune system mechanism allowing cells to restrict incoming nucleic

acids [20].

1.1 CRISPR-Cas

CRISPR-Cas system is an adaptive immune system that uses clustered regularly interspaced short palin-

dromic repeats (CRISPR) and Cas (CRISPR-associated) proteins. Its earliest description dates back to the

late 1980’s with the discovery of a repeat array in Escherichia coli genomes [19] that were found also in

other prokaryotes [21,37]. These repeats were later denominated CRISPR and found to be associated with

proteins that were thereafter termed CRISPR associated genes (cas) [21, 37]. The repeats are interspaced

by sequences termed spacers that were found to have homology to foreign genetic elements such as bacte-

riophage genomes and conjugative plasmids [39]. Later studies revealed that the spacers were acquired by

bacteria from these foreign genetic elements and incorporated in the CRISPR array [2] and that the content

of this array has an influence in phage sensitivity [2].

Found in approximately 45% of bacteria and 85% of archaea [24], the CRISPR array consist of a cluster

of a highly variable number of repeats with a particular sequence and length, interspaced by spacers and

an AT-reach leader sequence [21, 37]. This sequence has two main roles: contains the promoter of the

CRISPR array (fundamental in the production of pre-crRNA) and is recognized by the Cas1-Cas2 complex
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for acquisition (see section CRISPR-Cas mechanism) . In addition to the CRISPR array, an operon of cas

genes is usually found in close proximity. The Cas proteins encoded by these genes are responsible to

provide the enzymatic machinery required by the system to work [21].

1.2 Diversity of CRISPR-Cas systems

The CRISPR-Cas systems have evolved a vast diversification being categorized by both their phyloge-

nomics and cas genes content into two classes, six types and more than twenty subtypes [24]. Class 1 is

divided into type I, III and IV and Class 2 in types II, V and VI (Figures 1 and 2).

Figure 1: Classification of Class 1 CRISPR systems. Representation of Class 1 division in types I, III and IV and
corresponding subtypes. For each subtype, the organization of the CRISPR-cas locus and the (predicted) target (DNA,
RNA or both) is shown. Modified from Koonin et al., 2017.
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Figure 2: Classification of Class 2 CRISPR systems. Representation of Class 2 division in types II, V and VI and
corresponding subtypes. For each subtype, The organization of the CRISPR-cas locus and the (predicted) target (DNA,
RNA or both) is shown. Modified from Koonin et al., 2017.

The integration of new spacers in the CRISPR array, encoded by cas1 and cas2, is well conserved in all

the six types of CRISPR systems [24]. They differ in the effector complex that mediates the destruction of

foreign DNA which is functionally distinct depending on the CRISPR type [35]. Except for type IV systems, it

was experimentally characterized that types I, II and V systems target DNA whereas type VI systems target

RNA and type III systems target both DNA and RNA [24].

The systems investigated in this study were from class 1 type I which is the most abundant type in nature,

found in around 50% of all bacteria and archaea in which a CRISPR loci was identified [33]. The subtypes

studied were the I-E and I-C.
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1.3 CRISPR-Cas Mechanism

Despite the high diversity of CRISPR-Cas systems, their mechanism can be encompassed into three

main stages: adaptation, expression and processing and, finally, interference (Figure 3).

1.3.1 Adaptation

Adaptation is the first stage of the CRISPR-Cas mechanism in which new spacers are acquired by the

system in order to update the repertoire of recognized foreign invaders (Figure 3). This way, a small fragment

of DNA, termed protospacer, is acquired from the MGE [2] and integrated in the CRISPR array, forming a

new spacer. These spacer fragments have variable size, depending on the CRISPR system [2].

To avoid acquisition of spacers from the host DNA that would lead to autoimmunity, the CRISPR systems

use the DNA machinery repair of the hosts to generate protospacers that uses the RecBCD or AddB machin-

ery in the cases of Gram-negative or Gram-positive organisms, respectively [35]. The RecBCD molecules

bind to the free ends of dsDNA and performs end resection during homologous recombination that conse-

quently stimulates the acquisition of spacers from double-strand breaks [40]. However, this activity is slowed

by the presence of an eight nucleotide sequence motif (chi motifs) that are enriched in the host chromosome

when compared with phages or plasmids [32]. This way, since the host chromosome has more chi motifs,

less spacers are acquired from there.

Cas1 is the most conserved Cas protein, present in all of the six types of CRISPR systems [24]. In

the context of CRISPR immunity, this protein interacts with Cas2 forming a complex responsible for spacer

integration (hereafter, Cas1-Cas2) [43, 70]. This complex has two separate DNA-binding proteins mediating

the connection between the incoming protospacer and the CRISPR array [67]. The incorporation of spacers

is possible due to the two nucleophilic attack reactions that are catalyzed by this complex once loaded with

the incoming spacer [42]. The first reaction allows the ligation between the leader end and the first repeat of

the CRISPR array and the second allows the ligation of the spacer end to the repeat sequence [42]. These

reactions are responsible not only for the incorporation of new spacers but also for repeat duplication. This is

possible since the terminal 3’-OH of each strand of the protospacer carries out a nucleophilic attack reaction

on each end of the repeat sequence [42,68]. These reactions produce an intermediate in which the 3’ ends of

a dsDNA protospacer are ligated to a ssDNA repeat sequence that is further completed and ligated [66,68].

From this process results a CRISPR array with a newly integrated spacer and duplicated repeat sequences

directly after the leader (the promoter of the CRIPSR array that allows its transcription).

The new spacers acquired by the Cas1-Cas2 complex are predominately incorporated in the leader end

of the CRISPR array [70]. This way, by its organization, it is possible to have a record of past infections since

newer memories are located at the leader end and the most ancestral spacers are positioned in the trailer

end [70]. This chronological organization of spacers optimizes the immune response of the CRISPR system

since the spacers positioned near the leader end provide more robust immunity responses when compared

to the more downstream positioned ones. This is caused by phenomena such as the differential expression

of crRNAs across the CRISPR array [35]. How polarized addition of new spacers is achieved differs by

CRISPR type and factors encoded by the host genome such as the integration host factors present in type

I-E CRISPR systems that can be required for site-specific integration [35].
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Figure 3: Schematic representation of CRISPR-Cas immune system mechanism During adaptation, the Cas1-
Cas2 complex select and incorporate new spacers in the CRISPR array. During expression and processing, the
CRISPR array is transcribed to produce crRNA that forms the crRNA-effector complex by binding Cas proteins. During
interference, the foreign DNA is recognized and degraded. Modified from Jackson et al., 2017.

The identification of convenient protospacers is based on the presence of a protospacer-adjacent motif

(PAM) [38,63]. This motif preceding the protospacer sequence ensures its correct orientation in the CRISPR

array [59]. Thereby, the PAM plays an important role in both adaptation and interference stages of the
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CRISPR mechanism since it allows for proper recognition of the target during interference [20, 62] (see

Interference).

Other Cas protein that is known to be implicated in the adaptation phase in several subtypes of CRISPR-

Cas systems is the Cas4 protein. It has so far been identified in the subtypes I-A, I-B, I-C, I-D and I-U of Class

1 CRISPR systems (see Figure 1) and subtypes II-B, V-A, V-B and V-E of Class 2 (see Figure 2) [24,33].

In the CRISPR loci the cas4 genes were found either adjacent to cas1 and cas2 or, in some cases,

fused with cas1 [24]. This fusion of cas4 with cas1 was the first suggestion that Cas4 proteins would be

involved in the adaptation stage of the CRISPR-Cas mechanism [18]. Later, supporting that hypothesis, it

was found that in subtype I-A loci, cas1, cas2 and cas4 genes form a single operon [46]. Recently, it was

experimentally demonstrated that Cas4 crucial in the recognition, processing and orientation of protospacers

integration [23,28,51,55,72].

Cas4 protein is a DNA nuclease containing a Fe-S cluster-binding module [30,72]. It shows homology to

nuclease motifs of proteins known to be involved in both recombination and repair processes in bacteria and

eukaryotes such as RecB, AddB and Dna2 [18]. Moreover, it is demonstrated to be involved in the processing

of 3’ssDNA overhangs in the protospacers, facilitating their incorporation in the CRISPR array [18, 28, 51].

Regarding structural characterization, early biochemical studies have described different Cas4 proteins as

monomers, dimers and decamers [30,72].

1.3.2 Expression and Processing

The adaptation stage of CRISPR-Cas mechanism is followed by the expression phase in which the

CRISPR array and CRISPR locus are transcribed [6] (Figure 3).

The transcription of the CRISPR array leads to the formation of a long precursor CRISPR-RNA molecule

(pre-crRNA) containing the repeat and the interspacing spacers [6]. This molecule is further processed

forming hairpin-like structures due to the palindromic inverted repeat sequences present in the repeats [15].

This structure is recognized by a metal-independent endoribonuclease that is responsible for cleaving the

pre-crRNAs within each repeat to produce mature crRNAs [8]. These molecules have a well defined structure

and, in type I-E CRISPR-Cas systems is known to be formed by a 5’ handle with 8 nucleotides, a 32 bp

spacer sequence and a 21 nucleotides hairpin shaped 3’handle [34]. The homolog endoribonuclease is

also responsible for capturing the mature crRNAs and assemble the effector complex Cascade (CRISPR

associated complex for anti-viral defense) [22,65].

1.3.3 Interference

Interference is the last stage of the CRISPR-Cas immune system mechanism (Figure 3). This multi-step

process starts with the initial recognition of the invading sequences and, after target binding, finalizes with

obstruction of nucleic acid invasion by target destruction [34].

Once generated, crRNAs use their base-pairing potential and serve as guides for the recognition of

invasive targets [34]. This recognition process is performed by the effector complex that probes all the DNA

for the correct three nucleotide PAM sequence [38]. Even if specific for the the right PAM, the effector complex
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allows some variation in this sequence and multiple PAMs are capable of inducing direct interference [29,69].

After PAM scanning and recognition, the crRNA binds to the base-pairing target in a process termed R-

loop formation [52]. It starts with the binding of the seed region (the first nucleotides of spacer sequence into

the crRNA) to the target followed by the matching of the remaining crRNA molecule in a rolling capacity [52].

Mismatches in any step cause inhibition of R-loop formation and consequent termination of the process (non

interference) [60].

In the cases where the crRNA fully matches the target nucleic acid, the Cas proteins undergo structural

changes, that increases stabilization of the binding between the effector complex and the invader sequence

[5]. Consequently, nuclease Cas proteins are recruited to the side promoting the final destruction of the

invaders [14,26,64].

1.3.4 Cas4 Solo

The cas4 gene is usually located next to the cas1 or cas2 in different systems however it can also be

found not associated with the CRISPR-cas loci in some prokaryotic genomes as well as plasmids and bacte-

riophages. Recently, a phylogenomic study of Cas4 family nucleases was performed by Hudaiberdiev et al.,

2017. In this study, were analyzed the sequence profiles of Cas4 homologs being found a total of 7060 Cas4

homolog protein sequence, 883 from complete bacterial and archaeal genomes and 272 from viruses. From

these sequences, a sequence similarity dendogram was constructed and, as expected, the Cas4 clustered

in two main groups comprising the Cas4 proteins belonging to the COG1468 and COG4343 families that

incorporate the majority of Cas4 known to be associated with CRISPR systems and the remaining Cas4

homologs were classified in three major groups based on their genomic context: CRISPR-Cas associated

Cas4, Cas4 associated with MGEs and viruses, and solo-Cas4. With the phylogenomic study previously

described it was then possible detect Cas4 proteins encoded in phage genomes forming specific and iso-

lated clusters that were mostly similar to Cas4 proteins associated with type I CRISPR-Cas systems [18].

These vCas4 were under the scope of some other recent studies [16, 25] however, this phylogenomic study

performed by Hudaiberdiev et al., 2017 have shown that these proteins have high diversity being present in

a wide rage of phage genomes. This suggests that the solo-Cas4 protein encoded in the phage genome

could be a CRISPR-associated Cas4 protein captured by the ancestral virus [18]. Moreover, were identified

Cas4 homologs of numerous phages from a large, well-suported clade which includes Cyanobacteria and

Proteobacteria, suggesting the dissemination of the cas4 genes among phages [18].

1.4 Aims of this study

Until now Cas4 was only known to be associated with the CRISPR-Cas immune systems of organisms

such as bacteria. However, the discovery of Cas4 solo proteins encoded also in bacteriophages that are one

of bacteria’s main predators, has added a new twist to the functional repertoire of the Cas4 family. The main

objective of this study was to investigate vCas4 proteins with the specific aim of understanding their possible

influence in the CRISPR-Cas system adaptation. The main questions answered in this thesis are:

1. Do vCas4 proteins interact with the Cas1-Cas2 complex of the CRISPR-Cas systems?

2. Do they have any influence on spacer acquisition?
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3. If so, what’s the mechanism underlying this influence?

Regarding the influence of vCas4 in the CRISPR system, in the case they do interact, two different

hypotheses of how this interaction is established were addressed (Figure 4). The first is that the vCas4

interacts directly with the CRISPR system. In this case, the vCas4 binds to the Cas1-Cas2 complex inhibiting

its ability to acquire new spacers even after infection. This way, the CRISPR system is not able to process

an immune response against the foreign pathogen leading to bacterial death. We expected this hypothesis

to be more prone to happen in systems in which Cas4 interaction with Cas1-Cas2 was already described

since Cas4 can have a poisoning effect. The second hypothesis is that the vCas4 leads to the incorporation

of wrong or non-functional protospacers by indirect interaction with the CRISPR-system. In this case, if

vCas4 reveals nuclease activity, it can lead to the cleavage of the host DNA instead of the foreign invader

nucleic acids. The cleaved host DNA is then integrated in the CRISPR array leading to auto-interference and

bacterial death. This indirect interaction of vCas4 with the CRISPR system can also lead to the incorporation

of wrong or non-functional protospacers (wrong PAM or inaccurate spacer size) that consequently allows

successful phage infection and bacterial death.

Figure 4: Hypothetical mechanisms of interaction between vCas4 and the CRISPR-Cas system. (a) The vcas4
encoded in the foreign DNA genome is transcribed forming a viral Cas4 protein (in red) that interacts directly with the
Cas1-Cas2 complex (in dark blue) enabling the acquisition of new spacers, target recognition and destruction of foreign
DNA that is consequently kept intact inside the bacterial cell. (b) The vcas4 encoded in the foreign DNA genome is
transcribed forming a viral Cas4 protein with nuclease activity (in red) and leads to the destruction of the host DNA and
consequent incorporation of these fragments as host derived spacers and consequent autoimmunity and destruction
of the host DNA by the cr-RNA effector complex. The yellow fragment in the CRISPR array corresponds to the leader,
the grey ones to the repeat sequences and the light blue and green fragments correspond to spacer sequences.
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Chapter 2

Material and Methods

2.1 Bacterial strains

The bacterial strains used in this study were E. coli DH5α and E. coli BL21-AI. DH5α is an engineered

strain of E. coli with high transformation efficiency mainly due to recA1 mutation that leads to high insert

stability. Other mutations in this strain include Φ80∆dlacZM15, ∆(lacZYA-argF)U169,endA1, hsdR17(rK-

mK+), phoA, supE44, thi-1 gyrA96 and relA1 [4]. BL21-AI is bacterial strain optimized for protein expression

by deletion of lon and OmpT proteases leading to a reduction in degradation of heterologous protein ex-

pression. This strain carries also a chromosomal insertion of a cassette containing the T7 RNA polymerase

(T7RNAP) gene allowing its expression under regulation of araBAD promoter [54].

2.2 Media and growth conditions

All bacterial cultures were grown in LB media (Luria-Bertani; 10 g/L tryptone, 5 g/L yeast extract and

10 g/L NaCl) at 37°C and continuous shaking at 180 rpm or in LBA plates (LB media supplemented with

15 g/L of agar), unless otherwise stated. When required, antibiotics and inducers were supplied to the final

concentrations listed in Table 1 (see Table 3 for plasmids and corresponding selection markers).

Table 1: Antibiotics and inducers used in this study and corresponding final concentrations used.

Compound Final concentration

Antibiotics
Ampicillin 100 µg/mL

Chloramphenicol 25 µg/mL
Spectinomycin 50 µg/m

Inducers
L-arabinose 0,2% (w/v)

IPTG 1 mM
X-Gal 40 µg/mL

2.3 gBlocks

Some DNA fragments used in this study were chemically synthesized and ordered as gBlocks Gene

Fragments from IDT - Integrated DNA Technologies. All the gBlocks used in this study are described in Table

2. The sequence of each fragment can be found in Appendix A.

21



Table 2: gBlock gene fragments used in this study.

gBlock Description

LU11 Cas4 homolog gene encoded in LU11 Pseudomonas phage genome
KPP25 Cas4 homolog gene encoded in KPP25 Pseudomonas phage genome
CP30A Cas4 homolog gene encoded in CP30A Campylobacter phage genome
C12LR Pseudomonas type I-C Cas1-Cas2-Leader-Repeat

C4 Pseudomonas type I-C Cas4
C12IE Pseudomonas type I-E Cas1-Cas2
LRIE Pseudomonas type I-E Leader-Repeat

2.4 Plasmids

The plasmids used in this study and corresponding selection markers are described in Table 3.

Table 3: Plasmids used in this study.

Plasmid Description Resistance Reference

p2AT pET LIC cloning (2A-T) Amp Addgene # 29665
p13SS pET His6 Sumo TEV cloning (13S-S) Spec Addgene # 48329
pACYC pACYCDuet-1 Cm Novagen # 71147
pCas12 pACYC with E. coli K-12 type I-E Cas1-Cas2 Cm Not published
pTU223 p2AT with KPP25 vCas4 Amp This study
pTU224 p2AT with LU11 vCas4 Amp This study
pTU225 p2AT with CP30A vCas4 Amp This study
pTU226 p13SS with KPP25 vCas4 (including His6 SUMO Tag) Spec This study
pTU227 p13SS with LU11 vCas4 (including His6 SUMO Tag) Spec This study
pTU228 p13SS with CP30A vCas4 (including His6 SUMO Tag) Spec This study
pTU229 p13SS with P. aeruginosa VA-134 type I-C Cas1-Cas2-Leader-

Repeat (including His6 SUMO Tag)
Spec This study

pTU230 pACYC with P. aeruginosa VA-134 type I-C Cas1-Cas2-Leader-
Repeat

Cm This study

pTU231 p13SS with P. aeruginosas VA-134 type I-C Cas4 (including His6
SUMO Tag)

Spec This study

pTU232 p13SS with P. aeruginosa VA-134 type I-C Cas4 (deletion of His6
SUMO Tag)

Spec This study

pTU233 p13SS with P. aeruginosa AZPAE14509 type I-E Cas1-Cas2 (in-
cluding His6 SUMO Tag)

Spec This study

pTU234 pACYC with P. aeruginosa AZPAE14509 type I-E Cas1-Cas2 Cm This study
pTU235 p13SS with P. aeruginosa AZPAE14509 type I-E Leader-Repeat (in-

cluding His6 SUMO Tag)
Spec This study

Plasmids pTU223, pTU224 and pTU225 were obtained by Restriction Enzyme digestion and consequent

ligation of both the p2AT plasmid and the gBlocks fragments. After construct confirmation, these fragments

were amplified from each one of the plasmids and inserted in p13SS by Ligation-Independent Cloning, lead-

ing to the construction of pTU226-228. To construct the plasmids pTU229, pTU231 and pTU234, the GBlocks

used were amplified and further inserted in p13SS by Ligation-Independent cloning. The Cas1-Cas2-Leader-

Repeat fragment was amplified from pTU229 and inserted in pACYC by Restriction Enzyme Cloning (con-

structing pTU230). In both pTU229 and pTU230, an additional PCR-mediated deletion was preformed to

remove an unwanted fragment downstream to cas1 gene. pTU231 was obtained by LIC Cloning and by a

PCR-mediated deletion, was further obtained the pTU232.
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2.5 Polymerase Chain Reactions

To obtain the plasmids listed in Table 3 two different Polymerase Chain Reaction (PCR) were performed,

either using Q5 DNA Polymerase (New England Biolabs) or OneTaq DNA Polymerase (OneTaq Hot Start

Quick-Load 2X Master Mix with Standard Buffer from New England Biolabs). The components used in the

mixture and their final volumes are indicated in Tables 4 and 5 for Q5 and OneTaq reactions, respectively. The

PCR program applied was also dependent on the polymerase (see Table 6). The Annealing temperature (Ta)

is dependent on the primers in use and corresponds to the rounded down average of the Melting temperature

(Tm) of each individual primer. All the primers used in this study were purchased from IDT and can be found

in Appendix B.

Q5 DNA Polymerase was used predominantly for amplifications of DNA in which a high nucleotide accu-

racy was required. OneTaq DNA Polymerase was commonly used to check the size of a DNA fragment in

which the accuracy of the sequence was less relevant.

Table 4: Q5 DNA Polymerase mixture components and respective volumes (final volume of 50 µL) .

Component Volume

Q5 Reaction Buffer (5x) 10,00 µL
dNTPS (10mM) 2,00 µL

Fw primer (10µM) 2,00 µL
Rv primer (10µM) 2,00 µL

Q5 DNA polymerase 0,50 µL
Template DNA (Genomic: 1 ng-1 µg; Plasmid:1 pg-1ng) ∼ 1,00 µL

Milli-Q Water to 50,0 µL

Table 5: One Taq DNA Polymerase mixture components and respective volumes (final volume of 20 µL) .

Component Volume

OneTaq Master Mix with Standard Buffer (2x) 10,00 µL
Fw primer (10µM) 1,00 µL
Rv primer (10µM) 1,00 µL

Template DNA (Genomic: 1 ng-1 µg; Plasmid:1 pg-1ng) ∼ 1,00 µL
Milli-Q Water to 10,00 µL

2.6 Restriction Enzyme Cloning

Some of the plasmids used in this study were obtained by Restriction Enzyme Cloning in which the DNA

fragments are digested using appropriate restriction enzymes and subsequently ligated.

For digestion, 3 µL of CutSmart buffer 10x (New Englands Biolabs Inc.), 1 µL of each enzyme, 1 µg of

product to digest and the volume of Milli-Q water necessary to obtain the final volume of 30µL were incubated

at 4 °C overnight. After that, restriction enzymes were inactivated by heat or by DNA purification (see DNA

Purification). The restriction enzymes used in this study were EcoRI-HF, BamHI-HF, HindIII-HF, PstI-HF and

KpnI-HF, all purchased from New England Biolabs, Inc..

Ligations of the digested fragments were performed in 20 µL. The amount of each fragment needed to

obtain the final molar ration of 1:3 (vector:insert) was mixed with 2 µL of T4 Ligase buffer 10x, 1 µL of T4
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Table 6: Q5 and OneTaq DNA polymerase PCR programs.

Step 1 (1 cycle)

Temperature (°C) Time
Q5 PCR One Taq PCR Q5 PCR One Taq PCR

Initial denaturation 95 95 2 min 10 min

Step 2 (20-30 cycles)

Temperature (°C) Time
Q5 PCR One Taq PCR Q5 PCR One Taq PCR

Denaturation 95 95 30 sec 30 sec
Annealing Ta Ta 30 sec 30 sec
Elongation 72 68 30 sec/kb 1 min/kb

Step 3 (1 cycle)

Temperature (°C) Time
Q5 PCR One Taq PCR Q5 PCR One Taq PCR

Final elongation 72 68 2min 2 min

ligase and Milli-Q water until final volume and this mixture was incubated at 4 °C overnight. This product was

further transformed in E. coli DH5α cells (see Transformation via Heat Shock) and the final construct was

confirmed by sequencing (see Sequencing).

2.7 Ligation-independent Cloning (LIC)

All the plasmids in which the His6 SUMO Tag was inserted were obtained by Ligation-Independent

Cloning (LIC). In this cloning process, the fragments to insert were amplified by Q5 DNA polymerase PCR

(see Polymerase Chain Reactions) and the vector (p13SS) was linearized using SspI restriction enzyme

(500 ng of p13SS were incubated at 4 °C overnight with 1µL of restriction enzyme and Milli-Q in 10 µL of

final volume). After purification of both PCR amplicon and linearized vector, LIC reactions were prepared

as described in Table 7 and incubated at 22 °C for 30 minutes then 75 °C for 20 minutes. Finally, 3 µL of

both LICed PCR and LICed vector were combined and incubated at room temperature during 10 minutes.

This product was further transformed in E. coli DH5α cells (see Transformation via Heat Shock) and the final

construct was confirmed by sequencing (see Sequencing).

Table 7: LIC reaction components and respective volumes (final volume of 20 µL) .

Component Volume

Vector/Insert ∼ 150 ng / ∼ 70-100 ng
dCTP or dGTP (25 mM stock) 2,00 µL

T4 DNA polymerase buffer (10x) 2,00 µL
DTT (100mM) 1,00 µL

T4 DNA polymerase 0,40 µL
Milli-Q Water to 20,0 µL
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2.8 PCR-mediated deletion

The PCR-mediated deletion process was implemented to remove DNA fragments from already con-

structed plasmids. This method was used to delete a mutation in plasmid pTU225 (three aditional thymine nu-

cleotides present in CP30A vcas4 gene), to remove an additional 80bp sequence from the gBlocks insertion

in plasmids pTU229 and pTU230 (5’- ATGCGGCGACAGCTCAATACCCTATATGTCACCACCGAGGGCGC-

CTGGCTGAAGAAGGACGGAGCTAATGTCGTCATGGG - 3’) and also to remove the fragment codifying for

the His6 SUMO Tag in plasmid pTU232.

To complete the deletions, first, a Q5 DNA polymerase PCR using primers flanking the region to delete

was performed (see Polymerase Chain Reaction). After DNA purification, 1 µL of dpnI (a methylation-

sensitive restriction enzyme - New England Biolabs, Inc.) was added to the PCR product and this mixture

was incubated at 4 °C overnight. This enzyme was inactivated by DNA purification and the 5’ phosphory-

lation reaction was prepared as described in Table 8 by addition of T4 Polynucleotide Kinase (PNK - New

England Biolabs, Inc.) in 20 µL final volume. After 45 minutes of incubation at 37 °C, 1 µL of T4 DNA ligase

was added and the final mixture was incubated at 4 °C overnight. This product was further transformed in E.

coli DH5α cells (see Transformation via Heat Shock) and the final construct was confirmed by sequencing

(see Sequencing).

Table 8: LIC reaction components and respective volumes (final volume of 20 µL) .

Component Volume

5’ phosphorylated DNA product 200 ng
ATP (10mM) 2,00 µL

T4 ligase buffer (10x) 2,00 µL
T4 Polynucleotide Kinase 1,00 µL

Milli-Q Water to 20,0 µL

2.9 pGEM-T Vector System

The pGEM-T Vector System (Promega) was used to clone PCR products for White-Blue Screening. The

ligation reactions were performed according to manufacturer indications [48] and the final product was further

transformed in E. coli DH5α cells (see Transformation via Heat Shock).

2.10 Agarose Gel Electrophoresis

Visualization of DNA fragments was done using agarose gel electrophoresis. Gels were prepared mixing

Agarose powder, LE, Analytical Grade (Promega Corporation) with 1x TAE Buffer (Promega Corporation) to

final concentrations of 1-2 % agarose.

Gels were stained either using SYBR Safe (applied during gel preparation in a final concentration of 1x)

or SYBR Gold (after electrophoresis, gels were incubated with agitation for 10-15min in 100 mL of TAE buffer

(1x) and SYBR Gold in final concentration of 1%). SYBR Gold was used when high sensitivity to detect the

nucleic acids was necessary. Both DNA gel stains were purchased from Invitrogen, Thermo Fisher Scientific.

All agarose gels were imaged using Bio-Rad’s ChemiDoc XRS+ System.
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Except for PCR amplicons obtained using OneTaq mastermix, DNA Gel loading dye (Thermo Fisher

Scientific) was added to the DNA samples to final concentration of 6x to allow visualization of DNA migration

during electrophoresis. Eurogentec SmartLadder (200bp-10kb) and SmartLadderSF (100bp-1kb) were used

as markers depending on the size of the expected fragments.

2.11 DNA Purification

Plasmid extraction from bacterial cultures was done using GeneJET Plasmid Miniprep Kit (Thermo Fisher

Scientific). Purification of PCR products and DNA cleaning (as for restriction enzyme inactivation) was per-

formed using GeneJET PCR Purification Kit (Thermo Fisher Scientific). Both kits were used as per manu-

facturer instructions.

2.12 Sequencing

DNA sequencing was done by Sanger method and outsourced to Macrogen Inc. Amsterdam. Fragments

to sequence were sent along with the adequate primer in samples with final volume of 10 µL. The primer

is the starting point of the sequencing being that the 100bp upstream to its binding site are not reliably

sequenced.

All the samples were prepared combining 2 µL of primer(10mM) with the amount of template necessary

to have around 250ng of PCR product in the final mixture.

2.13 Transformation

Transformation via Electroporation

Transformation of plasmids in E. coli BL21-AI was done via electroporation. Electrocompetent cells were

prepared following a protocol adapted from Gonzales et al. (2013).

For transformation, a 100 µL aliquote of electrocompetent cells was incubated on ice with 100-200 ng

of purified plasmid for few minutes. This mixture was then transfered to a chilled 2 mm electroporation

cuvette (BioRad) and a pulse of 2500 V, 200 Ω and 25 µF was applied using an electroporator (BTX, Harvard

apparatus). After electroporation, cells were immediately ressuspended in 1 mL of fresh LB medium and

incubated at 37 °C. After 1 hour of recuperation, 50 µL of cell culture were platted in LBA media supplemented

with the antibiotic for which the plasmid to transform is resistant, allowing the selection of cells correctly

transformed.

Transformation via Heat Shock

Transformation of plasmids in E. coli DH5α was done via heat shock.To prepare E. coli DH5α chemi-

cal competent cells, an independent colony from a culture growing overnight in LBA was inoculated in 50

mL of SOB media at 37 °C with agitation (180 rpm) to an OD600 of 0.3-0.6. From this culture, chemical

competent cells were prepared using the Mix & Go E. coli Transformation Kit (Zymo Research) according to

manufacturer instructions.

26



For transformation, the E. coli DH5α chemical competent cells were incubated on ice with 100-200 ng of

purified plasmid for 30 minutes and thereafter heated to 42 °C for 2 minutes. Cells were then incubated on

ice for 2 minutes and immediately ressuspended in 1 mL of fresh LB medium and incubated at 37 °C. After

1 hour of recuperation, 100 µL of cell culture and all the remaining pellet after centrifugation were plated in

LBA media supplemented with the adequate antibiotic for selection of transformants.

2.14 In vivo spacer acquisition assays

To detect acquisition in both types I-E and I-C CRISPR systems of P. aeruginosa were transformed the

Cas1-Cas2 complex and the vCas4 in E. coli BL21-AI. Besides that were also transformed the CRISPR

array of the types I-E and I-C CRISPR systems of P. aeruginosa (a fragment containing the leader and

repeat genes). In the case of CRISPR-Cas type I-C of P. aeruginosa and since this system already has

Cas4 in its constitution, the acquisition was studied in the presence or absence of this native Cas4 (Figure

5).

From the transformed cells plated in LBA, single colonies were grown for 2 hours until OD600 of 0.1-0.3.

After reaching this optical density, cells were induced by supplementation of L-arabinose and IPTG (see Table

1) and grown at 37 °C and continuous shaking at 180 rpm overnight. In the case of the assays performed in

type I-C, the cultures were additionally passed and induced again after 24 and 48 hours.

Spacer acquisition was monitored by PCR. To perform the reaction, 200 µL of each culture were, first,

centrifugated and ressuspended in 50 µL of Milli-Q water, for salt removal. Then, 2 µL of cell suspension

were used as template of the PCR reaction that was prepared accordingly to the type of CRISPR system

in analysis. In the case of both P. aeruginosa CRISPR systems, the primers used were a forward primer

annealing in the 3’ end of the CRISPR repeat but mismatching the first nucleotide of spacer 1 (degenerate

primer mix) and a reverse primer annealing in the vector backbone.

To allow the quantification of the results, the intensities of the non expanded and expanded bands were

measured using the Image Lab™ Software report tool. With the values obtained was further quantified the

normalized percentage of expanded band by dividing the obtained intensity by the sum of the intensities of

both bands. This analysis was further complemented with an analysis of variance (ANOVA) to assess if the

differences verified in the percentage of expanded band in the presence of vCas were significant or not when

compared with the case vCas4 was not supplemented to the system (these results can be found in Appendix

D).

The assays to detect acquisition were followed by the separation of the PCR products corresponding

to the expanded CRISPR array from the parental ones. To perform this separation, the BluePippin (Sage

Science) automated agarose-electrophoresis system was used (3 % agarose gel cassetes with Q3 Marker)

as per manufacturer instructions. This system of separating DNA by size allows the selection of only ex-

panded amplicons by selecting a range of separation that includes the size of the expanded CRISPR array,

excluding the size of the parental one. The selected ranges were 190-210, 250-350 and 200-250 for type I-E

and I-C CRISPR system of Pseudomonas. In the case of both P. aeruginosa CRISPR systems, the PCRs

performed after automated gel extraction was performed using the same forward degenerate primer mix but

with a different reverse primer that, in this case, matches spacer 1.
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Figure 5: In vivo spacer acquisition assays. (a) Assay performed in CRISPR-Cas type I-E of P. aeruginosa. The
plasmid with cas1 and cas2 genes and the plasmid with the leader (L) and repeat (R) genes along (His6-SUMO
Tag in purple) were both co-transformed with the plasmids codifying the vcas4 genes (KPP25, LU11 and CP30A)
or, as a positive control, the empty plasmid (2AT) in E. coli BL21-AI cells. These cells were later induced by the
supplementation of L-arabinose and IPTG to the medium until final concentrations of 0,2% and 1mM, respectively.
After growth, a PCR was performed in order to evaluate the in vivo acquisition. (b) Assay performed in CRISPR-Cas
type I-C of P. aeruginosa. The plasmid with the cas1, cas2, leader (L) and repeat (R) genes and either the plasmid
carrying the Cas4 from type I-C of Pseudomonas or the empty plasmid (p13SS) were co-transformed with each one of
the plasmids carrying the vcas4 genes (KPP25, LU11 and CP30A) or, as a positive control, the empty plasmid (2AT) in
E. coli BL21-AI cells. These cells were later induced by the supplementation of L-arabinose and IPTG to the medium
until final concentrations of 0,2% and 1mM, respectively. After growth, a PCR was performed in order to evaluate the
in vivo acquisition.

The PCR reactions (before and after BluePippin) were preformed in final volume of 50 µL using 2x OneTaq

DNA polymerase (see Polymerase Chain Reactions). The PCR programs used were similar to the OneTaq

DNA polymerase PCR described in Table 6, differing in the annealing temperature and number of cycles.
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The in vivo acquisition PCRs were done with annealing temperatures between 58 and 60ºC and 30 to 35

cycles and, after BluePippin, Ta was 62ºC and the PCR was performed with 25 cycles. The visualization of

amplicons was done in 2 % agarose gels, loading 10 µL of each sample.

Expanded CRISPR array sequencing and protospacer analysis

The expanded CRISPR array collected from BluePippin was inserted in the pGEM-T vector (as explained

in pGEM-T Vector System) and transformed in E. coli DH5α cells for Blue-White Screening. Thereby, the

white colonies (in which the new acquired spacers were inserted) were grown in a 96-well plates containing

LBA and adequate antibiotics. The sequencing of the plated colonies was done by Sanger method and

outsourced to GATC (Eurofins Genomics).

The sequencing results were further analysed and the protospacers acquired in the expanded CRISPR

array were identified. This protospacer were analyzed by a Basic Local Alignment Search Tool (BLAST)

search against the E. coli BL21-AI genome or the inserted plasmids sequence, according to the CRISPR

system in analysis. Finally, the upstream sequence of each protospacer was analyzed with Weblogo to

determine the PAM consensus sequence.

2.15 Protein Purification

During this study, different proteins were overexpressed and purified with two different final objectives:

to further perform in vitro protein activity assays or to infer about co-purification and, consequently, protein-

protein interactions. That way, different protein purification workflows were followed (Figure 22).

With the objective of determining protein activity, the protein in study were subjected to an additional

protein purification by Size-Exclusion Chromatography (SEC) using the ÄKTA pure system.

On the other hand, with the objective of purifying a protein to conclude about its interaction with other

specific proteins (to evaluate co-purification), the Ni-NTA affinity chromatography was followed by Mass Spec-

trometry analysis.

2.15.1 Protein expression and purification by Ni-NTA Affinity Chromatography

To overxpress the protein of interest, plasmids in which this protein was codified along with the polyhis-

tidine sequence were transformed in BL21-AI cells. From a liquid culture of this cells growing overnight at

37ºC 180 rpm, 2L of LB media were inoculated and grown at 37ºC, 180 rpm to OD600 of 0.3-0.6. When

reaching this optical density, the culture was kept on ice during 10 minutes, induced by supplementation of

L-arabinose and IPTG and grown at 20 °C and continuous shaking at 180 rpm overnight. Cells were then

harvested by centrifugation at 6000 rpm and 4 °C for 10 minutes, ressuspended in 50 mL of chilled Lysis

Buffer and cOmplete EDTA-free Protease Inhibitor Cocktail (Sigma-Aldrich) and, later, lysed by French Press

(1000 bar). The lysate was cleared by centrifugation for 30 min at 16000 rpm and 4ºC and filtered through

a 0,45mm syringe filter. 500 µL of HIS-Select® Nickel Affinity Gel (Sigma Aldrich) were washed with chilled

Lysis Buffer and incubated with the clarified lysate at 4 °C for 30 minutes. The icubated lysate and resin were

then load in a gravity disposable column and the first fraction was collected (’Before Wash’ sample). The

column was washed two times with Wash Buffer (’Wash’ samples) and bound proteins were eluted in Elution
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Buffer (5 elutions of 500µL each were collected). The composition of all the buffers used can be found in

Table 9 (the final pH of all buffers was adjusted to 7,5).

After protein purification, the protein concentration and A280 of each elution was measured using Nan-

oDrop (Thermo Fisher Scientific). The visualization of the purified proteins was done by SDS-page eletrophore-

sis (see Polyacrilamide Gel Eletrophoresis) and samples were stored at -80ºC.

Table 9: Components of all the buffers used for protein purification and respective concentration.

Lysis Buffer Wash Buffer Elution Buffer

HEPES 50 mM 50 mM 50 mM
KCl 300 mM 300 mM 300 mM

Glycerol 5% 5% 5%
Imidazol 5mM 20mM 300mM

DTT 1mM 1mM 1mM
Triton X-100 0,1% - -

2.15.2 Size-Exclusion Chromatography (ÄKTA Pure system)

To perform the size-exclusion chromatography, the elutions collected from the previous chromatography

procedure were pooled together and concentrated to a final volume of approximately 600 µL using a cen-

trifugal filter unit (EMD Millipore Amicon Ultra from Thermo Fisher Scientific). After centrifugation at 4°C

during 10 minutes, 4800 rpm, the supernatant was applied to a Superdex 200 10/300 GL column connected

to an ÄKTA purifier system (both purchased from GE Healthcare) previously washed with fitered Milli-Q and

Elution Buffer (see Table 9). The sample was eluted with Elution Buffer at a flow rate of 0.3 mL/min at 4 °C

and detected at 260 and 400 nm. Fractions of 1 mL were collected.

Fractions of interest were collected and its protein concentration and A280 was measured using Nan-

oDrop (Thermo Fisher Scientific). The visualization of the purified proteins was done by SDS-page eletrophore-

sis (see Polyacrilamide Gel Eletrophoresis) and samples were stored at -80ºC.

2.15.3 Polyacrilamide Gel Eletrophoresis

Visualization of the purified proteins was done using sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE). The gels used were purchased from Bio-Rad (4–20% Mini-PROTEAN TGX PRe-

cast Protein Gels). To prepare the samples, 20µL of each elution were mixed with 6X SDS Protein Loading

Buffer (Laemmli buffer; 375 mM Tris.HCl, 9% SDS, 50% Glycerol and 0.03% Bromophenol blue) and incu-

bated at 95ºC during 10 minutes, to allow protein denaturation. Samples were harvested by centrifugation at

5 rpm during 4 minutes and 20 µL of supernatant were loaded in the SDS-PAGE gel. The gel was covered in

1x TGS Buffer (25mM Tris, 192mM glycine, and 0.1% SDS) and PageRule Prestained Protein Ladder from

Thermo Fisher Scientific (10-180 kDa) was used as marker.

After eletrophoresis, the gel was incubated with InstantBlue Comassie Protein Stain (from Expedeon)

during 15 minutes and imaged using Bio-Rad’s ChemiDoc XRS+ System.
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Figure 6: Protein purification workflows. (a) Each one of the plasmids carrying the vCas4 genes (KP225, LU11
and CP30A) including the His6-SUMO Tag (in purple) were transformed in E. coli BL21-AI that were further incubated
in 2L of initial culture and then induced with L-arabinose and IPTG. After growth, cells were lysed and vCas4 proteins
were purified by Ni-NTA Affinity Chromatography followed by Size-Exclusion Chromatography (using the ÄKTA Pure
systems) (b) Co-purification assay in CRISPR-Cas type I-C of P. aeruginosa. The plasmid with the cas1, cas2, leader
(L) and repeat (R) genes was transformed with the each one of the plasmids carrying the vCas4 genes (KP225, LU11
and CP30A) including the His6-SUMO Tag (in purple) were transformed in E. coli BL21-AI and then induced with
L-arabinose and IPTG. After growth, cells were lysed and vCas4 proteins were purified by Ni-NTA Affinity Chromatog-
raphy. (c) Co-purification assay in CRISPR-Cas type I-E of P. aeruginosa. The plasmid with the cas1 and cas2 genes
was transformed with the each one of the plasmids carrying the vCas4 genes (KP225, LU11 and CP30A) including the
His6-SUMO Tag (in purple) were transformed in E. coli BL21-AI and then induced with L-arabinose and IPTG. After
growth, cells were lysed and vCas4 proteins were purified by Ni-NTA Affinity Chromatography and further subjected to
an additional Mass Spectrometry analysis.

2.16 Mass Spectrometry

Samples subjected to Mass Spectrometry were prepared and outsourced to Bokinsky Lab (Bionanoscience

Department, TUDelft).

For sample preparation, 50 µg of protein in solution were mixed with 50mM NH4HCO3 to a final volume
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of 93,5 µL and 1 µL of 0,5 M DTT and incubated for 1 hour at room temperature. Then, after adding 2,7

µL of iodoacetamide (0,55M), the mixture was incubated in dark for 15 minutes room temperature. 1 µL of

ProteaseMAX surfactant (1%) and 1,8 µL of trypsin (1 µg/µL) were added and the mixture was incubated

at 37°C overnight. Samples were then centrifugated at 14000 x g for 10 seconds and 5µL of trifluoracetic

acid were supplemented. Ttrypsin was inactivated by the incubation of this mixture for 5 minutes at room

temperature. Samples were finally harvested by centrifugation at 14000 x g for 10 minutes and stored at -20

°C until LM-MS analysis.

2.17 In vitro Nuclease Activity Assays

After purification of vCas4 by Ni-NTA affinity chromatography followed by size exclusion chromatography,

assays to determine the in vitro nuclease activity of these proteins were performed. The activity of vCas4 was

tested in circular and linear double-stranded DNA (dsDNA) and single-stranded DNA (ssDNA) using circular

and linearized pACYC plasmid and M13 DNA (M13mp18 ssDNA purchased from New Englad Biolabs),

respectively.

The in vitro nuclease activity assays were performed only for KPP25 and CP30A vCas4 proteins. 500

nmol of the purified protein were mixed with 100 ng of DNA substrate in 10x reaction buffer (20 mM MES

pH 6.0, 10 mM DTT, 100 mM potassium glutamate„ supplemented with 10 mM MgCl2 or 10 mM MnCl2

as indicated) and Milli-Q water until final volume of 10 µL. In the case of KPP25 vCas4, this mixture was

incubated at 37ºC during 2 hours. With samples on ice, the reaction was quenched by the addition of

Proteinase K (New England Biolabs) to a final concentration of 10 mM and incubation at 37 °C for 45 minutes.

To evaluate the activity, samples were mixed with 6X Loading dye, visualized in a 1% agarose gel and stained

with SYBR Gold (see Agarose Gel Eletrophoresis).

In the case of CP30A vCas4, the mixture of purified protein, DNA substrate and buffer was incubated for

0, 5, 10, 30 or 60 minutes. To stop the reaction, along with the Proteinase K, EDTA was also supplemented

to a final concentration of 10 mM and the mixture was incubated for 45 minutes at 37 °C. Visualization of the

DNA fragments was processed as described above.

2.18 Exonuclease Activity Assays

Supplementar exonuclease activity assays were performed using purified CP30A vCas4 protein. In this

study, 50 nM of protein were mixed with 5 nM of DNA substrates (chemically synthesised oligonucleotided

incorporating a fluorescent label at the 3’ or 5’ ending purchased from Integrated DNA Technologies).The

10x reaction buffers (with 10 mM MgCl2 or 10 mM MnCl2 as indicated) were supplemented and reactions

were performed as described above for the case of CP30A vCas4 activity (see In vitro Nuclease Activity

Assay). To stop the reaction, formadide loading mix was added to the mixture (1:1) and heated to 95°C

during 10 minutes. Samples were further separated on a PAGE-denaturing gel (20% polyacrylamide, 7M

urea, 1× TBE).
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2.19 Bioinformatic Analysis

All the bioinformatic analysis performed during this study were done using Geneious 9.1.8. and, de-

pending on the analysis, supplementary plugins were used. For multiple sequence alignment was used the

MAFFT plugin [13] and to find CRISPR locus the CRT plugin (CRISPR Recognition Tool) [?].

The phylogenomic tree of vCas4 was obtained using the RAxML plugin after MAFFT alignment of all

the aminoacid sequences of the vCas4 proteins that were previously found by BLAST analysis (using NCBI).

The RAxML (Randomized Axelerated Maximum Likelihood) is an implementation of maximum-likelihood (ML)

phylogeny estimation that operates on protein sequence alignments [?].
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Chapter 3

Results

Three different approaches were carried in the study of vCas4 proteins: bioinformatic analysis, in vivo

acquisition assays and biochemistry studies. The bioinformatic analysis allowed the study of the vCas4

phylogenomics and establishment of three different vCas4 proteins to perform further experimental assays.

With the in vivo acquisition assays was possible to study the vCas4 influence in the acquisition of new spacers

by the CRISPR system. Were determined the rates of novel spacers acquired in the presence or absence

of vCas4 and also the origin, length and consensus PAM of this newly acquired spacers. Additionally, were

performed co-purification assays that allowed the study of protein-protein interactions between vCas4 and

the Cas1-Cas2 complex. With the final biochemistry analysis was possible to determine the activity of vCas4

proteins. The results obtained are presented below.

3.1 Bioinformatic Analysis

The first objective of this study was to compile the highest amount possible of genes encoding vCas4

and constitute a database of these proteins. To compile them, the sequences encoding Cas4 proteins

found in phage genomes that were already known from the phylogenomic study of the Cas4 nuclease family,

performed by Hudaiberdiev et al., 2017, were analyzed by the NCBI BLAST tool to identify possible similar

genes located in the genomes of different phages. From this analysis were retrieved 134 sequences in total.

These genes were then translated into protein sequences and aligned with all the non-redundant protein

sequences in the NCBI database using the PSI-BLAST tool. With this analysis was possible to verify if the

compiled proteins belonged to the Cas4I-AI-BI-CI-DII-B superfamily by the evaluation of domains conserved

by the hypothetical vCas4 proteins and the ones known to be part of this superfamily. From this analysis

were retrieved 112 proteins which domains were conserved. This way was possible to obtain a database of

vCas4 proteins with a total amount of 112 homologs.

These vCas4 homologs were found to be encoded in different types of phages such as Mycobacterium,

Vibrio, Salmonella, Xanthomonas, Campylobacter, Pseudomonas, Bacillus, Gordonia, Brevibacillus, Es-

cherichia, Ralstonia, Erwinia, Roseobacter, Acinetobacter, Pseudoalteromonas, uncultured Mediterran, Cro-

ceibacter, Achromobacter and Shewanella phages and also in some virus such as the Acidianus filamentous,

Halovirus, Sulfolobus and the EBPR siphovirus showing evidence that it is possible to find vCas4 proteins

encoded in a high diversity of viral organisms. Additionally, it was also possible to verify that a big amount

of them were encoded in Mycobacterium phage genomes (40 out of 112 proteins). These Mycobacterium
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bacteriophages were under the scope of a wide phage study [47] that resulted in the sequencing of several

of this phages. This way, since a lot of similar phage genomes were available, several vCas4 proteins were

found in their genomes.

With the obtained database were further performed phylogenomic studies in order to evaluate the pos-

sible similarities between these proteins. To perform these assays, the 112 vCas4 proteins were aligned by

MAFFT alignment [13] being also included the Cas4 proteins known to be associated with type I CRISPR-

Cas systems (from types I-A, I-C, I-D and the Cas4 domain of the type I-U fusion) and an additional protein

encoded in Thermoproteus tenax virus (TTV1). In this virus, the Cas4 gene is split in two, with the N-terminal

portion becoming a structural coat protein (TP1) [25]. This resulted in the inactivation of the nuclease activity

of the Cas4 protein by the lost of some of the catalytic amino acid residues [25]. This way, since it is known

that this protein has lost some residues when compared to the remaining Cas4 proteins, it was expected to

detect which residues were conserved by analysis of the protein alignment. This protein was then included in

the alignment because it might allow the identification of proteins with probability of showing similar structural

function by the identification of proteins missing the same identified residues.

From the alignment it is possible to see that 4 cysteine residues (3 in the C-terminal and 1 in the N-

terminal) are very well conserved in all the vCas4 proteins in study, including the TTV1 protein and the Cas4

proteins encoded in the CRISPR loci (Figure 7). This four cysteines are known to be highly conserved in

Cas4 proteins which are presumably responsible for the coordination of the iron-sulfur cluster [72]. The fact

they are conserved in almost all the proteins presented in the alignment shows high evidence that these

proteins might have similar function. By the evaluation of this residue, it is not possible to isolate the TTV1

protein from the remaining Cas4 proteins since the four cysteines are also conserved in its sequence.

However, structural studies of Cas4 have shown that not only the 4 cysteines are conserved but also some

other residues [33]. These residues constitute the RecB motif and they are known to be highly conserved

in the Cas4 nucleases family [72]. In this residues is included a lysine known to be responsible for the DNA

nuclease activity of the Cas4 proteins [30] and an additional aspartic acid residue [72] also relevant in the

nuclease activity demonstrated by Cas4. It is possible to see that, as the four cysteine residues, the aspartic

acid residue (D) is very well conserved in all the proteins included in the alignment (Figure 7). In the case

of the lysine residue it is possible to see that, in fact, it is very well conserved in the majority of the Cas4

proteins presented. However, curiously, it is possible to see an exception: the TTV1 Cas4 protein. Instead of

a lysine residue this protein as an arginine in that position. The fact that one residue involved in the nuclease

activity changed might be the reason why this protein evolved to be part of the nucleocapsid structure of

phages. Since this is the only important residue that is not conserved in the TTV1 protein when compared to

the remaining Cas4 homolog proteins, we can conclude that, besides that fact this protein corresponds to a

division of a Cas4 protein, the fact this residue was lost might also have relevance in the fact that this protein

shows a different function when compared to the already known CRISPR associated Cas4 proteins.

Even if the cysteine residues are very well conserved in the majority of the vCas4 proteins, there are some

cases in which only the lysine and aspartic acid residues are conserved such as the case of Escherichia

phage PBECO4 or the S. monocaudivirus SMV4. It could also be interesting to understand what the vCas4

proteins maintain their activity in the case the cysteine residues are missing but the RecB motif is unaltered.
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Figure 7: Protein alignment of vCas4. In this analysis were included of the 112 vCas4 proteins belonging to the
established database, the five Cas4 proteins known to be associated with the types I-A, I-C, I-D and the Cas4 domain
of the type I-U fusion and a protein encoded in Thermoproteus tenax virus (TTV1). Obtained by MAFFT alignment.
Highlighted are the four conserved cysteines (green), the conserved aspartic acid (blue) and the conserved lysine (red).
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This analysis allow us to conclude that the vCas4 proteins have high similarity to Cas4 proteins associated

with type I CRISPR-Cas systems and also that with the analysis of the domains conserved in the aligned

proteins it is possible to spot proteins that, as the one encoded in TTV1, show differences in their function.

With the obtained results, was further studied the possibility of having the same data in a different con-

formation, maintaining the possibility of detecting proteins as TTV1. This way, with the given alignment was

obtained a sequence similarity dendogram. With this analysis was studied the possibility of using phyloge-

nomic trees as a complementary tool to distinguish between vCas4 proteins with DNA-related activity and

proteins that, even if derivated from Cas4, show different function or, additionally, which vCas4 are more

related to the Cas4 proteins known to be associated with the CRISPR-Cas systems. When compared to the

protein alignment, the phylogenomic trees have the advantage of being easier to analyze and allowing the

detection of evolutionary patterns and evolutionary relations between the proteins in analysis.

In the phylogenomic tree was obtained, as expected, a big central cluster of vCas4 proteins encoded in

Mycobacterium phages (Figure 8). Since these proteins were all isolated from phages infecting the same

organism [47], as expected, the vCas4 proteins encoded in their genomes have high similarity and, conse-

quently, clustered together in the phylogenomic tree.

However, contrarily to supposed, the TTV1 protein clustered together with other vCas4 proteins and

not independently. Contrarily to expected, in this case, if the vCas4 proteins were analyzed only by the

phylogenomic tree obtained, this protein with lost functionality wouldn’t be identified. It is important that the

phylogenomic analysis allows the recognition of genes, that even if very similar to the other Cas4 proteins,

have evolved to have a different function.

Moreover, the Cas4 proteins known to be associated with type I CRISPR-Cas systems (from types I-A,

I-C, I-D and the Cas4 domain of the type I-U fusion) that were included in this study are not clustered together

but placed in different regions of the phylogenomic tree contrarily to what was previously described in the

phylogenomic study performed by Hudaiberdiev et al., 2017. In that study, it was found that the majority of the

viral Cas4 proteins would cluster together in independent groups of proteins even if it was also found vCas4

proteins included in clusters of CRISPR-related Cas4 proteins. However, this correlation is not possible to

find in the phylogenomic tree presented. Even if it was possible to detect the similarities and differences

between the Cas4 proteins from type I CRISPR-Cas systems and the other vCas4 proteins in the alignment,

these properties are lost in the analysis of the phylogenomic tree. It might by related to the fact that the

phylogenomic tree obtained in our study includes an amount of proteins sequenced considerably lower (117

proteins in total) to the amount of proteins included in the study performed by Koonin et al. in wich 7060

proteins were evaluated. Nevertheless, it allows us to conclude, once again, that the protein alignment is a

better tool to assess about possible differences between the Cas4 protein homologs.

With this conclusion and since it was necessary to choose proteins to perform further experimental as-

says from the vCas4 proteins database, this selection was done based on the protein alignment instead of

analyzing the phylogenomic tree. The first criteria of choice was the conservation of the four cysteines and

the one lysine domains since it was shown that these domains are highly conserved in the Cas4 proteins

but not in the TTV1 capsid protein. The proteins chosen were the ones encoded in Campylobacter phage

CP30A, Pseudomonas phage KPP25 and Pseudomonas phage LU11.
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Figure 8: Phylogenomic tree of vCas4. Sequence similarity dendogram obtained from the alignment of the 112
vCas4 proteins including also the Cas4 proteins known to be associated with the type I CRISPR-Cas systems. In red
are marked the vCas4 proteins in study and, in blue, the Cas4 homolog encoded in TTV1 genome.
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The vCas4 protein encoded in CP30A (hereafter, vCas4 CP30A) was chosen since it was previously

shown that this protein is responsible for stimulating the acquisition of host-derived spacers by the Campy-

lobacter type II-C CRISPR-Cas systems (lacking cas4) and that, by an uncharacterized mechanism, the

Campylobacter phage appears to use these vCas4 protein to escape from host immunity [16,17]. This way,

this protein was chosen as a control since it was already studied and also because with the evaluation of

the effect of this protein in acquisition of other types of CRISPR-Cas systems we can conclude about the

universality of its activity.

Moreover, were also chosen the vCas4 proteins encoded in the Pseudomonas phages KPP25 and LU11

(hereafter, vCas4 KPP25 and vCas4 LU11). These proteins were chosen since, as referred, they are en-

coded in Pseudomonas phages. This is an advantage since these bacteria (and the correspondent genes

encoding the CRISPR-Cas system) are accessible and well studied. Since the main objective of this study

is to detect the vCas4 influence in the CRISPR-Cas system mechanism, it is ideal to study proteins encoded

in phages that infect bacteria possible to be tested in vivo.

Another advantage of these vCas4 proteins is the specific bacterial strains infected by the phages in which

they are encoded. Even if both LU11 and KPP25 vCas4 are encoded in Pseudomonas phages, these phages

differ in the bacterial strains they infect. The Pseudomonas phage LU11 infects specifically Pseudomonas

putida and KPP25 infects Pseudomonas aeruginosa. No CRISPR-Cas system have ever been identified

in Pseudomonas putida, however, in Pseudomonas aeruginosa three different CRISPR-Cas systems were

identified [7]. This bacterial strain is known to have types I-E, I-C and I-F CRISPR systems. The study of

a phage that infects a bacterial strain that possesses a type I-C CRISPR-Cas system (that includes a Cas4

protein in the CRISPR loci) is a big advantage since it allows the study of competition between the native

Cas4 of the system and the vCas4. Moreover, the fact this phage infects type I-E CRISPR-Cas systems is

also a big advantage since this system is also encoded in some E. coli strains being one of the most well

studied systems.

Even if it is already known that the phylogenomic tree have to be carefully used in the prediction of genes

function, it is possible to see that the proteins chosen to study are closely located to the TTV1 proteins in the

obtained phylogenomic tree (Figure 8). Since it is important to make sure that the vCas4 proteins in study

were not related with this protein, an additional analysis was performed. This way, was further analyzed the

localization of the genes encoding for the vCas4 proteins in study in the phage genome.

This analysis was performed since it is known that the phage genomes can be divided in different clusters

of genes [9] according to genes’ function (comprising early, early-middle, middle and late clusters of genes).

This way, by studying the localization in the phage genome of each one of the genes encoding the vCas4

proteins and annotation of the surrounding genes it was possible to determine in each cluster were located

the vCas4 genes in study and further confirm either if the protein TTV1 would be integrated in a late cluster,

as expected due to its known function, and also if the chosen proteins to study would be integrated in the

early or early-middle clusters with high probability of showing DNA-related activity, as desired.

Usually, in the early region are comprised genes which function is not well defined. The early middle

and middle region contains genes that are associated with DNA metabolism. In the early-middle cluster is

possible to find proteins such as DNA-binding proteins, DNA primases, DNA helicases and DNA ligases
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and, in the middle cluster proteins as DNA polymerase, exonuclease, endonuclease and RNA polymerase.

In the late cluster are encoded structural proteins (as head-tail proteins, capsid proteins, holin and endolysin)

[56, 71]. The composition of phage genomes in the described clusters is closely related to the phage life

cycle (Figure 9 a). After infection, the phages express the proteins in the early and early-middle clusters and

then, during expression of early-middle proteins, occurs phage DNA replication inside the pathogen. Only

after expression of middle and late cluster proteins occurs effective cell lysis.

Figure 9: Localization of vCas4 proteins in the phage genome and phage life-cycle (a) Classification of the phage
genome in clusters of genes depending on their function (listed are examples of genes encoded in each one of the
clusters) and its correspondence to phage life-cycle (b) Annotation of genes in the proximity of KPP25 vCas4 (in red).
(c) Annotation of genes in the proximity of LU11 vCas4 (in red). (d) Annotation of genes in the proximity of CP30A
vCas4 (in red). (e) Localization of the nucleocapsid protein derivated from the CRISPR-associated Cas4 nuclease
encoded in Thermoproteus Tenax Virus (Cas4-Ct protein highlighted in green). The proteins TP1-TP4 correspond to
coat proteins. From Krupovic et al., 2015.
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It was found that the KPP25 vCas4 is encoded downstream to a helicase and DNA polymerase proteins

(Figure 9). The function of all the remaining proteins was not possible to determine since their analysis using

the NCBI BLAST did not retrieve any similar proteins which function was already known. DNA helicase and

polymerase are known to be part of the early-middle and middle clusters, respectively. Since this protein is

located downstream to these two proteins we can conclude that it belongs to the early-middle cluster.

The gene encoding for this vCas4 LU11 is preceded by a DNA primase, one of the first genes being

expressed by phages after infection. Besides that, it is followed by a trancriptional regulator, a topoisomerase,

a DNA girase and DNA polymerase (Figure 9). All these proteins are located in the early-middle and middle

clusters. Thus, it is possible to conclude that LU11 vCas4 is also located in the early-middle cluster.

The gene encoding CP30A vCas4 is preceded by a primase, thymidine kinase and DNA polymerase and

followed by two helicase proteins, a co-chaperonin and an endonuclease (Figure 9). Following the same

analysis as before, since all the genes encoding for these proteins are located in the early-middle and middle

clusters and no structural proteins were found, we can conclude that CP30A vCas4 is located in the early-

middle region of the phage genome.

Finally, was analyzed the localization of the TTV1 gene. As explained, due to the structural properties

of this Cas4 homolog gene, it would be expected to find it in the late cluster of the phage genome. This is

confirmed since the genes TP1-TP4 encode for capsid proteins (Figure 9). With this evaluation it was then

possible to conclude that, contrarily to the TTV1, as the other genes known to be part of the early-middle

cluster, the vCas4 proteins chosen to be studied might have function and activity related to the metabolism

of nucleic acids.

Finally, it is possible to conclude that with the objective of identifying proteins from the database of vCas4

proteins that, as TTV1 are related to Cas4 but evolved to have a different function analysis, the protein

alignment have to be analyzed instead of the phylogenomic tree and, the genes encoding for these proteins,

might be supplementary localized in the phage genome and phage life cycle. Even if the phylogenomic

tree allows the representation of the evolutionary relations between the proteins, more proteins need to be

included in this studies to allow the identification of proteins as TTV1 and also to obtain a different cluster of

Cas proteins associated with the CRISPR system.

3.2 In vivo Acquisition Assays

3.2.1 CRISPR-Cas system type I-E of Pseudomonas

To study acquisition in the type I-E of Pseudomonas, the necessary components of the CRISPR array

were transformed in E. coli BL21-AI cells (see Materials and Methods - In vivo acquisition assays). This

way, two different plasmids were transformed: one of them encoding the genes codifying for the Cas1-Cas2

complex and another one, the leader and repeat fragments of the CRISPR array (see Figure 5). It was

necessary to transform the cas1 and cas2 genes since it is known that the BL21-AI cells since it is known

that these cells have CRISPR array however, no Cas proteins are encoded in their genome [10]. These cells

were then used in this assay since the entire machinery of the CRISPR-Cas system is not present and it

allows the detection of, for example, acquisition of spacers from the host genome.

In the PCRs performed to detect acquisition the objective is to amplify the fragment of the CRISPR
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array between the leader and the first spacer. In the cases the system shows acquisition, the new spacer

acquired and a new repeat (comprising a fragment with around 60 bp in total) would be inserted in this

region. This way, in the case the system acquires new spacers, two different populations will be obtained,

one in which the CRISPR array have acquired a new spacer and another one in which no new spacers were

incorporated in the native CRISPR array. This way, by performing the PCR to detect acquisition, two different

bands, corresponding to the amplification of these two different populations, are obtained. In type I-E of

Pseudomonas the expected size of the non expanded population is approximately 160bp and the size of the

expanded population is around 220 bp (Figure 11).

In this study, the PCRs to detect acquisition were performed using degenerate primers binding to the first

repeat and an external reverse primer binding to the backbone (in the case of the type I-E, since the leader

and repeat sequences were inserted in a p13SS plasmid, the external reverse primer binds precisely to the

p13SS backbone). Degenerate primers were used since the CRISPR array is in a plasmid and consequently,

the population of non expanded is too large when compared with the expanded population. This way, a more

sensitive method as the use of degenerate primers has to be used in order to detect the presence of the

expanded population.

Figure 10: Binding sites of the primers used in the in vivo acquisition assays and expected sizes of the ex-
panded and non-expanded bands. In the right PCR, the degenerate forward primers bind to the repeat fragment (R)
and the external reverse primer binds to the backbone. It is expected to obtain fragments with approximately 160bp in
case the non expanded population is amplified and with approximately 220bp in the case the expanded population is
amplified. Are also represented the leader (L) and spacer (S) fragments. In the PCR after the automated gel extraction
(Blue Pippin) are used, again, the degenerate forward primers binding to the repeat fragment and, as reverse primer,
an internal primer binding immediately after the upstream repeat sequence. It is expected to obtain with only one size
(approximately 120bp, corresponding to the amplification of the expanded CRISPR array.

By analysis of the amplicons obtained in the acquisition PCR it was possible to see, first of all, that no

acquisition was detected in the negative control. As expected, no expanded band can be detected since

in this PCR was amplified the CRISPR array of BL21-AI cells in which the system was not induced and,

consequently, the pCas12 was not overexpressed and no Cas1-Cas2 complex was available to allow the

incorporation of spacers in the CRISPR array. However, in all the remaining samples, in the presence or

absence of vCas4, it was possible to detect a clear expanded band (+1 band) meaning that in all cases,

new spacers were acquired by the CRISPR-Cas system. This allow us to conclude that the Pseudomonas

CRISPR components transformed in the E. coli cells were functional and that, as expected, it is possible to

detect acquisition of new spacers.

Regarding the relative intensities of the expanded and non expanded bands, it was possible to see that

in all cases, it looks like the amplification of the non expanded population was less intense in the presence of

vCas4 than in the empty 2AT control plasmid (Figure11), being this result less evident in the case of KPP25
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in which intensities of the expanded band are more or less the same as the intensities verified in the positive

control. It means that, in fact, as expected, the vCas4 proteins have shown an effect in the amount of new

spacers acquired by the CRISPR-Cas systems: in the presence of this protein, less spacers were acquired.

Figure 11: PCR of the in vivo acquisition assays in the type I-E of Pseudomonas CRISPR-Cas system. Top
(right to left): Negative control, KPP25 vCas4 and LU11 vCas4; Down (right to left): CP30A and 2AT empty plasmid
(positive control). The band corresponding to the amplification of the expanded (+1) population in which CRISPR array
the new spacers were incorporated is marked with a black arrow.

To allow the quantification of this results, the intensities of the non expanded and expanded bands were

measured either in the case the vCas4 proteins were or not present (these results can be found in Appendix

C. With the values obtained was further quantified the normalized percentage of expanded band in the

presence of KPP25, LU11 and CP30A vCas4 proteins and in the absence of this protein (2AT empty plasmid).

By analysis of the obtained percentages of acquisition, it was possible to conclude that no relevant differ-

ences on the amount of spacers acquired in the presence of vCas4 KPP25 can be detected. However, in the

cases that LU11 and CP30A vCas4 are present, the amount of spacers acquired by the CRISPR-Cas sys-

tems decreases significantly being this effect way more evident in the case CP30A vCas4 is present (Figure

12).

Figure 12: Percentage of the expanded band in the PCR of the in vivo acquisition assays in the type I-E of Pseu-
domonas CRISPR-Cas system. Percentages obtained by division of the intensities of the expanded band divided by
the sum of the intensities of both expanded and non expanded band for the cases KPP25, LU11 and CP30A vCas4
is present or in the absence of vCas4 (2AT). It is also represented the statistical relevance analysis between the % of
expanded band in each one of the cases vCas4 is present in comparison to the case in which this protein is absent
(ns: not significant; *:significant; **:highly significant).
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With the evidence that the vCas4 proteins in study have an effect in the amount of spacers acquired by

the CRISPR-Cas system it was found interesting to understand if the origin of these new acquired spacers

would be different in the cases the vCas4 proteins were present.

This way, after the PCR to detect acquisition, was performed an automated gel extraction (Blue Pippin) in

order to collect only the population in which new spacers were acquired by selection of the DNA with the size

corresponding to the expanded band. The collected DNA was then amplified in an additional PCR. In this

PCR, after Blue Pippin, were used the degenerate primers but the reverse primer used was an internal primer

binding to the first spacer, making sure that the obtained amplicons contained only new spacers acquired by

the CRISPR-Cas system. In the PCR after automated gel extraction, only one band with approximately 120

bp was expected to be seen (Figure11).

It is possible to verify that, as expected, in this PCR only one band corresponding to the amplification

of the expanded array is detected with the predicted size of approximately 120 bp. This way, the expanded

band was correctly purified and amplified and these fragments can be further sequenced.

Figure 13: PCR after automated gel extraction of the in vivo acquisition assays in the type I-E of Pseudomonas
CRISPR-Cas system. From right to left: negative control, KPP25 vCas4, LU11 vCas4, CP30A vCas4 and 2AT (positive
control).

As explained before, the CP30A viral Cas4 protein was previously studied and it is known to have an

influence in the acquisition of novel spacers in the type II-C CRISPR-Cas systems found in Campylobacter

jejuni bacterial strains. However, curiously, from the three vCAs4 proteins in study, the CP30A was the

one showing higher influence in the amount of spacers acquired, when compared with the p2AT empty

plasmid. This result is highly interesting since this protein was tested in a CRISPR-Cas system completely

different from the host one, meaning that the influence of the vCas4 proteins might not be dependent of

the interaction between this protein and the host CRISPR-Cas system but is is universal and possible to be

verified in different CRISPR-Cas systems.

This way, in order to understand this non specific interaction between vCas4 and the acquisition in dif-

ferent CRISPR-Cas systems, even if not related with the host, the spacers acquired in the type I-E CRISPR

array of Pseudomonas were subjected to a preliminary evaluation of their origin.

Thus, the amplicons of the PCR after Blue Pippin of CP30A and the negative control were transformed

in pGEM-T vector and transformed in E. coli DH5α cells for Blue-White Screening. The white colonies

obtained were picked and sent for sequencing. The new spacers acquired were identified and, by BLAST, it

was possible to evaluate from where in the plasmids transformed or host genome these spacers came from

(Table 10).

In this analysis were evaluated 13 protospacers from KPP25, 12 from LU11, 10 from CP30A and 9 from

the positive control. In the cases that KPP25 vCas4, LU11 vCas4 and no vCas4 protein was present (p2AT
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Table 10: Percentage of spacers originated from each one of the plasmids p2AT, p13SS and pACYC in the presence
of KPP25, LU11 and CP30A vCas4 and in the absence of vCa4 (2AT empty plasmid). Correspondent percentage of
spacer with plasmid and genome origin for each one of the conditions in study.

p2AT p13SS pACYC % Plasmid %Genome

KPP25 62 23 15 100 0
LU11 25 50 25 100 0

CP30A 30 0 10 40 60
2AT 33 22 45 100 0

empty plasmid) was verified that none of the novel spacers was originated from the host genome. In these

cases, 100% of the novel spacers acquired were originated from plasmids (Table 10). Contrarily to these

results, in the case vCas4 CP30A was present, it was verified that, 60% of the novel spacers acquired

were originated from the host genome and, the remaining 40%, originated from either the plasmid pTU225

or the plasmid pTU234. This result is a clear evidence that the presence of vCas4 proteins leads to the

acquisition of less protospacers by the type I-E CRISPR-Cas system of Pseudomonas and that, interestingly,

this protospacers are mainly originated from the host genome.

With the evidence that the presence of CP30A vCas4 leads to the incorporation of spacers originated from

the genome, was also important to determine the length of the newly acquired spacers and their consensus

PAM of the new protospacers acquired (Figure 14).

Figure 14: Length and PAM consensus sequence of the novel spacers acquired by the CRISPR array of type
I-E of Pseudomonas (a) Spacer length distribution in the presence of KPP25, LU11 and CP30A vCas4 and in its
absence (2AT empty plasmid). (b) PAM consensus sequence of the novel spacers acquired by the CRISPR array in
the presence of KPP25, LU11 and CP30A vCAs4 proteins and in its absence (2AT empty plasmid). Obtained using
WebLogo 3.6.0.
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It was possible to conclude that the most predominant spacer length of the novel spacers acquired was

33 bp and their consensus PAM is AAG either in the case that vCas4 protein is present or not. Since this

spacer length and the AAG PAM are both characteristic of the I-E CRISPR-Cas system of P. aeruginosa [49],

we can conclude that the vCas4 of this study does not have influence in those parameters.

Since we were testing a type I-E of Pseudomonas in BL21-AI cells that already have the CRISPR array

of the type I-E of E.coli and, moreover, since the repeat sequences of the types I-E of both E. coli and Pseu-

domonas are very similar (Figure 15) there was the possibility that the Cas1-Cas2 complex of Pseudomonas

type I-E couldn’t efficiently distinguish between the two repeat sequences, leading to the incorporation of

new spacer in the BL21-AI CRISPR array instead of the plasmid containing the type I-E of Pseudomonas

CRISPR array. This way, as a control of the previously obtained results, was evaluated the acquisition of

spacers in the host chromosome and consequently, the possibility of having lost information of novel spacers

acquired in the previous assays.

This way, the cells in which was evaluated the acquisition in the type I-E of Pseudomonas were subjected

to a similar PCR to detect acquisition but using primers binding to the the type I-E of E. coli CRISPR array. As

template for the negative control were used BL21-AI cells in which this array was expected to be amplified,

and consequently, one band corresponded to the non expanded array, obtained. If the Cas1-Cas2 complex

was incorporating spacers in the chromosome, it was expected to detect an expanded band. The expected

size of the non expanded band was approximately 150 bp and a band with approximately 60 bp more was

expected to be seen in the cases spacers were incorporated in the chromosome. It was expected to detect

the acquisition of new spacers in this CRISPR-Cas system encoded in type I-E of Pseudomonas since a

similar experiment was previously performed in the homologous type I-E of E. coli by Yosef et al. (2012).

Figure 15: Assay to detect the incorporation of spacers in BL21-AI CRISPR array during in vitro activity assays
in type I-E CRISPR system of Pseudomonas(a) Alignment of repeat sequences of both CRISPR-Cas systems type
I-E from Pseudomonas and type I-E from E. coli (the conserved nucleotides are marked in green). (b) PCR to detect the
incorporation of spacers in the E. coli BL21-AI CRISPR array in which it is possible to see only one band correspondent
to the amplification of the non expanded population by the evaluation of biological triplicates. Top (left to right): negative
control, KPP25, LU11; Down (left to right): CP30A and 2AT.
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It was possible to conclude that, like in the negative control, only the non expanded band could be

detected in all the samples (Figure 15). It means that not a significant number of spacers acquired by the

Cas1-Cas2 complex were incorporated in the host CRISPR array and also that no information was lost when

evaluating the spacers incorporated in the CRIPSR array of Pseudomonas.

3.2.2 CRISPR-Cas system type I-C of Pseudomonas

With the results obtained in the in vivo acquisition in the type I-E of Pseudomonas, the same approach

was applied in the type I-C. This study was performed with the objective of understanding if the results

obtained in the type I-E were reproducible in different types of CRISPR-Cas systems and if, for example,

the effect of CP30A viral Cas4 in acquisition is also verified in the type I-C, supporting the hypothesis that

this vCas4 proteins shows universal activity and is not related with the CRISPR-Cas system. Besides that,

this study allows us to understand if, even if no significant difference was detected in the amount of spacers

acquired by type I-E of Pseudomonas in the presence of vCas4 KPP25, this protein has an effect when tested

in a different type of host CRISPR-Cas system. Besides that, the evaluation of the type I-C of Pseudomonas

is very relevant since this system has encoded a Cas4 protein in its CRISPR loci and this way it is also

possible to evaluate if this vCas4 supplemented to the system competes with the native one already present.

To study acquisition in the type I-C of Pseudomonas, as in the type I-E, the necessary components of the

CRISPR array had to be transformed in E. coli BL21-AI cells (see Materials and Methods - In vivo acquisition

assays). The CRISPR-Cas components from type I-C of Pseudomonas used in this study (Cas1, Cas2,

leader, repeat and Cas4 fragments) were ordered having as template the CRISPR components from the P.

aeruginosa VA-134 strain. As in type I-E of Pseudomonas, were used degenerate primers and an external

primer binding to the backbone to detect acquisition.

Figure 16: PCR of the in vivo acquisition assays in the type I-C of Pseudomonas CRISPR-Cas system in the (a)
presence and (b) absence of the Cas4 protein from type I-C of Pseudomonas. Right to left: Negative control, KPP25
vCas4, LU11 vCas4, CP30A vCas4 and 2AT empty plasmid (positive control). Only the band corresponding to the
amplification of the non expanded (+0) population, in which no new spacers were incorporated, is present.
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After performing this PCR, it was possible to see that no expanded band is present in any of the samples.

It means that the CRISPR components transformed in the BL21-AI cells are not able to incorporate new

spacers in the CRISPR array and, since this result was obtained either in the cases the native Cas4 is

present or not, we also conclude that the Cas4 is not fundamental to detect acquisition in this CRISPR-Cas

type.

In order to confirm this results, the triplicates of each condition were pulled together, an automated gel

extraction was performed and the collected DNA was amplified by PCR. This assay was performed with the

objective of amplifying the non expanded band and making sure that any acquisition would be detected,

even if the amount of novel spacers acquired is very small. In this PCRs was also included a positive control

in order to see if the PCR conditions were appropriated since it was expected to not see any band and it

was important to make sure that the lack of band was not due to the use of non adequate PCR conditions.

The template of the positive control PCR was the plasmid pTU230 (Cas1-Cas2-Leader-Repeat fragment in

pACYC).

By analysis of the results it is possible to see that, in fact, no acquisition can be detected since no

amplification was obtained in the PCR. By comparing this results with the obtained in the positive control, in

which is possible to see a clear band with the expected size of the degenerate primer and first spacer in the

CRISPR array (50 bp in total), it is possible to conclude that the negative result obtained is reliable since the

PCR conditions might have lead to positive amplification of the CRISPR array (Figure 17).

Figure 17: PCR after automated gel extraction of the in vivo acquisition assays in the type I-C of Pseudomonas
CRISPR-Cas system in the (a) presence and (b) absence of the Cas4 protein from type I-C of Pseudomonas. Right
to left: Negative control, KPP25 vCas4, LU11 vCas4, CP30A vCas4 and 2AT empty plasmid (positive control). No
amplification can be detected neither in the presence or absence of vCas4 or in the presence or absence of the Cas4
protein from type I-C of Pseudomonas except in the samples corresponding to the positive control corresponding to a
the amplification of the CRISPR array in which no automated gel extraction was applied.

Finally, it allows the conclusion that the type I-C of Pseudomonas is not able to acquire novel spacers

(naive acquisition), either in the case that native Cas4 is present or not, inhibiting the possibility of concluding

about vCas4 influence in this CRISPR-Cas system.

Only in vitro naive acquisition was previously described in the type I-C CRISPR-Cas systems [28] and no

in vivo acquisition was ever described. The only in vivo acquisition described in this type of CRISPR systems

was priming acquisition [49]. Contrarily to naive adaptation, in which spacers that are not already cataloged

in the host CRISPR array are there incorporated, the priming acquisition occurs in the case that the CRISPR
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system already has memory spacers against an invader [20,35]. It is known that once a host acquires a single

spacer against an invader, it becomes more likely to subsequently acquire additional spacers from the area

near the priming target region in the phage genome [11]. This process by which pre-existing spacers facilitate

rapid spacer acquisition is known as primed spacer acquisition (or priming) [12,59]. Unlike naive acquisition

that only requires the presence of the Cas1-2 complex, the priming acquisition additionally requires the

presence of a Cascade (CasA-E), Cas3 and the crRNA [12].

This way, it might happen that only in the presence of the completed CRISPR machinery or in the pres-

ence of proteins such as the vCas4 proteins, it would possible to detect acquisition in type I-C of Pseu-

domonas.

3.2.3 Assays to evaluate vCas4 interaction with the Cas1-Cas2 complex of type I-C and I-E
of Pseudomonas

With the results obtained it was found interesting to understand if the interaction between vCas4 and the

CRISPR-Cas systems is direct or a consequence of an indirect influence. This way, since it was verified that

the CP30A vCas4 protein has a strong effect in the CRISPR-Cas adaptation and, moreover, that its presence

leads to the acquisition of protospacers originated from the genome, further co-purification assays were then

performed in order to understand if this protein strongly interacts with the Cas1-Cas2 complex. If it was

verified that these proteins co-purifiy and, consequently, that they strongly interact, it allow us to conclude

that the vCas4 proteins directly interact with the CRISPR-Cas system and that the incorporation of spacers

from the genome might be a result of this protein-protein interaction between the vCas4 proteins and the

Cas1-Cas2 complex.

This assay is also interesting since it was already described that the Cas4 proteins encoded in the

CRISPR locus have an influence in the incorporation of new spacers by these systems accomplished by

the direct interaction of this protein with the Cas1-Cas2 complex [46] and, as found in the phylogenomic

studies performed, the vCas4 proteins are highly similar to their homologs from the type I CRISPR-Cas sys-

tems. So with this study we can also understand if the known interaction with Cas1-Cas2 complex is lost or

not in the vCas4 proteins.

Besides the study of CP30A vCas4 co-purification, this assay was also performed in the case of KPP25

vCas4. This protein was evaluated since it is encoded in a phage that infects proteins knowing to have the

types CRISPR-Cas types I-E and I-C and, hereby, this protein shows a higher probability of interacting with

the Cas1-Cas2 complex encoded in these types of CRISPR system. Besided that, this protein was also

included as a way to better understand the reason why no naive acquisition was detected in the type I-C

because, even if no naive acquisition was detected in this type of CRISPR-Cas system even when KPP25

vCas4 was present, it doesn’t mean that these protein is not interacting with the system and that it is not

necessary to detect acquisition. This analysis allows us to conclude if KPP25 is an important component in

the adaptation mechanism of this CRISPR-Cas types or if other proteins are required, instead of this one.

In this assay, E. coli BL21-AI cells were transformed with the plasmids carrying the vCas4 proteins in

which the His6-SUMO Tag was also attached and also with the plasmid in which the Cas1-Cas2 complex

of the types I-E and I-C of Pseudomonas were codified. Since the SUMO Tag was attached to the vCas4

proteins it was expected to purify this protein and in the case it strongly interacts with the Cas1-Cas2 complex,
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also co-purify at least one of these proteins.

In the SDS-page gel resulting from the co-purification with the type I-E CRISPR components, it was

expected to detect a band with around 43kDa corresponding to the expected size of the KPP25 vCas4

protein. In the case of the CP30A vCas4 protein this expected size was 44kDa. In the cases Cas1 and Cas2

were co-purified it was expected to detect bands with 33kDa and 10kDa, respectively. It could also happen

that only the His6-SUMO tag is detected and its expected size is around 14kDa.

By analysis of the obtained results it is possible to see that in the case of KPP25 vCas4 protein (Figure

18 a) an intense band between 40 and 55 kDa can be detected. Since the size of this protein is around

43kDA we can conclude that it was positively purified. In the case of CP30A vCas4 protein (Figure 18 b), an

intense band can also be seen in the same region of sizes allowing the conclusion that this protein was also

positively purified.

In both purifications it was possible to see some additional bands with very low intensity. However, none

of these band had the size expected for the Cas1 or Cas2 proteins suggesting that any of these proteins was

co-purified along with the vCas4 protein.

Figure 18: SDS-page gel resulting from the assays to evaluate vCas4 interaction with the Cas1-Cas2 complex
of type I-E of Pseudomonas in the case of (a) KPP25 vCas4 or (b) CP30A vCas4. The band demonstrating the
positive purification of KPP25 vCas4 (43 kDa) and of CP30A vCas4 (44 kDa) is marked with a black arrow. In the cases
Cas1 and Cas2 were co-purified it was expected to detect bands with 36 kDa and 11 kDa, respectively.

These samples were additionally evaluated by Mass Spectrometry (see Materials and Methods - Mass

Spectrometry) since this method would allow the detection of any possible interaction between the vCas4

protein and the Cas1-Cas2 complex, even if less significant. In this analysis, was evaluated the presence of

peptides with the same mass-to-charge ratio of the ones known to be part of each one of the vCas4 proteins

and, also, from the Cas1 protein. This way, it was possible to accurately evaluate the presence of each one of

these proteins in the samples. In the case of KPP25, 11 peptides were selected and, in the case of CP30A,

12. In both cases, 4 of these peptides were from the His6 SUMO Tag. From Cas1 protein, were also selected

11 peptides.
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By analysis of the obtained chromatograms it is possible to conclude that, as expected, both KPP25 and

CP30A and their tags are present in the samples. However, for both samples, no clear results of Cas1 also

being co-purified can be detected. The peaks detected in the case of Cas1 have very low intensity (1000

times less intensity when compared to the intensities obtained for the peaks in the vCas4 chromatogram)

and are located in the noise area (Figure 20).

Figure 19: Chromatograms obtained for Mass Spectrometry analysis of Cas1-Cas2 co-purification with KPP25
vCas4 (a) Chromatogram obtained for the detection of peptides from KPP25 vCas4 protein (b) Chromatogram obtained
for the detection of peptides from the Cas1 protein. In green are marked the positive peptides detected in each one of
the samples that do not correspond to the His6 SUMO Tag.

Figure 20: Chromatograms obtained for Mass Spectrometry analysis of Cas1-Cas2 co-purification with CP30A
vCas4 (a) Chromatogram obtained for the detection of peptides from CP30A vCas4 protein (b) Chromatogram obtained
for the detection of peptides from the Cas1 protein. In green are marked the positive peptides detected in each one of
the samples that do not correspond to the His6 SUMO Tag.

In the co-purification of the type I-C, if the Cas1 and Cas2 proteins co-purified it was expected to detect

a band in the molecular weight of 36kDa and 11 kDa.

In the purification of KPP25 vCas4 protein (Figure 21) it was possible to detect an intense band in between

40 and 55 kDa which means that as in type I-E, this protein was positively purified. No additional bands can
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be detected in the SDS-page gel meaning that no significant proteins co-purifying can be detected. The same

conclusion can be taken from the purification of CP30A vCas4. Since no co-purification was detected in the

type I-E of Pseudomonas and the results obtained in the SDS-page gels presented didn’t show promising

co-purification in the type I-C, these samples were not additionally evaluated by Mass Spectrometry.

Figure 21: SDS-page gel resulting from the assays to evaluate vCas4 interaction with the Cas1-Cas2 complex
of type I-C of Pseudomonas in the case of (a) KPP25 vCas4 or (b) CP30A vCas4. The band demonstrating the
positive purification of KPP25 vCas4, with approximately 43 kDa is marked with a black arrow in the left gel and the
band demonstrating the positive purification of CP30A vCas4, with approximately 44 kDa is marked with a black arrow
in the right gel. In the cases Cas1 and Cas2 were co-purified it was expected to detect bands with 36kDa and 11kDa
which is not verified.

Taken together, these results allows us to conclude that the vCas4 proteins do not interact with the Cas1-

Cas2 complex.

3.3 Biochemistry Assays

Since it was possible to conclude that the vCas4 does not interact directly with the CRISPR-Cas system,

further biochemistry assays were performed in order to understand the possible vCas4 protein activity and,

finally, understand possible indirect interaction between this protein and the CRISPR-Cas system mecha-

nism.

These way, the all the vCas4 proteins were first purified using Ni-NTA Affinity Chromatography (see

Materials and Methods - Protein Purification).

By analysis of the SDS-page gels obtained, in the case of KPP25 vCas4 it was possible to see a clear

band with size between 40 and 55 kDa and the expected size of this protein is 43kDa. In the case of LU11

vCas4 protein which expected size is 57kDa, a band of this size was observed. Finally, in the case of CP30A

vCas4 protein, a band with size between 40 and 55 kDa can be detected and the expected size of this protein

is around 44 kDa. Since in all cases, bands were obtained with the expected sizes of the given proteins, we

could conclude that they all were successfully purified by Ni-NTA affinity chromatography (Figure 22).
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Figure 22: SDS-page gel obtained after Ni-NTA protein purification of (a) KPP25 vCas4 (b) LU11 vCas4 and (c)
CP30A vCas4. Marked with a black arrow are the expected sizes of each one of the vCas4 proteins. Since a clear
band is possible to be detected with the same size of the marked expected sizes, it is possible to conclude that the
vCas4 proteins were purified adequately.

The purified vCas4 proteins obtained from Ni-NTA affinity chromatography were further subjected to an

additional size-exclusion chromatography (see Materials and Methods - Protein Purification). This way, any

additional protein contamination present in the obtained elutions were eliminated making sure that any further

in vitro assays were performed only in the presence of the vCas4 proteins in study.

Figure 23: SDS-page gel after size exclusion. SDS-page that allows visualization of purified KPP25 and CP30A
vCas4 proteins after size exclusion.

After size exclusion it is possible see clear bands with approximately 45kDa in the gels obtained for both

KPP25 and CP30A vCas4 proteins (Figure 23). Since the expected sizes of these proteins was, respectively,

43 and 44kDa we can conclude these vCas5 proteins were correctly purified by this methodology. It is also

possible to see that in the case of LU11 vCas4 protein, no clear band with the expected size of this protein

can be detected meaning that the protein purification of this vCAs4 was not successfully performed. This

way, the further in vitro assays were performed only in the evaluation of KPP25 and CP30A vCas4 protein

activity.

54



Moreover, it is possible to see that for both samples, only one clear band is present. This was, as

wanted, we can conclude that the proteins of interest were purified from all remaining proteins and they are

completely isolated. Consequently, further in vitro acquisition assays could be performed knowing that the

protein activity detected would be caused only by the presence of the vCas4 proteins in study and not other

contamination proteins present in elution. This way, were then performed the assays to evaluate the in vitro

activity of KPP25 and CP30A vCas4.

In the first assay performed to detect nuclease activity of the vCas4 proteins, these proteins were incu-

bated with different types of DNA (linear double-stranded DNA, circular double-stranded DNA and circular

single-stranded DNA) during two hours at 37ºC in the presence of two different buffers (MgCl2 and MnCL2).

As negative control, the DNA samples were incubated in the presence of buffer but without the addition of

any protein. In this case, since no protein was present, no degradation of DNA was expected to be seen.

In another hand, in the samples in which the vCas4 proteins are present, if these proteins have nuclease

activity, it is expected to detect the degradation of DNA that can be seen in the visualization of the incubated

DNA in an agarose gel being that in the case the DNA is degraded, a smear band is present in the gel.

With the results obtained was possible to see that the presence of vCas4 proteins didn’t lead to the

degradation of dsDNA, neither linear or circular (Figure 24). The dsDNA samples used were pACYC plasmid,

either linearized or in its natural circular conformation. In the first three samples of each gel it is possible to

see a clear band with around 4kbp corresponding to the known size of this plasmid. Since this clear band is

seen also in the presence of vCas4 proteins it is possible to conclude that no degradation occured. In the

three samples of each gel in which circular double-stranded DNA was loaded it was possible to see a band

with lower size that in the linear dsDNA samples. Even if the same plasmid was used in both cases, they do

not show the same migration pattern in the agarose gel since it is known that circular DNA easily migrates

when separated by electrophoresis [44]. This way, as expected, a band with lower molecular weight is seen

in the case of circular dsDNA. Once again, since a clear band is seen also in the presence of vCas4 proteins

it is possible to conclude that no degradation of circular dsDNA occurred.

The template used to detect nuclease activity in single-stranded circular DNA was M13DNA. The size of

this bacteriophage DNA is known to be around 6kbp. In the case of ssDNA samples it is possible to see

that in the presence of KPP25 vCas4 proteins a small smear can be detected in both buffers being more

evident in the case of MnCl2 buffer. This suggests that KPP25 might have nuclease activity and this activity

is enhanced by the presence of the MnCl2 buffer.

In the case that CP30A vCas4 was incubated with circular ssDNA, the presence of DNA can’t be detected

in the agarose gel (Figure 24). This result suggests that this protein is actively degradating the DNA sample

and that this strong nuclease activity might lead to the degradation of the DNA sample into single nucleotides

that can’t be stained using the DNA loading dye. The bromophenol blue and xylene cyanol stains present

in the DNA Loading dye might not be able to bind to such small fragments of DNA explaining the loose of

DNA sample detected in both gels. In order to confirm this hypothesis, the same in vitro activity assay were

repeated over time and with additional supplementation of EDTA to completely stop the reactions. EDTA

(ethylenediaminetetraacetic acid) is a chelating agent that binds to metal complexes inhibiting their activity

that was used in this assay with the objective of stopping the degradation reactions of CP30A vCas4 proteins
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over the DNA template [45].

Figure 24: In vitro assay for determination of vCas4 protein activity. Both KPP25 and CP30A vCas4 proteins
were incubated with different types of DNA (linear double-stranded DNA, circular double-stranded DNA and circular
single-stranded DNA) during two hours at 37ºC in the presence of (a) MgCl2 buffer and (b) MnCl2 buffer.

Since the preliminary results obtained for CP30A haven’t shown degradation of double-stranded DNA by

this protein, not even after two hours of incubation, the first assay over time was preformed incubating the

proteins of interest only with single-stranded circular DNA (M13 DNA). The reactions were stopped right after

incubation and after 5, 10, 30 and 60 minutes of incubation with the presence of either MnCl2 and MgCl2

buffer (Figure 24).

Figure 25: In vitro assay for determination of CP30A vCas4 protein activity over time. CP30A vCas4 proteins
were incubated with circular single-stranded DNA over time (0, 5, 10, 30 and 60 minutes) at 37ºC in the presence of
(a) MgCl2 buffer and (b) MnCl2 buffer. After incubation, the reactions were stopped by EDTA supplementation.

This study allow us to see that the nuclease activity of CP30A vCas4 protein can be detected even when

the reaction is immediately stopped after incubation of this protein with the DNA sample. The smear resulting

from the nuclease activity of DNA degradation is seen after 5 and 10 minutes in both buffers. However, after

30 and 60 minutes (and specially in the case MnCl2 buffer is supplemented) the detection of DNA in the

agarose gel is lost. This might be caused by the reason previously explained: since the CP30A vCas4

protein shows high activity, single nucleotides are generated inhibiting the DNA loading dye binding and
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consequent visualization. Once again, higher activity was demonstrated in the presence of MnCl2 buffer

instead of MgCl2.

To make sure that this protein has no nuclease activity over double-stranded DNA, the same conditions

were then testes and the in vitro activity assays were performed again but with addition of EDTA immediately

after incubation and after 10 and 30 of reaction, for all the DNA samples tested before.

Figure 26: In vitro assay for determination of CP30A vCas4 protein activity over time. CP30A vCas4 proteins
were incubated with with different types of DNA (linear double-stranded DNA, circular double-stranded DNA and circular
single-stranded DNA) over time (0, 10 and 30minutes) at 37ºC in the presence of (a) MgCl2 buffer and (b) MnCl2 buffer.
After incubation, the reactions were stopped by EDTA supplementation.

The obtained results allow the conclusion that, in fact, CP30A vCas4 is a nuclease that, as KPP25 vCas4

has preference for single-stranded DNA. No activity and degradation of DNA was demonstrated neither in

the presence of linear or circular double-stranded DNA. When comparing both vCas4 proteins in study it is

possible to conclude that CP30A shows enhanced activity when compared to the KPP25 since this activity

can be detected with lower incubation time and only if the reaction is stopped by supplementation of EDTA.

Moreover, it is also possible to conclude that in both proteins in study the proteins are more active in the

presence of MnCl2 instead of MgCl2 buffer. It means that the nuclease activity of this vCas4 protein is

metal dependent and that this activity is coordinated by a mechanism that preferentially involves manganese

ion (Mn2+) coordination at the active site (instead of magnesium ion coordination). Previous experiments

were done demonstrating that the Cas4 family nucleases were metal dependent [72] which proofs again the

similarities between the already known Cas4 proteins associated to the CRISPR-Cas system and the Cas4

homologs encoded in phage genomes, under the scope of this study.

With clear evidence that vCas4 proteins have endonuclease activity, since it cleaves circular ssDNA,

further assays to determine if this protein is an exonuclease were performed in the case of CP30A vCas4

protein using both MnCl2 and MgCl2 buffers and two different DNA substrates, one incorporating a fluorescent

label at the 3’-end and another incorporating the fluorescent label at the 5’-end.

First of all, it was possible to see that, as expected, no degradation of the labelled oligonucleotides occur

in the absence of vCas4 protein (Figure 27). Besides that it is possible to see that CP30A vCas4 cleaves the

5’-end labelled oligonucleotide in the presence of both Mg2+ and Mn2+ into three products with different sizes

corresponding to the three more intense bands obtained in the gel (more evident in the case MnCl2 was
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used as buffer and as expected since it is already known that the presence of this metal enhances protein

activity). In another hand, it was verified that cP30A vCas4 cleaved the 3’-end labelled into a product with a

single size without any observable intermediates.

The partial degradation of the 5’-end labelled oligonucleotides by the vCas4 protein in three fragments

suggest that this protein is degrading DNA in specific position. This evidence and the fact that it was previ-

ously demonstrated that this protein is a nuclease with preference for circular single-stranded DNA allow us

to conclude that CP30A vCas4 is an endonuclease.

Figure 27: 20% SDS-page gel to detect exonuclease activity of CP30A vCas4 over (a) 5’-end labelled oligonu-
cleotides or (b) 3’-end labelled oligonucleotides. Both reactions were performed in the presence of both MnCl2 and
MgCl2 buffers and over time (10 and 30 minutes). After incubation, the reactions were stopped by EDTA supplementa-
tion.
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Chapter 4

Discussion

The Cas4 proteins has long been implicated in immune adaptation, forming complex with Cas1 [28] and

selecting and orienting PAM-compatible spacers. [23,55]. All these recent studies have increased the interest

in revealing the biological role of Cas4 in CRISPR-Cas systems. However, these proteins can also be found

not associated with the CRISPR-cas loci, being present solo in MGEs such as in bacteriophages [18].

Two studies were already done in order to understand the role of these vCas4 proteins and, interestingly,

two different completely roles were demonstrated for this protein. In one hand, in the Thermoporteus tenax

virus the cas4 gene was split and codifies a coat protein [25]. In other hand, it was shown that CP30A

vCas4 is responsible for stimulating the acquisition of host-derived spacers in type II-C CRISPR-Cas systems

[16,17]. These completely disparate roles have then motivated the study of these vCas4 proteins since a lot

of questions remain unanswered: first, what are the similarities and differences between these Cas4 proteins

encoded in phages and the ones associated with the CRISPR-Cas systems?; Second, does these vCas4

proteins also have a role in CRISPR adaptation as the one encoded in the CRISPR locus?; Third, what is the

activity exhibited by these vCas4 proteins and what is the role of this activity and this protein in the phages

in which they are encoded?; In this study, were addressed all these questions and shown that, as the Cas4

proteins associated with the CRISPR-Cas systems, vCas4 also has an influence in CRISPR adaptation.

We selected three vCas4: KPP25, CP30A and LU11. vCas4 KPP25 is encoded in a phage that infects

Pseudomonas aeruginosa, specie that encode three CRISPR-Cas systems: I-E, I-C and I-F. We choose the

DNA adaptation sequences from type I-E of P. aeruginosa AZPAE14509, strain in which CRISPR array were

found spacers against the Pseudomonas phage KPP25 [7]. This means that this strain is probably naturally

infected by the KPP25 phage, allowing us to expect a possible interaction between its vCas4 and its CRISPR

adaptation module. Since non spacers were described against the phages here studied in the I-C system, we

performed the assays using the sequences from P. aeruginosa VA-134 strain. No assays were done in the

type I-F CRISPR-Cas systems since only priming acquisition was detected in this system type [1,50]. In the

case of CP30A it was already studied. Its influence in the acquisition of new spacer in type II CRISPR-Cas

systems was known being, however, unknown if its influence is specific or not. This way, we expected to

understand if the same result can also be detected in CRISPR-Cas types I-E and I-C of P. aeruginosa that

are, not only different in their constitution, but also not the CRISPR-Cas system of the natural host. Contrarily

to KPP25 and CP30A vCas4 and since no CRISPR-Cas system is known in the natural host of LU11 phage

(P. putida), it is interesting and harder to predict which would be the expected influence of this protein in the
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CRISPR-Cas adaptation.

Despite the expected results, the in vivo acquisition assays performed in the type I-E CRISPR-Cas sys-

tem revealed a non significant acquisition in the presence of KPP25 vCas4 protein. However, in assays using

CP30A and LU11 viral Cas4, a decrease in the amount of spacers was detected. This results is very inter-

esting since none of the proteins in which the influence was significant is encoded in phages that infect strain

with type I-E CRISPR-Cas systems. Moreover, in the case of CP30A, as was already demonstrated in type

II-C CRISPR-Cas system, we detect by sequencing a stimulation of acquisition of host-derived spacers in

the host CRISPR array. Both results suggest that this phenomenon is not host-CRISPR related and probably,

the influence of the CP30A vCas4 is universal: promotes acquisition of host genome derived spacers in any

CRISPR-Cas system leading to possible autoimmunity events.

Then, in order to understand how the vCas4 enhances the autoimmunity, biochemistry assays were per-

formed. Since all Cas4 proteins have a conserved RecB nuclease domain, the fact that the vCas4 used in

this study are nucleases can be the explanation for the previous results obtained regarding its influence in

CRISPR adaptation. Assays performed using circular ssDNA and linear ssDNA demonstrated that KPP25

and CP30A vCas4, presents a ssDNA endonuclease activity, enhanced in the case of CP30A. And this degra-

dation of DNA might be the key explanation for the enhancement of host derived spacer acquisition: since,

as more host genome DNA is present in the cells, would be produced more genome fragments than can be

used by Cas1-Cas2 because is not described that CRISPR-Cas system has a mechanism to differentiate

their own DNA from foreign one. However, this can also be the reason why less spacers were incorporated

in the CRISPR array when this protein was present, since DNA fragments created by CP30A vCas4 are not

optimal to be integrated by Cas1-2 and in consequence, less acquisition rate was detected. This hypothesis

is in concordance with the results obtained with LU11 and with the activity of Cas4 in CRISPR systems.

Recently, it was described that Cas4 nuclease activity participates in cleavage of 3’ overhangs of protospac-

ers [51] and this processing ensures the formation of optimal protospacers [28]. So, it can be that this activity

is maintained in CP30A and LU11 vCas4 proteins and they also make overhangs in the phage derived pro-

tospacers inhibiting their recognition by the Cas1-Cas2 complex. The nuclease activity demonstrated by

the vCas4 proteins might also be the explanation why no decrease in the amount of spacers acquired was

demonstrated in the presence of KPP25 vCas4. Since it was proved by the in vitro activity assays that the

nuclease activity of KPP25 is more limited than in the case of CP30A, it might have reduced the possibility of

producing or modification of protospacers.

In this study, we also confirm that the influence of vCas4 is not related with CRISPR protein interactions.

Our results demonstrate that our vCas4 do not interact with the I-E and I-C acquisition module, since non

co-purification of Cas1-Cas2 was detected. Consequently, the effect observed and described here, along

with the universality of the vCas4 activity, suggests that, is not CRISPR specific related. Even if this protein

was initially acquired by phages as, probably, a way to repair DNA during their life-cycle, the collateral activity

described in this study, ended up giving them an advantage over bacteria.
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4.1 Future Applications

Besides of the gained insights on the vCas4 phylogenomics, interference in CRISPR adaptation and pro-

tein activity, this study can have some practical future applications. The enhanced efficiency of phage infec-

tion resulting from the presence of vCas4 proteins has as main biotechnological application the improvement

of phage therapy effectiveness.

Phage Therapy

The emergence of pathogenic bacteria resistant to most, if not all, of the antimicrobial agents available

has become a critical problem in modern medicine. The concern that humankind is reentering the “prean-

tibiotics” era has become real, and the development of alternative antibacterial methods has become one of

the highest priorities of modern medicine and biotechnology [?, 41,58].

Prior to the discovery and widespread use of antibiotics, it was suggested that bacterial infections could

be prevented and/or treated by the administration of bacteriophages [58].

One of the main advantages of the use of bacteriophages instead of antibiotics to treat bacterial infections

is that bacteriophages are very specific to their hosts. This can minimize the chance of secondary infections

when compared to the use of antibiotics since the last ones do target both pathogens and normal flora

of patients, which can cause secondary infections and eventually superinfections. Besides that, another

advantage of the use of bacteriophages is that they replicate at the site of infection contrarily to antibiotics

that travel throughout the body. Lastly, bacteriophages are environmentally friendly and are based on natural

selection, isolating and identifying bacteria in a very rapid process compared to new antibiotic development,

which may take several years and may also not be very cost effective [?, 36].

Even if phage therapy might look like a promising alternative to the use of antibiotics, these two therapies

have one thing in common. Although the dynamics may differ, the evolution of bacterial resistance to a

particular phage, just as to an antibiotic, is inevitable. As described before, the resistance to infection by a

phage may involve several different mechanisms in which it’s also included the resistance mediated by the

CRISPR-Cas systems [31, 35]. Notably, however, contrary to antibiotics, phages will themselves be under

evolutionary selection to overcome the new resistance. New phage types evolve continuously and resistance

to the bacterial immune systems might result from that [35].

Some ways to tackle the resistance problem have been under the scope of investigation for years. This

study have reveled to have a role on that improvement of phage resistance. The discovery of phages in

which viral Cas proteins were encoded and, moreover, the founding that these proteins have a clear effect in

enhancing host CRISPR autoimmunity can not only be applied as a way to overcome CRISPR-Cas immunity

but also in a way to use phages to treat bacterial infections. This way, phages encoding these vCas4 proteins

can be used as a better and more efficient tool in phage therapy. Besides that, since it was proofed that vCas4

enhances host CRISPR autoimmunity and, more important, that the observed effect is not CRISPR related

but conserved in different types of CRISPR-Cas systems, it means that these vCas4 proteins can also be

engineered in different phages in order to increase host autoimmunity.

In the case that LU11 vCas4 was present we also observed a decrease in the amount of novel spacers

acquired by the CRISPR-Cas system of type I-E of Pseudomonas however, no differences were detected
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in the origin, length or PAM of these new spacers acquired. Since the presence of this protein leads to the

incorporation of correct invader derived spacer this protein might be further used as a regulator of acquisition

in cases it is necessary to reduce the amount of new spacers acquired by the CRISPR-Cas systems.

4.2 Future Work

Even if this study allowed us to gain insight in vCas4 activity, some questions still remain to be answered:

First, if vCas4 activity is not related with the CRISPR-Cas system, what is the role of this protein in the

phage replication and why does phages evolved to acquire these Cas4 homologs in their genome? Second,

since vCas4 leads to the incorporation of host derived spacers in the CRISPR array, what is the further

consequences of this phenomena in the later stages of the the CRISPR-Cas mechanism and how do they

do that? Regarding the results obtained in this study, we can propose a model that might answer this last

question.

Figure 28: Model explaining vCas4 interference with CRISPR system. (a) CRISPR system mechanism in the
absence of of vCas4. The interference mechanisms are activated leading to the destruction of the invader by the
incorporation of a protospacer acquired from its genome. (b) CRISPR system mechanism in the presence of vCas4.
The Cas1-Cas2 complex incorporates host derived spacers. Since these protospacers have the correct PAM, the
presence of the vCas4 proteins will result in auto-interference and lead to positive phage replication and survival. In
the CRISPR array are represented the leader (L), repeat (R) and spacer (S) fragments.
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In the already known mechanism of interference, in the case the vCas4 proteins are not present, it

is known that the interference mechanisms are activated leading to the destruction of the invader by the

incorporation of a protospacer acquired from the invader genome in the CRISPR array and consequent

expression and processing of its components.

So, we hypothesize that in the case the vCas4 is present, as demonstrated in this study, the Cas1-Cas2

complex incorporates spacers in the CRISPR array which origin is the bacterial genome. As a consequence,

the expressed and processed crRNA-effector complexes will recognize and consequently activate the inter-

ference mechanisms leading to its destruction. In this case, the presence of the vCas4 proteins will result in

auto-interference and lead to positive phage replication and survival.

This study can also motivate the investigation of other Cas protein homologs encoded in phage genomes

in a similar fashion and, also, the study of vCas4 influence in different CRISPR-Cas types. As in this study

revealing vCas4 properties, the discovery of similar proteins would enhance the knowledge in CRISPR-

Cas resistance and, consequently, in the ways to overcome the wide-spread bacterial infections. From the

protein alignment of the vCas4 proteins obtained in this study we could, for example, evaluate the effect of

the Cas4 homologs encoded in other Campylobacter phages as, for example, the vCas4 protein encoded

in the Campylobacter phage NCTC12673 which protein sequence is highly similar to the CP30A vCas4.

Besides that, due to their high diversity, some VCas4 proteins encoded in Mycobacterium phages could

also be analyzed. Besides that, it could also be interesting to study an homolog that, contrarily to the ones

suggested, does have both the lysine and aspartic acid conserved, however, not all the four cysteines are

conserved. That study would allow the determination of each residues are responsible for the observed

protein activity of vCas4 proteins in the case they lead to an enhancement of host CRISPR autoimmunity.

Besides that, the studies of both KPP25 and LU11 vCas proteins still need to be continued being that in

these cases, the origin of the novel spacers acquired still has to be determined. Further biochemistry studies

also have to be performed in the presence of vCas4 LU11.
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Chapter 5

Conclusion

Here were studied the Cas4 protein homologs encoded in phage genomes according to three different

approaches: bioinformatic analysis, in vitro acquisition assays and biochemistry studies.

From the bioinformatic analysis it was possible to obtain a database of 112 Cas4 homolog proteins

encoded in phage genomes. From the alignment of these vCas4 proteins was possible to conclude they

are highly similar to Cas4 proteins associated with type I CRISPR-Cas systems since the four cysteines and

additional lysine and aspartic acid residues known to be highly conserved in the family of Cas4 nucleases

were also shown to be conserved in the vCas4 proteins. This analysis have also shown that the protein

alignment complemented to the localization of the genes encoding for vCas4 proteins in the phage genome

and phage life cycle is a better tool to spot proteins that are highly similar to Cas4 but evolved to have different

function, when compared to sequence similiarity dendograms. After that, and using the previous alignment,

three vCas4 proteins encoded in the Pseudomonas KPP25, Pseudomonas LU11 and Campylobacter CP30A

phages were chosen to perform further experimental assays.

In one hand, in vivo acquisition assays were performed using I-E system in presence or absent of vCas4.

Was observed that the presence of LU11 and CP30A vCas4 proteins decreases the amount of spacers

incorporated in the CRISPR-Cas system and in the case of CP30A vCas4 leads to the incorporation of host

derived spacers. However, for all the proteins in study, it was demonstrated that the spacers acquired in their

presence have the correct length and PAM. On the other hand, in the studied performed in the CRISPR-Cas

type I-C of Pseudomonas, no naive acquisition was detected neither in the presence or absence of the native

Cas4 protein. This result was also not influenced by the presence of vCas4 proteins.

In order to understand the mechanisms underlying the results observed in acquisition, were addition-

ally performed assays to evaluate vCas4 interaction with the Cas1-Cas2 complex of type I-C and I-E of

Pseudomonas. It was possible to conclude that the vCas4 proteins in study do not interact with the Cas1-

Cas2 complexes encoded in these systems. It allowed the conclusion that the verified influence of vCas4 in

CRISPR adaptation is not due to a direct interference of this proteins to the components being part of the

system.

Since it was demonstrated that the effect of vCas4 proteins in CRISPR-Cas acquisition was not moti-

vated by a direct interaction between the vCas4 proteins and the Cas1-Cas2 complex, further biochemistry

assays were performed in order to understand it. This assays allowed the purification of all the vCas4 pro-

teins in study using Ni-NTA affinity chromatography being that, additionally, KPP25 and CP30A were further
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subjected to an additional purification step by size-exclusion and were further subjected to in vitro assays to

determine their activity. The in vitro activity assays allow us to conclude that the vCas4 proteins in study have

nuclease activity with preference for ssDNA. No activity and degradation of DNA was demonstrated neither in

the presence of linear or circular dsDNA. Additionally, it was also possible to conclude that the nuclease ac-

tivity of this vCas4 proteins is metal dependent and coordinated by a mechanism that preferentially involves

manganese (Mn2+) instead of magnesium ions (Mg2+). In addition to that, further assays were performed

using CP30A vCas4 in order to verify if the protein is an exonuclease. With the results obtained in all the

biochemistry assays it was possible to conclude that, in fact, CP30A vCas4 is a ssDNA endonuclease.

Taken together these results suggest that the nuclease activity of vCas4 might be the reason behind

the enhancement of host CRISPR autoimmunity and also that this effect is universal and not CRISPR-

Cas specific related. Thus, besides of the gained insights on the vCas4 proteins and its role in CRISPR

adaptation, this study opens a door in the possibilities of improving phage therapy effectiveness or use

engineered phages a tool to tackle the emergence of pathogenic bacteria resistance problem.
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Appendix A

gBlocks Gene Fragments Sequence

Figure 29: gBlocks sequence of Cas4 homolog gene encoded in LU11.
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Figure 30: gBlocks sequence of Cas4 homolog gene encoded in KPP25.

Figure 31: gBlocks sequence of Cas4 homolog gene encoded in CP30A.
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Figure 32: gBlocks sequence of Cas1-Cas2-Leader-Repeat genes from type I-C CRISPR system of Pseudomonas.
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Figure 33: gBlocks sequence of Cas4 gene from type I-C CRISPR system of Pseudomonas.
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Figure 34: gBlocks sequence of Cas1-Cas2 genes from type I-E CRISPR system of Pseudomonas.

Figure 35: gBlocks sequence of Leader-Repeat genes from type I-E CRISPR system of Pseudomonas.
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Appendix C

Acquisition assay in type I-E of
Pseudomonas - Report

Figure 36: Agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas The detected
bands and correspondent lanes analyzed using ImageLab software are represented in blue and red, respectively.

Lane 1

Figure 37: Lane 1 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,895 333696
2 0,916 771136
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Lane 2

Figure 38: Lane 2 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,255 254336
2 0,279 321920
3 0,894 329600
4 0,916 644672

Lane 3

Figure 39: Lane 3 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,256 352640
2 0,280 348096
3 0,894 324992
4 0,915 812736

Lane 4

Figure 40: Lane 4 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,256 478912
2 0,280 465792
3 0,891 728512
4 0,912 882496
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Lane 5

Figure 41: Lane 5 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas

Band Number Relative Front Volume (Int)

1 0,257 275136
2 0,281 476416
3 0,891 662848
4 0,912 802240

Lane 6

Figure 42: Lane 6 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,257 208128
2 0,281 356736
3 0,890 699520
4 0,911 566656

Lane 7

Figure 43: Lane 7 of the agarose gel obtained in the In vivo acquisition assays in type I-E of Pseudomonas.

Band Number Relative Front Volume (Int)

1 0,257 344448
2 0,281 532608
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Appendix D

ANOVA statistical analysis

Figure 44: Ordinary one-way ANOVA multiple comparison statistical test results.
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