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Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) together with cas (CRISPR associated) genes constitute
an adaptive immune system found in prokaryotes. Microbes evolved a vast diversification 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 immunological 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.
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INTRODUCTION
Dynamic interactions between phages and hosts have been studied

since the early days of molecular biology. This phage-host arms race
shaped the evolution of microbes to evolve a vast diversification of de-
fense mechanisms that can be classified as innate or adaptive immune
systems. CRISPR and their associated cas genes encode one such
adaptive immune system mechanism [12].

Found in approximately 45% of bacteria and 85% of archaea [15],
the CRISPR array consist of a cluster of a highly variable number of re-
peats, interspaced by spacers and a leader sequence [20]. 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 [13].
The CRISPR-Cas systems have evolved a vast diversification being
categorized into two classes, six types and more than twenty subtypes
[15].

CRISPR-Cas Mechanism. 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
1). 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.

To avoid acquisition of spacers from the host DNA that would lead
to autoimmunity, the CRISPR systems uses the DNA machinery repair
of the hosts to generate protospacers [20].

Cas1 is the most conserved Cas protein, present in all of the six
types of CRISPR systems [15]. In the context of CRISPR immunity, this
protein interacts with Cas2 forming a complex responsible for spacer
integration (Cas1-Cas2) [33]. This complex has two separate DNA-

binding proteins mediating the connection between the incoming pro-
tospacer and the CRISPR array [20]. The new spacers acquired by the
Cas1-Cas2 complex are predominately incorporated in the leader end
of the CRISPR array [33]. 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 [33].

The identification of convenient protospacers is based on the pres-
ence of a protospacer-adjacent motif (PAM) [21] that ensures the cor-
rect orientation of protospacers in the CRISPR array [31].

Other Cas protein that is known to be implicated in the adaptation
phase in several subtypes of CRISPR-Cas systems is the Cas4 protein.
In the CRISPR loci the cas4 genes were found either adjacent to cas1
and cas2 or, in some cases, fused with cas1 [15]. 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 [17, 14, 27, 34, 29].

The adaptation stage of CRISPR-Cas mechanism is followed by the
expression phase in which the CRISPR array and CRISPR locus are
transcribed [4]. The transcription of the CRISPR array leads to the
formation of a long precursor CRISPR-RNA molecule (pre-crRNA) [4]
which is further processed forming hairpin-like structures that later pro-
duce mature crRNAs [19].

Interference is the last stage of the CRISPR-Cas immune system
mechanism (Figure 1). This multi-step process starts with the initial
recognition of the invading sequences and, after target binding, final-
izes with obstruction of nucleic acid invasion by target destruction [19].
Once generated, crRNAs use their base-pairing potential and serve as
guides for the recognition of invasive targets [19]. After PAM scanning
and recognition, in the cases where the crRNA fully matches the target
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Figure 1: Schematic representation of CRISPR-Cas immune system mech-
anism 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.

nucleic acid, nuclease Cas proteins are recruited to the side promoting
the final destruction of the invaders [32].

Cas4 solo. It was found that the cas4 gene can also be found not asso-
ciated with the CRISPR-cas loci (sCas4) in some prokaryotic genomes
as well as plasmids and bacteriophages (vCas4). Recently, a phyloge-
nomic study of Cas4 family nucleases was performed allowing the de-
tection of Cas4 proteins encoded in phage genomes forming specific
and isolated clusters that were mostly similar to Cas4 proteins associ-
ated with type I CRISPR-Cas systems [11] confirming the diversity of
these solo Cas4 proteins.

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 understand-
ing their possible influence in the CRISPR-Cas system adaptation. Re-
garding the influence of vCas4 in the CRISPR system, in the case they
do interact, it can happen that the vCas4 interacts directly with the
CRISPR system. In this case, the vCas4 binds to the Cas1-Cas2 com-
plex inhibiting its ability to acquire new spacers even after infection.
This way, the CRISPR system is not able to process an immune re-
sponse against the foreign pathogen leading to bacterial death. We ex-
pected 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 re-
veals 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.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions. The bacterial strains used
in this study were E. coli DH5α and E. coli BL21-AI [3, 28]. All bacterial
cultures were grown in LB media at 37C and continuous shaking at 180
rpm or in LBA plates. When required, antibiotics and inducers were
supplied.
gBlocks. Some DNA fragments used in this study were chemi-
cally synthesized and ordered as gBlocks Gene Fragments as in the
Cas4 homolog genes encoded in LU11 and KPP25 Pseudomonas
phage genome, CP30A Campylobacter phage genome and the Pseu-
domonas type I-C Cas1-Cas2-Leader-Repeat and cas4 genes and the
Pseudomonas type I-E cas1-cas2 and Leader-Repeat genes.
Plasmids. The plasmids used in this study and corresponding selec-
tion markers are described in Supplementary Data.
Polymerase Chain Reactions. Two different PCR were performed,
either using Q5 DNA Polymerase or OneTaq DNA Polymerase. The
components used in the mixture, their final volumes and the PCR pro-
gram applied were dependent on the polymerase used.
Restriction Enzyme Cloning. In Restriction Enzyme Cloning, the
DNA fragments were digested using appropriate restriction enzymes
and subsequently ligated. For digestion, the CutSmart buffer 10x was
mixed with the correct enzymes, the product to digest and the volume
of Milli-Q water necessary to obtain the final desired volume and in-
cubated at 4 C overnight. After that, restriction enzymes were inacti-
vated by heat or by DNA purification. The restriction enzymes used in
this study were EcoRI-HF, BamHI-HF, HindIII-HF, PstI-HF and KpnI-HF.
The amount of each fragment needed to obtain the final molar ration of
1:3 (vector:insert) was mixed with T4 Ligase buffer 10x, T4 ligase and
Milli-Q water and incubated at 4 C overnight.
Ligation-independent Cloning. All the plasmids in which the His6
SUMO Tag was inserted were obtained by LIC. In this cloning process,
the fragments to insert were amplified by Q5 DNA polymerase PCR
and the vector (p13SS) was linearized and after purification of both
PCR amplicon and linearized vector, LIC reactions were prepared and
incubated at 22 C for 30 minutes then 75 C for 20 minutes. Finally,
both the LICed PCR and LICed vector were combined and incubated
at room temperature during 10 minutes.
PCR-mediated deletion. The PCR-mediated deletion process was
implemented to delete a mutation, to remove an additional 80bp se-
quence from the gBlocks insertion in two plasmids and also to remove
the fragment codifying for the His6 SUMO Tag. To complete the dele-
tions, first, a Q5 DNA polymerase PCR using primers flanking the re-
gion to delete was performed and after DNA purification, 1 L of dpnI
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’ phosphorylation reaction was prepared by addition of T4 Polynu-
cleotide Kinase. After 45 minutes of incubation at 37 C, T4 DNA ligase
was added and the final mixture was incubated at 4 C overnight.
pGEM-T Vector System. The pGEM-T Vector System was used to
clone PCR products for White-Blue Screening. The ligation reactions
were performed according to manufacturer indications.
DNA Purification. Plasmid extraction from bacterial cultures was done
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using GeneJET Plasmid Miniprep Kit. Purification of PCR products
and DNA cleaningwas performed using GeneJET PCR Purification Kit.
Both kits were used as per manufacturer instructions.
Sequencing. DNA sequencing was done by Sanger method and out-
sourced to Macrogen Inc. Amsterdam.
Transformation. Transformation of plasmids in E. coli BL21-AI was
done via electroporation. Electrocompetent cells were prepared follow-
ing a protocol adapted from Gonzales et al. (2013). Transformation of
plasmids in E. coli DH5α was done via heat shock. To prepare E. coli
DH5α chemical competent cells, an independent colony from a culture
growing overnight in LBA was inoculated and from this culture, chemi-
cal competent cells were prepared using the Mix & Go E. coli Transfor-
mation Kit (Zymo Research) according to manufacturer instructions.
In vivo spacer acquisition assays.To detect acquisition in both types
I-E and I-C CRISPR systems of P. aeruginosa were transformed all
the plasmids carrying the CRISPR machinery components. The trans-
formed cells were induced by supplementation of L-arabinose and
IPTG and grown at 37 C overnight. Spacer acquisition was moni-
tored by PCR. 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 anneal-
ing in the vector backbone. To allow the quantification of the re-
sults, the intensities of the non expanded and expanded bands were
measured using the Image LabTM Software report tool. With the val-
ues obtained was further quantified the normalized percentage of ex-
panded band and this analysis was further complemented with an anal-
ysis of variance (ANOVA). These assays were followed by the sepa-
ration of the PCR products corresponding to the expanded CRISPR
array from the parental ones using the BluePippin automated agarose-
electrophoresis system as per manufacturer instructions. 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.
Expanded CRISPR array sequencing and protospacer analysis.
The expanded CRISPR array collected from BluePippin was inserted
in the pGEM-T vector and transformed in E. coli DH5α cells for Blue-
White Screening. The sequencing of the white colonies was done by
Sanger method and outsourced to GATC (Eurofins Genomics). The
sequencing results were further analysed 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 an-
alyzed with Weblogo to determine the PAM consensus sequence.
Protein expression and purification by Ni-NTA Affinity Chromatog-
raphy. To overexpress the protein of interest, plasmids in which this
protein was codified along with the polyhistidine sequence were trans-
formed in BL21-AI cells. From a liquid culture of this cells growing
overnight at 37oC 180 rpm, 2L of LB media were inoculated and later
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, ressuspended in chilled Lysis Buffer and
cOmplete EDTA-free Protease Inhibitor Cocktai and, later, lysed by
French Press (1000 bar). The lysate was cleared by centrifugation and
filtered through a 0,45mm syringe filter. The HIS-Select Nickel Affinity
Gel was washed with chilled Lysis Buffer,incubated with the clarified
lysate and then load in a gravity disposable column. Visualization of
the purified proteins was done using sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE).
Size-Exclusion Chromatography (ÄKTA Pure system). To perform
the size-exclusion chromatography, the elutions collected from the pre-
vious chromatography procedure were pooled together and concen-
trated. After centrifugation, the supernatant was applied to a Superdex

200 10/300 GL column connected to an ÄKTA purifier system. The
sample was eluted with Elution Buffer and detected at 260 and 400 nm
and the fractions of interest were collected. Visualization of the puri-
fied proteins was done using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE).
Mass Spectrometry. Samples subjected to Mass Spectrometry were
prepared and outsourced to Bokinsky Lab (Bionanoscience Depart-
ment, TUDelft).
In vitro Nuclease Activity Assays. 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), respectively. 500 nmol of the purified pro-
tein were mixed with 100 ng of DNA substrate in 10x reaction buffer
(supplemented with MgCl2 or MnCl2) and Milli-Q water. 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 Pro-
teinase K. To evaluate the activity, samples were mixed with 6X Loading
dye, visualized in a 1% agarose gel and stained with SYBR Gold. 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.
Exonuclease Activity Assay. 50 nM of protein were mixed with 5
nM of DNA substrates (chemically synthesised oligonucleotided incor-
porating a fluorescent label at the 3’ or 5’ ending purchased from Inte-
grated 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 95C during
10 minutes. Samples were further separated on a PAGE-denaturing
gel (20% polyacrylamide, 7M urea, 1 TBE).

Bioinformatic Analysis. All the bioinformatic analysis performed
during this study were done using Geneious 9.1.8. and, depending
on the analysis, supplementary plugins were used. For multiple se-
quence alignment was used the MAFFT pluginand to find CRISPR lo-
cus 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 pro-
tein sequence alignments.

RESULTS
Bioinformatic Analysis. The first objective of this study was to com-
pile the highest amount possible of genes encoding vCas4 and con-
stitute a database of these proteins. From this analysis were retrieved
112 sequences in total that were found to be encoded in a high diver-
sity of phages. To perform phylogenomic studies, these proteins were
aligned by MAFFT alignment [8] 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 ad-
ditional protein encoded in Thermoproteus tenax virus (TTV1). In this
virus, the Cas4 gene is split in two, with the N-terminal portion becom-
ing a structural coat protein (TP1) [16]. This resulted in the inactivation
of the nuclease activity of the Cas4 protein by the lost of some of the
catalytic amino acid residues [16]. 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 (Supplementary Data) it was possible to see that
4 cysteine residues are very well conserved in all the vCas4 proteins in
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study, including the TTV1 protein and the Cas4 proteins encoded in the
CRISPR loci. This four cysteines are known to be highly conserved in
Cas4 proteins which are presumably responsible for the coordination
of the iron-sulfur cluster [34]. The fact they are conserved in almost
all the proteins presented in the alignment shows high evidence that
these proteins might have similar function. However, structural studies
of Cas4 have shown that not only the 4 cysteines are conserved but
also some other residues[18], including a lysine and an additional as-
partic acid residue [34]. It is possible to see that, as the four cysteine
residues, the aspartic acid residue is very well conserved. However, 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 except the TTV1
Cas4 protein. The fact that one residue involved in the nuclease activ-
ity changed might be the reason why this protein evolved to be part of
the nucleocapsid structure of phages.

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 hav-
ing the same data in a different conformation studying the possibility of
using phylogenomic trees as a complementary tool to distinguish be-
tween vCas4 proteins with DNA-related activity and proteins that, even
if derivated from Cas4, show different function.

Contrarily to supposed, the TTV1 protein clustered together with
other vCas4 proteins and not independently in the phylogenimc tree ob-
tained (Supplementary Data). In this case, if the vCas4 proteins were
analyzed only by the phylogenomic tree obtained, this protein with lost
functionality wouldn’t be identified. Moreover, the Cas4 proteins known
to be associated with type I CRISPR-Cas systems that were included
in this study are not clustered together but placed in different regions of
the phylogenomic tree. 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 proper-
ties are lost in the analysis of the phylogenomic tree. Nevertheless,
it allows us to conclude, once again, that the protein alignment is a
better tool to assess about possible differences between the Cas4 pro-
tein homologs. The protein alignment was then used to choose pro-
teins to perform further experimental assays. The first criteria of choice
was the conservation of the four cysteines and the one lysine domains.
The proteins chosen were the ones encoded in Campylobacter phage
CP30A, Pseudomonas phage KPP25 and Pseudomonas phage LU11.

The vCas4 protein encoded in CP30A (hereafter, vCas4 CP30A)
was chosen since it was previously shown that this protein is respon-
sible for stimulating the acquisition of host-derived spacers and 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 encoded in Pseudomonas phages. This is an advantage since
these bacteria are accessible and well studied. No CRISPR-Cas sys-
tem have ever been identified in Pseudomonas putida infected by LU11
phage, however, in Pseudomonas aeruginosa three different CRISPR-
Cas systems were identified [5]. This bacterial strain is known to have
types I-E, I-C and I-F CRISPR systems. The study of a phage that in-
fects 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.

Since it was important to make sure that the vCas4 proteins in study

were not related with the TTV1 protein, were further analyzed the lo-
calization 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 [6] ac-
cording to genes’ function. 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 con-
firm either if the protein TTV1 would be integrated in a late cluster. With
this analysis it was 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. It is then 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 differ-
ent 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.
In vivo Acquisition Assays. In the PCRs performed to detect ac-
quisition the objective is to amplify the fragment of the CRISPR array
between the leader and the first spacer. This way, by performing the
PCR to detect acquisition, two different bands, corresponding to the
amplification of two different populations, are obtained.

Figure 2: Binding sites of the primers used in the in vivo acquisition as-
says and expected sizes of the expanded and non-expanded bands. In the
right, the degenerate forward primers bind to the repeat fragment (R) and the
external reverse primer binds to the backbone. Are also represented the leader
(L) and spacer (S) fragments. In the left PCR, after the automated gel extrac-
tion (Blue Pippin) are used, again, the degenerate forward primers binding to
the repeat fragment and, as reverse primer, an internal primer binding immedi-
ately 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.

In all samples (except the negative control) it was possible to de-
tect a clear expanded band (+1 band) meaning that new spacers were
acquired by the CRISPR-Cas system.

Figure 3: PCR of the in vivo acquisition assays in the type I-E of Pseu-
domonas 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.

By analysis of the obtained percentages of acquisition, it was possi-
ble to conclude that no relevant differences on the amount of spacers
acquired in the presence of vCas4 KPP25 can be detected. However,
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in the cases that LU11 and CP30A vCas4 are present, the amount of
spacers acquired by the CRISPR-Cas systems decreases significantly
being this effect way more evident in the case CP30A vCas4 is present
(Figure 4).

Figure 4: Percentage of the expanded band in the PCR of the in vivo ac-
quisition assays in the type I-E of Pseudomonas CRISPR-Cas system. Per-
centages 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).

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 spac-
ers would be different in the cases the vCas4 proteins were present.
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 ob-
tained 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 1).

Table 1: 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.

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

In the cases that KPP25 vCas4, LU11 vCas4 and no vCas4 pro-
tein was present (p2AT 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 1). 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.

The length of the newly acquired spacers and their consensus PAM
was also determined (Figure 5).

It was possible to conclude that the most predominant spacer length
of the novel spacers acquired was 33 bp and their consensus PAM

Figure 5: Length and PAM consensus sequence of the novel spacers ac-
quired 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 ab-
sence (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 WebL-
ogo 3.6.0.

was 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 [25], we can conclude that the
vCas4 of this study does not have influence in those parameters.

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.

Figure 6: PCR of the in vivo acquisition assays in the type I-C of Pseu-
domonas 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.

After performing the acquisition 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. 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. By analysis of the results obtained it is possible to
see that, in fact, no acquisition can be detected since no amplification
was obtained in the PCR.

Finally, it allows the conclusion that the type I-C of Pseudomonas is
not able to acquire novel spacers (naive acquisition). Only in vitro naive
acquisition was previously described in the type I-C CRISPR-Cas sys-
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tems [17] and no in vivo acquisition was ever described. The only in
vivo acquisition described in this type of CRISPR systems was priming
acquisition [25]. Contrarily to naive adaptation, in which spacers that
are not already cataloged in the host CRISPR array are there incor-
porated, the priming acquisition occurs in the case that the CRISPR
system already has memory spacers against an invader [20]. This pro-
cess by which pre-existing spacers facilitate rapid spacer acquisition is
known as primed spacer acquisition (or priming) [7, 31]. Unlike naı̈ve
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 [7]. This way, it might happen that
only in the presence of the completed CRISPR machinery or in the
presence of proteins such as the vCas4 proteins, it would possible to
detect acquisition in type I-C of Pseudomonas.

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 in-
fluence. This way, further co-purification assays were then performed
in order to understand if this protein strongly interacts with the Cas1-
Cas2 complex. 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 know-
ing 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.

In this assay, E. coli BL21-AI cells were transformed with the plas-
mids carrying the vCas4 proteins in which the His6-SUMO Tag was
also attached and also with the plasmid in which the Cas1-Cas2 com-
plex 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 pu-
rify this protein and in the case it strongly interacts with the Cas1-Cas2
complex, also co-purify at least one of these proteins.

By analysis of the obtained results it is possible to see that in the
case of KPP25 vCas4 protein (Figure 7 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 7 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.

These samples were additionally evaluated by 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. 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.

In the co-purification of the type I-C, for the KPP25 vCas4 protein
(Figure 8) 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 be detected in the SDS-page gel
meaning that no significant proteins co-purifying can be detected. The

Figure 7: SDS-page gel resulting from the assays to evaluate vCas4 in-
teraction 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.

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 addi-
tionally evaluated by Mass Spectrometry.

Figure 8: SDS-page gel resulting from the assays to evaluate vCas4 in-
teraction 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.
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 possi-
ble vCas4 protein activity. This way, the all the vCas4 proteins were first
purified using Ni-NTA Affinity Chromatography and further subjected to
an additional size-exclusion chromatography. After size exclusion, 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.

In the first assay, these proteins were incubated with linear double-
stranded DNA, circular double-stranded DNA and circular single-
stranded DNA during two hours at 37oC in the presence of two different
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buffers (MgCl2 and MnCL2).
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 9). 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.
In the case that CP30A vCas4 was incubated with circular ssDNA, the
presence of DNA can’t be detected in the agarose gel (Figure 9). This
result suggests that this protein is actively degradating the DNA sample
into single nucleotides that can’t be stained using the DNA loading dye.
In order to confirm this hypothesis, the same in vitro activity assay were
repeated over time and with additional supplementation of EDTA that
was used in this assay with the objective of stopping the degradation
reactions [24].

Figure 9: 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.

The reactions immediately after incubation and after 10 and 30 of
reaction, for all the DNA samples tested before. 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 lin-
ear or circular double-stranded DNA. When comparing both vCas4 pro-
teins in study it is possible to conclude that CP30A shows enhanced
activity when compared to the KPP25 since this activity can be de-
tected 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 co-
ordinated by a mechanism that preferentially involves manganese ion
(Mn2+) coordination at the active site (instead of magnesium ion coor-
dination).

With clear evidence that vCas4 proteins have endonuclease activ-
ity, 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 sub-
strates, one incorporating a fluorescent label at the 3’-end and another
incorporating the fluorescent label at the 5’-end. The observed par-
tial 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 previously
demonstrated that this protein is a nuclease with preference for circu-
lar single-stranded DNA allow us to conclude that CP30A vCas4 is an
endonuclease.

DISCUSSION
The Cas4 proteins has long been implicated in immune adapta-

tion, forming complex with Cas1 [17] and selecting and orienting PAM-

Figure 10: 20% SDS-page gel to detect exonuclease activity of CP30A
vCas4 over (a) 5’-end labelled oligonucleotides or (b) 3’-end labelled oligonu-
cleotides. Both reactions were performed in the presence of both MnCl2 and
MgCl2 buffers and over time (10 and 30 minutes). After incubation, the reac-
tions were stopped by EDTA supplementation.

compatible spacers. [14, 29]. All these recent studies have increased
the interest in revealing the biological role of Cas4 in CRISPR-Cas sys-
tems. However, these proteins can also be found not associated with
the CRISPR-cas loci, being present solo in MGEs such as in bacterio-
phages [11].

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 [16].
In other hand, it was shown that CP30A vCas4 is responsible for stim-
ulating the acquisition of host-derived spacers in type II-C CRISPR-
Cas systems[10, 9]. These completely disparate roles have then moti-
vated 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 adap-
tation. 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. aerugi-
nosa AZPAE14509, strain in which CRISPR array were found spac-
ers against the Pseudomonas phage KPP25 [5]. 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 adap-
tation module. Since non spacers were described against the phages
here studied in the I-C system, we performed the assays using the se-
quences 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 [26, 1]. In the case of CP30A it was al-
ready studied. Its influence in the acquisition of new spacer in type II
CRISPR-Cas systems was known being, however, unknown if its in-
fluence 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
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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
CRISPR-Cas adaptation.

Despite the expected results, the in vivo acquisition assays per-
formed in the type I-E CRISPR-Cas system revealed a non significant
acquisition in the presence of KPP25 vCas4 protein. However, in as-
says using CP30A and LU11 viral Cas4, a decrease in the amount
of spacers was detected. This results is very interesting 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 in-
fluence of the CP30A vCas4 is universal: promotes acquisition of host
genome derived spacers in any CRISPR-Cas system leading to possi-
ble autoimmunity events.

Then, in order to understand how the vCas4 enhances the autoim-
munity, biochemistry assays were performed. 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 re-
sults 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 degradation of DNA might be
the key explanation for the enhancement of host derived spacer acqui-
sition: 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 ac-
tivity participates in cleavage of 3’ overhangs of protospacers [27] and
this processing ensures the formation of optimal protospacers [17]. So,
it can be that this activity is maintained in CP30A and LU11 vCas4 pro-
teins and they also make overhangs in the phage derived protospacers
inhibiting their recognition by the Cas1-Cas2 complex. The nuclease
activity demonstrated by the vCas4 proteins might also be the explana-
tion why no decrease in the amount of spacers acquired was demon-
strated in the presence of KPP25 vCas4. Since it was proved by the
in vitro activity assays that the nuclease activity of KPP25 is more lim-
ited 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 re-
lated 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 ef-
fect 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 re-
pair DNA during their life-cycle, the collateral activity described in this
study, ended up giving them an advantage over bacteria.
Future Applications. Besides of the gained insights on the vCas4
phylogenomics, interference in CRISPR adaptation and protein activity,
this study can have some practical future applications.

The emergence of pathogenic bacteria resistant to most, if not all,

of the antimicrobial agents available has become a critical problem in
modern medicine [30, 23]. Prior to the discovery and widespread use
of antibiotics, it was suggested that bacterial infections could be pre-
vented and/or treated by the administration of bacteriophages [30].

Even if phage therapy might look like a promising alternative to the
use of antibiotics, the evolution of bacterial resistance to a particular
phage, just as to an antibiotic, is inevitable [22]. 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.

In the case that LU11 vCas4 was present we also observed a de-
crease in the amount of novel spacers acquired by the CRISPR-Cas
system of type I-E of Pseudomonas however, no differences were de-
tected 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 regula-
tor of acquisition in cases it is necessary to reduce the amount of new
spacers acquired by the CRISPR-Cas systems.
Future Work. Even if this study allowed us to gain insight in vCas4
activity, some questions still remain to be answered: First, if vCas4 ac-
tivity 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 ar-
ray, 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. 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
interference 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.

CONCLUSION
Here were studied the Cas4 protein homologs encoded in phage

genomes according to three different approaches: bioinformatic analy-
sis, 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 sys-
tems 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 local-
ization 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.
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In one hand, in vivo acquisition assays were performed using I-E
system in presence or absent of vCas4. Was observed that the pres-
ence 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. How-
ever, 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 pres-
ence 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 ob-
served in acquisition, were additionally 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 motivated by a direct interaction be-
tween the vCas4 proteins and the Cas1-Cas2 complex, further bio-
chemistry assays were performed in order to understand it. This as-
says allowed the purification of all the vCas4 proteins in study using
Ni-NTA affinity chromatography being that, additionally, KPP25 and
CP30A were further 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 ss-
DNA. 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 activity of this vCas4 proteins is
metal dependent and coordinated by a mechanism that preferentially
involves manganese instead of magnesium ions. 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 engi-
neered phages a tool to tackle the emergence of pathogenic bacteria
resistance problem.
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SUPPLEMENTARY DATA A

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 (including
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 (includ-

ing His6 SUMO Tag)
Spec This study
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SUPPLEMENTARY DATA B

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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SUPPLEMENTARY DATA C

Phylogenomic tree of vCas4. Sequence similarity dendogram obtained from the align-
ment 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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