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Abstract: Bacteria and archaea use CRISPR-Cas adaptive immunity systems to interfere with viruses,
plasmids, and other mobile genetic elements. During the process of adaptation, CRISPR-Cas systems
acquire immunity by incorporating short fragments of invaders’ genomes into CRISPR arrays.
The acquisition of fragments of host genomes leads to autoimmunity and may drive chromosomal
rearrangements, negative cell selection, and influence bacterial evolution. In this study, we investigated
the role of proteins involved in genome stability maintenance in spacer acquisition by the Escherichia
coli type I-E CRISPR-Cas system targeting its own genome. We show here, that the deletion of rec]
decreases adaptation efficiency and affects accuracy of spacers incorporation into CRISPR array.
Primed adaptation efficiency is also dramatically inhibited in double mutants lacking recB and sbcD
but not in single mutants suggesting independent involvement and redundancy of RecBCD and
SbcCD pathways in spacer acquisition. While the presence of at least one of two complexes is crucial
for efficient primed adaptation, RecBCD and SbcCD affect the pattern of acquired spacers. Overall,
our data suggest distinct roles of the RecBCD and SbcCD complexes and of Rec] in spacer precursor
selection and insertion into CRISPR array and highlight the functional interplay between CRISPR-Cas
systems and host genome maintenance mechanisms.

Keywords: CRISPR-Cas; Escherichia coli; primed adaptation; DNA repair

1. Introduction

Arrays of clustered regularly interspaced short palindromic repeats (CRISPR) separated by variable
spacers and cas (CRISPR-associated) genes constitute CRISPR-Cas adaptive immunity systems used by
a wide range of bacteria and archaea to defend against invading DNA or RNA [1-3]. When targeting
the host genome, CRISPR-Cas systems induce chromosomal rearrangements and/or cell death and in
this way may drive bacterial evolution [4—6]. Induction of self-targeting by CRISPR-Cas also has been
proposed as a promising approach for specific elimination of bacterial cells [7,8].
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The Cas effector complexes consist of Cas protein(s) and crRNA, which is a product of CRISPR array
transcription and processing. The effector complex recognizes and channels for degradation nucleic
acids based on complementarity of a crRNA spacer and a region of a target called “protospacer” [9].
Target protospacer recognition by most CRISPR-Cas systems depends on a short protospacer adjacent
motif (PAM) [10,11]. Fragments of DNA inside the cell, including those of bacteriophage genomes
and plasmids as well as host DNA, may serve as “prespacers” and be channeled for integration into
CRISPR array as new spacers in a process of CRISPR adaptation [12]. The specificity of the adaptation
process to PAM-containing DNA fragments in CRISPR-Cas systems that rely on PAM ensures that
acquired spacers generate crRNAs capable of interference.

The most common CRISPR-Cas system of Escherichia coli belongs to type I-E and comprises
a multisubunit target recognition complex Cascade-crRNA, a Cas3 nuclease-helicase that destroys
Cascade-bound targets, and the Casl-Cas2 adaptation complex [2,13]. The consensus PAM in
this system is an AAG trinucleotide located upstream of protospacers. During target recognition,
Cascade-crRNA first recognizes the PAM and then, if there is complementarity between the crRNA
spacer and the target strand of protospacer, forms an R-loop complex: the target strand of protospacer
forms a heteroduplex with crRNA spacer, the nontarget strand is looped out [14-17]. The R-loop
complex recruits Cas3 [15,18,19]. In vitro, Cas3 introduces several nicks into the nontarget strand 7-11
nucleotides downstream from PAM. Cas3 possess a 3’-5” helicase activity and in the presence of ATP is
able to translocate along the target DNA, gradually degrading it to short fragments [17,20,21]. In vivo,
Cas3 activity leads to extensive degradation of DNA around the protospacer [8,22], a process that may
involve host nucleases and helicases that are not part of the CRISPR-Cas system.

CRISPR adaptation in E. coli is catalyzed by the Casl4-Cas2; hexameric complex [23-25]. Up to
50% of spacers acquired in cells co-overexpressing Casl and Cas2 correspond to prespacers with
adjacent AAG trinucleotides [13], which matches the PAM consensus. For type I-E CRISPR-Cas systems
it was shown that ongoing interference drives a specific and very efficient mode of CRISPR adaptation,
referred to as “primed CRISPR adaptation” or “priming” [26,27]. In this case, up to 95% of newly
acquired spacers correspond to prespacers associated with AAG PAM, and most of them originate from
an area around the protospacer recognized by Cascade-crRNA (referred to as “priming protospacer”
or “PPS”) [28]. Further, the orientation of priming protospacer affects the choice of acquired spacers.
It has been proposed that the products of target degradation initiated by Cas3 feed spacer acquisition
during primed adaptation [29].

The detailed mechanism of conversion of DNA in a locus targeted by Cascade-crRNA and Cas3 to
spacers in CRISPR array during primed CRISPR adaptation remains to be identified. It is highly likely
that besides the Cas3 helicase-nuclease and the Cas1-Cas2 adaptation complex, cellular machinery
engaged in genome maintenance and DNA metabolism also contributes to primed spacer acquisition.
Indeed, the requirement of recG and priA for primed CRISPR adaptation was demonstrated using a
lambda phage infection model [30]. Here, we analyzed the role of genome maintenance components
— the RecBCD and SbcCD complexes as well as the Rec] and SbcB nucleases—in spacer acquisition
efficiency and specificity during primed adaptation using the “self-targeting” E. coli strain recently
described in [31]. We found that primed adaptation is strongly affected by RecBCD, SbcD, and Rec],
which thus should be considered as integral players of the process.

2. Materials and Methods

2.1. Strains Used in This Study

The KD403 strain was described in [31] and also shown in Figure 1A. P1 transduction was used to
replace recB, recC, recD, sbcB, sbcD, rec] genes in the strain KD403 with the cassette encoding the gene of
kanamycin resistance as described previously [32]. Keio collection strains [33] were used as donor
strains. To obtain double mutants, the kanamycin cassette was flipped out from single knockouts using
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FLP recombinase expressed from pCP20 plasmid as described [34], and then the second round of P1
transduction was applied to introduce the second deletion.

2.2. Primed Adaptation Assay in “Self-Targeting” Cells

Cells were grown overnight at 37 °C in Luria-Bertani (LB) broth. Aliquots of the cultures were
diluted 100-fold into fresh 20 mL of LB broth and grown at 30 °C. After reaching ODgg 0.3, the cultures
were divided into two aliquots (7 mL each), and IPTG (isopropyl 3-D-1 thiogalactopyranoside) and
L-arabinose were added to one of two aliquots at the final concentration 1 mM each. The cultures were
grown at 30 °C for 5 h, washed with 10 mL of 1x PBS bulffer, resuspended in 700 uL of 1x PBS buffer
and stored at —20 °C. Genomic DNA was purified from cultures by phenol-chloroform extraction
as described in [31]. CRISPR expansion was monitored by PCR with primers annealing to Sp¥"N
spacer (auto- Sp¥"N -R, 5’- aatagcgaacaacaaggtcggttg-3’) and the leader of the CRISPR array (LDR-F2,
5’- atgctttaagaacaaatgtatacttttag-3’). ImageJ [35] was used for quantitative analysis of adaptation
efficiency. To measure the relative intensities of the bands on agarose gel corresponding to extended
CRISPR arrays, the intensities in rectangles that cover corresponding areas were divided by sum of
intensities of the same size areas of upper (extended) and lower (unextended) bands and normalized
to the values calculated for samples without induction. Three independent experiments were done for
each strain. Pairwise t-test with Holm correction for multiple comparisons was used for statistical
analysis of differences in adaptation efficiency between different strains.

For extraction of CRISPR arrays expanded during CRISPR adaptation three independent 100 pL
amplification reactions with LDR-F2 and auto- SpY"N-R primers containing 20-50 ng genomic DNA
were pooled, PCR products corresponding to expanded CRISPR array were gel purified using Gene]ET
Gel Extraction Kit (Thermo Fisher Scientific, Vilnius, Lithuania)) and sequenced in pair-end mode
with MiniSeq Illumina System at Skoltech Genomics Core facility. Two independent experiments were
analyzed by Illumina sequencing for each strain.

2.3. Microscopy

Cells of cultures grown with or without induction of cas gene expression were analyzed using a
LIVE/DEAD bacterial viability kit (Thermo Scientific) at 5 hr after induction in cell chambers made
as described in [31]. Fluorescence microscopy was performed using Nikon Eclipse Ti-E inverted
microscope. Fluorescence signals in green (living cells) and red (dead cells) fluorescent channels
were detected using Semrock filter sets YFP-2427B and TxRed-4040C, respectively, and numbers of
corresponding cells were calculated. The image analysis was performed using Image]J (Fiji) with
Object] plugin used for measurements of cell length.

2.4. Sequencing Data Processing

Raw sequencing data were processed using ShortRead and BioStrings R packages [36,37]. Illumina
reads were trimmed with quality score cutoff = 20. Paired reads were merged with the following
parameters: gap opening = —10, gap extension = —4. Reads containing two or more repeats (with up to
two mismatches) were selected. The 33-bp segments were considered as spacers and were mapped to
the KD403 genome sequence with no mismatches and only unique mapping allowed. A minor fraction
of non-uniquely mapped spacers (i.e., those originating from rRNA operons) was excluded from the
analysis. Spacers that have been inaccurately incorporated, i.e., those shifted by a few nucleotides with
respect to the consensus PAM or inserted in an opposite orientation [38] were also discarded from
the analysis except when inaccurately incorporated spacers were specifically analyzed (see below).
Custom R scripts used for spacer analysis are available upon request. Spacers were counted in bins of
10 kb separately for target and nontarget strands and normalized to the total spacer counts. For plotting
prespacer distribution, we averaged results across two independent experiments, also, to directly
compare the curves, maximal values for mutants and wild-type were adjusted to make them the same.
A portion of spacers associated with AAG PAM as well as a portion of spacers with internal AAG
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trinucleotide was calculated for 400 kb region spanning the PPS area in bins of 10 kb separately for
nontarget and target strands. Spacers that mapped next to prespacers associated with AAG PAM but
shifted up to 2 bp up- or downstream, and/or inserted in an opposite orientation, were considered as
incorrectly incorporated. Their numbers were also calculated in 10 kb bins in the 400 kb PPS-centered
area. A pairwise proportional test that accounts for multiple testing at p-value of 0.001 was applied to
compare the values obtained for mutant strains with corresponding values for the wild-type strain.

3. Results

3.1. Primed CRISPR Adaptation Is Impaired in Arec], ArecB Arec] and ArecB AsbcD Mutants

Recently, a new in vivo model system to study primed adaptation at conditions of self-targeting in
E. coli has been thoroughly described (see for details [31]). Itis based on a strain KD403, which contains a
CRISPR array spacer targeting a non-essential yihN gene in the E. coli genome, and cas genes responsible
for CRISPR interference and adaptation under control of inducible promoters (Figure 1A). Upon cas
genes induction, the protospacer in the yiiN gene is recognized, and extensive DNA degradation
at both sides of the protospacer is observed in a process that requires Cas3 nuclease activity [31].
The DNA degradation causes SOS response: the cultures stop growing, the number of colonies forming
units in the culture is decreased several orders of magnitude (Figures S1 and S2). Induced cells
become elongated but remain viable for at least several hours post-induction ([31] and Figure 1B,
Figures S3 and S4) and acquire new spacers. Most of the newly acquired spacers originate from the
yihN protospacer (priming protospacer, PPS) area [31].

To find out how cell nucleases and helicases involved in genome maintenance and repair affect
spacer acquisition at conditions of self-targeting, we first evaluated the role of the RecBCD complex,
which is involved in homologous recombination induced by double-strand DNA breaks. After binding
to the ends of a broken DNA duplex, RecBCD translocates along the DNA using 3’-5" and 5’-3 helicase
activities of the RecB and RecD subunits, correspondingly, until a Chi site is recognized by the RecC
subunit [39,40]. Whether RecBCD degrades DNA as it is moving along in vivo is still a subject to
debate [39,41]. In vitro RecBCD possesses a Mg?*-dependent nuclease activity [42]. Upon Chi site
recognition, RecB turns into an efficient processive 5’-3' nuclease producing 3" overhangs that initiate the
process of homologous recombination. The absence of RecD converts the RecBC complex into a helicase
that lacks the nuclease activity [43]. Previously, the role of the RecBCD complex in primed adaptation
was assessed, and no impact was found [30]. We used P1 transduction to generate derivatives of the
KD403 self-targeting strain with recB, recC, or recD genes replaced by kanamycin resistance cassette (see
Materials and Methods). As in the parental, wild-type KD403 strain, induction of self-targeting in the
mutants caused SOS response, as judged by the increase of cell length (Figures S3 and 54), cessation of
culture growth (Figure S1), and reduction in colony forming units (Figure S2) but did not increase the
number of dead cells 5 h after the addition of cas genes inducers as judged by differential staining of
live and dead cells (Figure 1B and Figure S3). Spacer acquisition, detected by the appearance of PCR
amplicons corresponding to extended arrays 5 h post-induction, was observed at a level comparable
to that observed in the parental KD403 (Figure 1C,D, Figure S5), suggesting that neither RecBC nor
RecBCD are required for primed adaptation.
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Figure 1. Components of genome maintenance pathways contribute to primed adaptation efficiency.
(A) A self-targeting E. coli strain KD403 used to study the effects of non-CRISPR genes of primed
adaptation is schematically shown. KD403 contains the cas3 gene under IPTG-inducible lacUV5
promoter and the csel, cse2, cas5, casb6, cas7, cas1, cas2 operon under the control of arabinose-inducible
promoter araB8p. A minimized CRISPR array contains a single spacer (Sp) corresponding to a priming
protospacer (PPS) in the non-essential yihN gene. The leader region is shown in red. The structure
of the R-loop complex on PPS is shown in the inset. (B) Cultures of KD403 self-targeting cells and
derivatives with mutations in recB, recC, recD, sbcD, rec], sbcB, recB sbcD, recB rec], and recB sbcB

“u_u

genes were grown in the presence (“+”) or the absence (“—*) of inducers and the number of live
cells at 5 h post induction was measured by live fluorescence microscopy. (C) Spacer acquisition
determined by PCR amplification of the CRISPR array in uninduced (“—") and induced (“+*) cells
5 h post-induction. Amplification products were resolved by agarose gel electrophoresis. Amplicons
corresponding to initial, unexpanded CRISPR array and arrays expanded by one (“Sp+1”) and two
(“Sp+2”) spacers-repeat units are indicated. A representative result of one of three independent
experiments is shown. Data for two additional independent experiments (along with the one shown
here) are presented in Figure S5. (D) Adaptation efficiency was measured as percentage of intensities of
upper bands, corresponding to extended arrays, of the sum of intensities of upper and lower bands of
agarose gels shown in panel C and normalized to values obtained for samples grown in the “absence”
of inducers. The mean and standard deviations for three independent experiments are shown. Samples
that significantly differ from wild-type KD403 strain are marked by red asterisks (pairwise t-test, p-value
< 0.01). The brackets above the bars indicate pairwise t-test comparisons between double mutants
and corresponding single mutants (n.s., non-significant differences at p-value >0.01; black asterisks,
significant differences at p-value < 0.01).

By constructing appropriate KD403 derivatives, we next assessed the role of 3'-5" single-strand
specific exonuclease SbcB, 5-3’ single-strand specific exonuclease Rec], and of SbcD, a component
of a single- and double-stranded DNA 3'-5" exonuclease and endonuclease SbcCD. The SbcB
protein, also known as Exonuclease I, interacts with SSB (single-strand DNA binding protein) [44].
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By performing highly processive 3’ end trimming it participates in gap repair and blunting of DNA ends
to allow RecBCD binding [45,46]. Rec] is a processive 5'-3” exonuclease involved in excision repair and
homologous recombination [47]. The SbcCD complex recognizes and cleaves hairpin structures formed
by palindromic sequences in vitro [48] and in vivo [49]. It was reported to possess dsDNA exonuclease
and ssDNA 3’-5" exonuclease activities [50]. Although a functional activity of these proteins in vivo
remains elusive, they are thought to be involved in DNA processing at the sites of double-stranded
breaks and/or replication fork stalling, and may, therefore, interfere with spacer precursor selection
and/or maturation during primed adaptation. Rec] and SbcD effects on primed adaptation in the phage
infection model were considered insignificant in earlier studies [30]. Induction of self-targeting in
AsbcB, AsbeD, and Arec] mutants cultures led to increase of cell length (Figures S3 and S4), cessation of
culture growth (Figure S1), and reduction in colony forming units (Figure S2) comparable to what was
seen in parental KD403 and had either no effect on spacer acquisition (AsbcB mutant) or led to a ~2-fold
(AsbecD mutant) increase or ~4-fold decrease (Arec] mutant) in adaptation efficiency (Figure 1C,D).

Taking into consideration that some genes analyzed may encode enzymes with redundant
activities, we assessed primed adaptation in double mutants ArecB Arec], ArecB AsbcD, and ArecB AsbcB.
Induction of self-targeting in double mutants led to increase of cell length (Figures S3 and S4), cessation
of culture growth (Figure S1), and reduction in colony forming units (Figure S2) at levels comparable
to those seen in parental KD403 cell cultures. As judged by live microscopy, the viability of double
mutants was either not or mildly affected (15% dead cells for Arec] AsbcD strain 5 h post-induction
(Figure 1B, Figure S3), these cells also formed minute colonies in the absence of inducers (Figure 52)),
which allowed us to compare the adaptation efficiency. While adaptation was not affected in the ArecB
AsbcB double mutant, it was not detectable in the ArecB Arec] and ArecB AsbcD mutants, suggesting that
the presence of functional cas3 and cas1-cas2 alone is not sufficient for spacer acquisition at wild-type
level in these cells (Figure 1C,D).

3.2. Deletions in recB, recC, recD, and sbcD Genes Affect the Choice of Spacers Acquired during Primed
Adaptation

To get a deeper insight into the role of genes under study in primed adaptation, amplicons
corresponding to extended CRISPR arrays that acquired new spacers were analyzed by high-throughput
sequencing (see Materials and Methods). Sequences from Illumina reads flanked by CRISPR repeats
were treated as spacers, extracted, and mapped to the KD403 genome. It has been shown that in
KD403 newly acquired spacers correspond to prespacers located in an area surrounding the PPS with a
characteristic gradient of acquisition efficiency falling as the distance from the PPS increases [31]. Further,
acquired spacers (taken as sequences of non-transcribed strand of the CRISPR array), preferentially
map to the nontarget strand upstream of the PPS and the target strand downstream of it, with more
than 96% of spacers originating from sequences with an AAG PAM. According to previously published
data, 97% of spacers acquired by the KD403 cultures originate from a 400-kbp region upstream and
downstream of the PPS. 59% of spacers correspond to prespacers located on the nontarget strand
upstream of the PPS while 41% of spacers correspond to prespacers located on the target strand
downstream of it [22,31] (Figure 2). 98% of these “strand-biased” spacers originate from sequences
associated with an AAG consensus PAM, a hallmark of primed adaptation [26] (Figure 3).
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Figure 2. Components of genome maintenance pathways affect the extent of the area around the
priming protospacer (PPS) from which spacers are selected. At the top left panel, unique spacers
acquired by KD403 are mapped to the area of the genome 400 kbp upstream and downstream of the
PPS. The orientation of PPS is shown by a red arrow at the top, with yellow fragment at the beginning
of the arrow denoting protospacer adjacent motif (PAM). The numbers of spacers mapping to 10 kb
bins at each side of the PPS are plotted in a strand-specific manner. A curve showing the distribution of
spacers mapping to nontarget strand is colored blue and plotted above the X-axis; a curve showing

the distribution of spacers mapping to the target strand is colored red and plotted below the X-axis.

The rest of the panels show normalized comparisons of spacer acquisition profiles between the parental
(“WT”) KD403 and indicated mutants where spacer acquisition was detected (see Figure 1). In each
panel, the wild-type profile is shown by blue and red colored lines, while the mutant profiles are green
(nontarget strand) and magenta (not-target strand). Averaged results for two biological replicates are
shown. For Arec] and AsbcB mutants the mapping curves are completely superimposed on the WT
curves and are hardly seen.
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Figure 3. Association with the AAG PAM of spacers acquired by KD403 and its derivatives. Spacers
acquired by indicated cells were mapped to an area within 200 kbp upstream and downstream of
the PPS, and the percentage of mapping sites with an AAG PAM was determined separately for
spacer mapping to upstream and downstream target and nontarget strands. The heights of bars show
mean values obtained in two independent experiments (black dots show values obtained in each
individual experiment). The dotted line shows the average level for the parental KD403 (“WT”) strain.
Red asterisks mark values that significantly differ from the WT level according to pairwise proportional
test with a p-value of 0.001.

No spacers acquired due to priming at PPS were detected in DNA amplified from ArecB Arec] and
ArecB AsbecD double mutants, in agreement with lack of detectable expanded arrays bands in Figure 1D,
so they were excluded from further analysis. Though the overall yield of spacer acquisition in ArecB,
ArecC, and ArecD mutants, as judged by PCR analysis of CRISPR array amplicons, was the same as in
parental KD403, mapping of acquired spacers revealed a clear alteration in their pattern. Specifically,
compared to the “wild-type” strain, the area, from which spacers were acquired in the mutants was
extended further away from the PPS in both directions. A similar, though less pronounced trend was
observed for spacers acquired by the AsbcD mutant (Figure 2). In contrast, compared to parental KD403,
no changes were observed in the size of the area from which spacer acquisition occurred in Arec] or
AsbcB single mutants or in the ArecB AsbcB double mutant compared to the ArecB single mutant.

For all strains analyzed, the average association with AAG for spacers mapping to “preferred”
strands upstream and downstream of the PPS was at a level of at least 97% (Figure 3). This was also
true for PPS-distal “extra” spacers acquired in ArecB, ArecC, ArecD, and AsbcD mutants from regions
that were not functioning as spacer donors in parental KD403 (Figure S6).

A minor (~3%) fraction of spacers acquired by induced KD403 cultures was mapped to the target
strand upstream of the PPS and to the nontarget strand downstream of it. The acquisition of these
spacers is clearly driven by the PPS recognition, as they cluster in the area around the PPS and in this
sense originate through priming. Interestingly, only 79% and 74% of these spacers originate from
sequences associated with the AAG PAM (Figure 3). These values, while clearly higher than those
reported for naive adaptation (40-50%) [51], are considerably below the values typical for primed
adaptation, suggesting that a mechanistically distinct process is involved in prespacer selection. Yet,
the area of acquisition of minor spacers mapping to opposite strands was extended in ArecB, ArecC,
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ArecD, and AsbcD mutants and unaffected by deletions of rec] or sbcB, similar to the situation observed
with spacers acquired during the bona fide primed adaptation process. Surprisingly, when analyzing the
AAG bias of minor spacers acquired in different KD403 mutant derivatives, we consistently observed
significantly more AAG-associated spacers in the ArecB mutant but not in the ArecD mutant (Figure 3).
Although the detailed mechanism remains to be established, our observation highlights the distinct
roles of helicase and nuclease activities of RecBCD in primed adaptation.

3.3. Deletion of rec] Influences Prespacer Integration

The deletion of rec] decreased primed adaptation efficiency ~4-fold (Figure 1C,D). Simultaneous
deletion of rec] and recB made primed adaptation undetectable (Figure 1C,D). Since in contrast to
ArecBCD mutants the absence of rec] did not shift the area from which spacers came from (Figure 2),
we assumed that the pathways that involve RecBCD and Rec] in primed adaptation are non-redundant.
In other words, each pathway could make its own, independent, contribution, and abolishing both
pathways prevents primed adaptation. To get further insights into the role of Rec], we investigated the
repertoire of acquired spacers in the Arec] mutant. Spacers were clearly acquired less accurately in
the absence of Rec] than in all other strains (Figure 4A). The percentage of inaccurately incorporated
spacers that have been shifted relative to the AAG PAM in prespacers or inserted into the CRISPR array
in the opposite orientation was 2.25% of the total acquired spacers in parental KD403 and ArecBCD
and AsbcD mutants, but was 3% in the Arec] mutant (a 30%, highly statistically significant increase
from the wild-type level). Second, the choice of acquired spacers was affected in the Arec] mutant in
a very specific way. Recently, it was shown that spacers efficiently acquired in the course of primed
adaptation are depleted of internal AAG trinucleotides [52]. The percentage of spacers containing
internal AAG trinucleotide was slightly, yet, significantly increased in the Arec] mutant (Figure 4B).
Consistently, compared to parental KD403, the AAG PAM bias was slightly decreased (though at the
border of statistical significance) for acquired spacers mapping to poorly used strands around the PPS
in Arec| cells (Figure 3).
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Figure 4. Rec] affects spacer acquisition precision and specificity. Spacers acquired by indicated cells
were mapped to an area within 200 kbp upstream and downstream of the PPS for KD403 and indicated
derivatives. (A) Percentage of inaccurately incorporated spacers (both shifters and flippers [38]) in
indicated cultures. The numbers on the right axis show the ratios of inaccurately incorporated spacers
to those obtained for WT cells. (B) Percentage of spacers with internal AAG trinucleotides. Data for
spacers mapping to nontarget strand upstream of the PPS and target strand downstream are shown by
blue and red bars, correspondingly. The heights of bars show mean values obtained in two independent
experiments (black dots show values obtained in each individual experiment). The numbers on the
right axis show the ratios of spacers with internal AAG trinucleotides to those obtained for WT cells.
The dotted line shows the average level for the parental KD403 (“WT”) strain. Red asterisks mark
values that significantly differ from the WT level according to pairwise proportional test with a p-value
of 0.001.
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4. Discussion

Naive and primed CRISPR adaptation involve generation of prespacers and their incorporation into
the CRISPR array. In naive CRISPR adaptation, the efficiency of prespacer selection varies for different
genomic regions and is stimulated by the breaks in genomic DNA [53]. No preferences in selection of
prespacers with specific orientation of the PAM sequence have been reported so far. The stark difference
of primed adaptation is that newly acquired spacers mostly target protospacers located upstream
of the PPS and flanked by the PAM sequence in the same orientation as for the PPS (AAG sequence
in the nontarget strand; CTT sequence in the target strand) [26-28]. While prespacer integration
performed solely by the Cas1-Cas2 complex should be similar for both naive and primed adaptation,
the mechanism responsible for prespacer generation must be the source of the differences observed.

The RecBCD complex affects naive CRISPR adaptation, which proceeds in the absence of Cascade
and Cas3, presumably by providing substrates for spacer acquisition [53]. The helicase but not the
nuclease activity of RecBCD is required for naive adaptation and it was suggested that Cas1-Cas2 is
targeted to DNA end structures [54]. For primed adaptation, it was proposed that during CRISPR
interference Cas3 cleaves target DNA into fragments used by Cas1-Cas2 as spacer precursors [27].
If that were the case, generation of Cas3-dependent fragments associated with either AAG or CTT
sequence depending on a strand would be expected. In vitro, Cas3 cleaves a PPS-containing plasmid
bound by a Cascade-crRNA complex into double-stranded fragments that can be bound by Cas1-Cas2,
processed and integrated into the CRISPR-array [29]. The Cas3-generated fragments are enriched with
T in their 3’ ends that might contribute to a higher number of fragments containing the 3"-end CTT
sequence [29]. However, the in vitro system does not recuperate the orientation bias of PAM sequences
observed in vivo [26-28] since the enrichment with T in the 3’ ends was detected for both strands.
Moreover, recently we have demonstrated that in vivo prespacers’ ends are enriched with CTTNN
rather than CTT sequences [31]. This discrepancy indicates that the mechanism of primed adaptation
in vivo might be much more complex than the simple cleavage of both strands by Cas3 followed by
binding of these fragments by Cas1-Cas2.

Due to degradation of the target DNA, host DNA repair and recombination proteins, such as
RecBCD, SbcB, SbcCD and Rec], can be recruited to the ends of the broken DNA in the PPS-region
and these proteins might affect CRISPR interference and primed adaptation. The role of RecBCD in
primed adaptation was not addressed but the RecG and PriA proteins were shown to be important
in a model system targeting a phage genome [30]. In the present work, we address the effect of
genome maintenance proteins on primed adaptation that occurs when CRISPR-Cas system targets
host chromosome, a situation that has been observed in natural settings [55]. A critical advantage of
self-targeting model system is that it allows one to avoid complications of popular systems that follow
spacer acquisition from plasmids, for plasmids become unstable in Rec mutants, which severely affects
the yields of acquired spacers [56-58]. We show that single deletion of rec] or simultaneous deletion of
recB and rec] or recB and sbcD either strongly diminish primed adaptation or make it undetectable.
Moreover, the pattern of acquired spacers was affected in the absence of RecBCD, SbcCD, or Rec]. Thus,
at least at conditions of self-targeting, primed adaptation is not an autonomous process and depends
on non-CRISPR machinery of the cell.

Both, direct and indirect, mechanisms of DNA maintenance machinery involvement in CRISPR
adaptation may be at play as is shown in a schematic model presented in Figure 5. None of the proteins
studied here affect strand specificity or high preference for AAG PAM of spacers originated from
prespacers located on the nontarget strand upstream of the PPS and on the target strand downstream
of it. This suggests that Cas3 recruited to PPS by the bound Cascade along with the Cas1-Cas2
adaptation complex are the main players, which determine characteristic features of primed spacer
acquisition [29,59]. Single-molecule experiments with the purified Cas proteins from Thermobifida
fusca demonstrated that Casl, Cas2, Cas3 and Cascade form a primed acquisition complex (PAC)
that translocates along DNA [59]. The assembly of PAC was also shown in vivo using a bimolecular
fluorescence complementation assay [59]. The structure of this complex is not known but it is tempting
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to assume that the arrangement of the PAC components enables recognition of the AAG PAM in only
one strand. Once the Cas1-Cas2 complex binds to the prespacer, further processing of protruding
DNA ends may be required to form a 33-bp prespacer with a 3’-end overhang on a PAM-derived
end [31]. In the present work we demonstrate that the simultaneous deletion of recB and sbcD makes
spacer acquisition undetectable. Yet, removal of RecBCD or SbcCD alone has no such effect suggesting
that activities of the RecBCD and SbcCD complexes in primed adaptation are redundant. Taking into
account the nuclease activities of RecBCD and SbcCD complexes, these complexes might be involved
in prespacer trimming.

) =D
Cas1-2
Nontarget strand 5’ 8 3
Target strand 3’_\ 5
Cas3
Cascade
B

“2)SbcCD <, )RecBCD

Nontarget strand 5’ _."@ ‘e 3
Target strand 3’ =, Cas1-2

Figure 5. A possible mechanism of primed adaptation by the E. coli type I-E CRISPR-Cas system at
conditions of self-targeting. (A) Target recognition and R-loop formation by the Cascade complex recruits
the Cas3 nuclease-helicase required for CRISPR interference/target degradation. (B) The Cas1-Cas2
adaptation complex uses the products of DNA degradation to generate prespacers. Additional
protein complexes (RecBCD, SbcCD) affect the pool of DNA intermediates available for Cas1-Cas2.
(C) The Casl-Cas2 adaptation complex interacts with prespacer fragments and channels them for
insertion into the CRISPR array. Rec] finetunes the AAG specificity and precision of the adaptation
complex at a later stage.

Analysis of acquired spacers patterns in single mutants suggests that in the wild-type cells the
RecBCD and SbcCD complexes interfere with the processivity of the primed adaptation complex as it
moves away from the PPS. As a result, the genomic region around the PPS, from which spacers originate,
is expanded in the AsbcD, ArecB, ArecC and ArecD mutants. RecBCD is a powerful motor translocating
along dsDNA at velocity ~1.5 kbp/s and evicting protein roadblocks [60,61]. For comparison, several
studies reported different values of Cas3 mean velocity but it did not exceed 500 bp/s [59,62,63]. It may
be assumed that while Cas3 infrequently cuts DNA, the RecBCD complex binds to the broken DNA
end and moves along the duplex until it reaches the Cas3 protein due to a higher speed of the RecBCD
resulting in displacement of Cas3 from DNA. SbcCD is less studied but its ability to remove proteins
from DNA was reported [64].

A minor portion of spacers originates from the target strand upstream of the PPS and the nontarget
strand downstream of it. These spacers have decreased preference for AAG PAM. We assume that
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RecBCD complex directly participates in the creation of precursors of such spacers, as its abrogation
modulates their specificity to AAG PAM.

Deletion of rec] strongly diminishes, while simultaneous deletion of rec] and recB makes adaptation
undetectable. Interestingly, the absence of Rec] also affects precision of spacer incorporation, increasing
the number of incorrectly incorporated spacers by 30%. In addition, compared to the wild-type,
more spacers with internal AAG trinucleotides are acquired in the Arec] mutant. These observations
seem to suggest that the 53" exonuclease activity of Rec] affects spacer acquisition after RecBCD and
SbcCD, contributing to the specificity of pre-spacer maturation and the accuracy of their insertion
in the array. Although Rec] is not a strictly required component of primed CRISPR adaptation in
the self-targeting model, its attenuation of both the efficiency and specificity of the process merits
further studies. Several studies demonstrated that the ideal substrates for the Cas1-Cas2 complex
are double-stranded fragments with 3" overhangs [25,65]. It was reported that 3" ends of prespacers
are cleaved by Casl [24] or by DnaQ-like domain of Cas2 in the type I-E system of Streptococcus
thermophilus [60]. How 5" ends of prespacers are trimmed was never addressed. Rec] might be involved
in this trimming due to its 53’ exonuclease activity.

Bioinformatic surveys revealed both positive and negative correlations between the co-occurrence
of CRISPR-Cas systems and certain components of DNA repair machinery in different bacterial
phyla suggesting mechanistic interactions [66]. Specifically, for the type I-E CRISPR-Cas systems,
co-occurrence with SbcB, SbcCD, and RecBCD complexes was observed. Earlier reports, as well as
data presented here establish that at least for the latter two complexes there indeed exists a functional
interplay with primed adaptation. The experimental strategy reported in this work shall allow to
experimentally address this question and also to study the functional interplay between genomic
maintenance mechanisms and CRISPR-Cas systems of different types in other organisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/11/872/s1,
Figure S1: Growth curves showing O.D. 600 of indicated cultures of self-targeting cells in the absence (left)
or in the presence (right) of cas gene inducers, Figure S2: Aliquots of serial dilutions of cultures of indicated
self-targeting cells with (right) and without (left) inducers of cas gene expression were spotted on LB plates five
hours post-induction, Figure S3: Induction of self-targeting induces SOS-response. The representative images of
cells under induction of self-targeting along with their un-induced counterparts (see Materials and Methods),
Figure S4: Aliquots of induced and uninduced cultures of indicated self-targeting cells collected five hours
post-induction were subjected to live microscopy and the length of cells was determined, Figure S5: Results of
CRISPR adaptation experiments in three independent experiments (“1”, “2”, and “3”) are shown. See Figure 1C
legend for details, Figure S6: Association with the AAG PAM of spacers acquired by KD403 and its derivatives in
an extended area around the PPS.
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