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ABSTRACT

Prokaryotic adaptive immunity is established against
mobile genetic elements (MGEs) by ‘naive adapta-
tion’ when DNA fragments from a newly encountered
MGE are integrated into CRISPR-Cas systems. In Es-
cherichia coli, DNA integration catalyzed by Cas1-
Cas2 integrase is well understood in mechanistic and
structural detail but much less is known about events
prior to integration that generate DNA for capture by
Cas1-Cas2. Naive adaptation in E. coli is thought
to depend on the DNA helicase-nuclease RecBCD
for generating DNA fragments for capture by Cas1-
Cas2. The genetics presented here show that naive
adaptation does not require RecBCD nuclease activ-
ity but that helicase activity may be important. RecA
loading by RecBCD inhibits adaptation explaining
previously observed adaptation phenotypes that im-
plicated RecBCD nuclease activity. Genetic analysis
of other E. coli nucleases and naive adaptation re-
vealed that 5’ ssDNA tailed DNA molecules promote
new spacer acquisition. We show that purified E. coli
Cas1-Cas2 complex binds to and nicks 5 ssDNA
tailed duplexes and propose that E. coli Cas1-Cas2
nuclease activity on such DNA structures supports
naive adaptation.

INTRODUCTION

CRISPR-Cas is a prokaryotic adaptive immune system
against mobile genetic elements (MGEs) in bacteria and ar-

chaea (1,2). Immunity is acquired through capture of MGE
DNA fragments (‘protospacers’) and their site-specific in-
tegration into a CRISPR array as ‘spacers’ positioned be-
tween repeat DNA sequences. These processes are called
adaptation and are catalysed by Cas1-Cas2 integrase from
host CRISPR—Cas systems aided by other host proteins, re-
viewed recently in (3). ‘Naive adaptation’ relies on Casl—
Cas2 for cells to establish new immunity against an MGE
that has not been previously encountered by integration
of new spacer DNA into CRISPR arrays (4). Immunity is
effected by transcription of the CRISPR array and tran-
script processing into shorter RNA molecules (crRNAs)
that comprise a single spacer sequence. Assembly of cr-
RNA into a ribonucleoprotein complex is used to recog-
nize complementary MGE DNA ‘protospacer’ sequence by
base pairing with crRNA, beginning processes of CRISPR
‘interference’. In Escherichia coli, interference R-loops are
formed by Cascade (CRISPR-associated complex for an-
tiviral defence) after detecting MGE DNA through a pro-
tospacer adjacent motif (PAM) sequence (5,6). Cascade R-
loop formation recruits Cas3 nuclease/helicase for degra-
dation of the MGE DNA thus completing the immunity
response (7-9).

Adaptation processes that generate prokaryotic immu-
nity to an MGE can be separated into three major stages:
MGE DNA capture, transport to a CRISPR array, and
DNA integration into the CRISPR array followed by DNA
gap filling to duplicate the associated repeat (10). Casl and
Cas?2 proteins encoded within CRISPR-Cas systems catal-
yse these processes aided by other host cell nucleic acid
processing proteins. In E. coli, there is substantial mecha-
nistic detail known about how Cas1-Cas2 bound to MGE
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DNA recognizes CRISPR and subsequently integrates the
DNA. A Casl—Cas2 complex comprising Casl dimers held
together by a Cas2 dimer is essential for adaptation in E.
coli (11-13) binding to a short DNA duplex with flayed ss-
DNA ends in an adaptation ‘capture complex’ (11,14). The
Cas1—Cas2 capture complex is guided to the CRISPR array
by DNA structures formed by binding of E. coli integration
host factor (IHF) to a conserved sequence motif within the
promoter (‘leader’) sequence of CRISPR (15,16). The 3OH
groups of DNA in the capture complex direct nucleophilic
attack of the CRISPR array catalysed by Casl. This gener-
ates a half-site DNA intermediate from the first nucleophilic
attack at the leader/promoter-end of CRISPR and then full
site integration following the second nucleophilic attack at
the repeat-spacer boundary (13,17-19). Host DNA repair
gap-fills the integration site (20), completing adaptation by
incorporation of a new spacer and new DNA repeat.

DNA pre-processing that leads to capture by Cas1-Cas2
is much less well understood than DNA integration. The
Casl-Cas2-DNA capture complex has been identified at
the point of integration (17,19) but the genesis of DNA
leading to capture is unclear. Pre-spacers should origi-
nate from MGE DNA, to avoid lethal autoimmunity, and
their processing should be at specific position relative to
PAM. Casl monomers contain a PAM-sensing region and
Casl mediated processing of pre-spacers creates the 3’OH
ends required for nucleophilic attack (12,14). Naive adap-
tation requires active DNA replication or active transcrip-
tion and majority of protospacers are non-randomly dis-
tributed with many acquired around the origin of repli-
cation (oriC), terminus (ter), CRISPR, rDNA loci, R-
loops—specific regions known to experience DNA nicking
or double-strand breaks. E. coli naive adaptation is stim-
ulated by RecBCD enzyme during the repair of double-
stranded breaks (DSB) that may arise from stalled repli-
cation forks (21). RecBCD is thought to aid naive adapta-
tion by generating single-stranded DNA (ssDNA) interme-
diates from helicase and nuclease activities before reaching
a Chi site (5-GCTGGTGG-3') that attenuates these activ-
ities. In this model ssDNA generated by RecBCD nuclease
re-anneals into partial duplex that is a substrate for Casl—
Cas2 (21). During naive adaptation integration of host frag-
ments as new spacers occurs but spacer integration from
a plasmid MGE is more frequent (21-23). The frequency
of new MGE DNA spacers derived from the E. coli chro-
mosome were ~10-fold higher in recB, recC and recD mu-
tants compared to the wt strain suggesting that RecBCD
also helps in self/non-self discrimination, or that DNA sub-
strates generated in these mutant backgrounds are partic-
ular targets for capture during adaptation. In this work,
we analysed involvement of RecBCD and other host nucle-
ases in naive adaptation using genetic analysis. This indi-
cated that (a) nuclease activity of RecBCD is not required
for adaptation, (b) helicase, or other, activity of RecBCD
promotes adaptation and (c) recombination by RecA that
is stimulated by RecBCD inhibits adaptation. We also show
that purified Cas1-Cas2 complex can act as a nuclease with
specificity for a 5’ ssDNA tailed duplexes, substrates that
genetics implied are important for stimulating adaptation.

MATERIALS AND METHODS
Strains, plasmids, media and general methods

Escherichia coli strains used are described in Supplemen-
tary Table S1. Mutant bacterial strains were made by P1
vir transduction and selected for the appropriate antibiotic
resistance. Antibiotic resistance genes were eliminated us-
ing pCP20 (24). Bacteria were grown at 37°C in LB broth
(10 g/1 bacto-tryptone, 5 g/l yeast extract, 10 g/1 NaCl)
and on LB agar plates (supplemented with 15 g of agar for
solid media). When required appropriate antibiotics were
added to LB plates at final concentrations: ampicillin at
100 wg/ml, kanamycin at 40 pg/ml, apramycin 30 pg/ml,
tetracycline 10 wg/ml, spectinomycin 100 wg/ml, trimetho-
prim 100 pwg/ml and chloramphenicol at 15 pg/ml. Plas-
mids used were pBad-HisA (Invitrogen) as an empty plas-
mid vector control and pEB628 for arabinose inducible ex-
pression of Casl—Cas2 from pBad-HisA described in (20).

Naive adaptation assay and plasmid instability

New spacer acquisition into a CRISPR locus by naive adap-
tation was assessed by the procedure described in (4,20,25).
Cells lacking chromosomally encoded Cas3, Cascade and
Casl—Cas2 were transformed by pEB628 (pCasl1-Cas2) or
pBad-HisA and individual transformants were inoculated
in LB broth. Expression of Cas1-Cas2 was induced by ad-
dition of 0.2% (w/v) L-arabinose. Cells were aerated at 37°C
for 16 h and then sub-cultured (‘passaged’) up to three times
by diluting 1:300 the previous overnight culture into fresh
LB with arabinose. Spacer acquisition was monitored by
PCR using primers detailed in (20) followed by agarose
gel electrophoresis on 2% agarose gels stained using SYBR
safe. Template DNA was prepared from bacterial cultures
by boiling in water. Relative band intensities for spacer ac-
quisition quantification were measured using Kodak 1D
Image Analysis Software v. 3.6.0. This software detected
bands containing no spacer automatically, while the spacer
containing bands were manually marked by a rectangle. The
rectangle was used to mark all of the bands, including the
bands of the negative control lanes, i.e. the PCR products
of strains transformed with the empty vector pBad. In this
way, the relative intensity values of bands were calculated by
subtracting values with pBad from the corresponding val-
ues of the same strain with pCasl—Cas2. At least two inde-
pendent experiments were done for each strain.

Each passage of naive adaptation was also analysed for
instability of pBad or pEB628 by viability ‘spot’ tests of
cell survival on ampicillin agar. Cells were serially diluted
in 67 mM phosphate buffer (pH 7.0) and 10 pl aliquots
were spotted onto LB and LB with ampicillin plates for in-
cubation overnight at 37°C. Cells having lost the plasmid
gave lower viable counts on ampicillin plates in compari-
son to LB plates. We also studied the plasmid presence in
cells grown to log phase (ODgp = 0.5) in the presence of L-
arabinose and antibiotic ampicillin. Cells were also serially
diluted and analysed as above.



Spacer acquisition analysis and mapping

Spacer aquisition experiments for strains IIB1165 (wr),
11B1214 (recB1080) and 11B1245 (recD recA) were assessed
from cells grown as described above. Cells were ‘passaged’
two times for strains [IB1165 and 11B1245 and only once
for 1IB1214 (two biological replicas). PCR products that
correspond to expanded CRISPR array were gel purified
with Promega Wizard SV Gel and PCR Clean Up System.
Sequencing was performed on Illumina Miniseq platform
in 2 x 150 paired end mode. R packages ShortRead and
BioString were utilized for reads pre-processing and down-
stream analysis, mapping and mapping visualization. Dur-
ing pre-processing reads with Phred quality score of <20
were trimmed, and reads with two or more CRISPR re-
peats were filtered. Sequences between two CRISPR re-
peats determined with two mismatches allowed were ex-
tracted as spacers. Spacers were mapped first to the plas-
mid (unique mapping for plasmid locations) and those that
did not match the plasmid were mapped to the genome,
non-unique matches were discarded. Disregarding quanti-
ties (every spacer counts only once) were applied for statis-
tical analysis of spacer distribution.

Protein purification

Casl and Cas2 proteins were over-expressed individually
according to the method described in (20) generating Casl
with an N-terminal (His)s-tag and untagged Cas2. Cell
biomass for over-expression was thawed, sonicated and
clarified. The resulting lysates were combined and mixed
for 2 hours at 4°C. This allows purification of stable Casl-
Cas2 complex that is identifiable in gel filtration and elutes
separately from either Casl or Cas2 alone (Supplementary
Figure S1A), and which is active in vitro for catalysing half-
and full-site integration of duplex DNA into a CRISPR lo-
cus (Supplementary Figure S1B). Casl- Cas2 was bound to
a 5 ml HiTrap Chelating column (GE Healthcare) charged
with nickel. Unbound protein was washed with buffer A (20
mM Tris pH 7.5, 500 mM NaCl, 20 mM imidazole, 10%
glycerol) with bound protein eluted using a linear gradient
of 20-500 mM imidazole over 25 ml. Following dialysis in
buffer B (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT,
10% glycerol) Cas1-Cas2 was further purified using a 1 ml
HiTrap Heparin HP column (GE Healthcare), washed with
buffer B and eluted using a linear gradient 150 mM-1 M
NaCl. Separation of Casl-Cas2 from unbound Casl was
achieved by elution from an Superdex 200 Increase 10/300
GL (GE Healthcare) using buffer C (20 mM Tris pH 7.5,
150 mM KCl, 20% glycerol, | mM DTT) prior to storage at
-80°C.

Genes encoding E. coli IHF « and B subunits were
PCR amplified using the primers listed in supplementary
data for cloning into pACYCduet using sites for restriction
endonucleases BamHI/Notl and Xhol/Avrll respectively.
Co-expression of IHF subunits was in E. coli BL21AI cells
grown at 37°C to O.D.¢g of 0.6 followed by induction with
0.2% L-arabinose and 0.5 mM IPTG with growth contin-
ued overnight at 18°C. Harvested cells were resuspended in
buffer J (500 mM KCI, 20 mM HEPES pH 7.5, 20 mM
imidazole, 0.1% Triton X-100, 10% glycerol) plus 1x pro-
tease inhibitor cocktail tablet (EDTA free) (Roche). IHF

Nucleic Acids Research, 2018, Vol. 46, No. 19 10175

subunits were co-purified using a 5 ml HiTrap Chelating col-
umn (GE Healthcare) charged with nickel. Unbound pro-
tein was washed with buffer J and bound protein eluted in
an isocratic elution buffer J plus 500 mM imidazole. Eluted
protein was dialysed overnight at 4°C in buffer K (150 mM
KCl, 20 mM HEPES pH 7.5, 0.1% Triton X-100, 10% glyc-
erol), followed by further purification using a 1 ml HiTrap
Heparin HP column (GE Healthcare), washed with buffer
K and eluted using a linear gradient of 150 mM-1 M KCI.
Fractions containing both subunits were pooled and flash
frozen for storage at —80°C.

DNA substrates and Cas1-Cas2 EMSA and DNA nicking
assays

Sequences of DNA oligonucleotides and the substrates gen-
erated for this work are presented in Supplementary Figure
S2. Substrates were 5'-Cy5-end labelled for visualization in
gels. EMSAs to assess binding of Casl—Cas2 to tailed du-
plex DNA molecules were in 5% acrylamide TBE gels, after
mixing at 37°C for 30 min Casl-Cas2 and DNA (20 nM)
in buffer HB (20 mM Tris—HCI pH 8.0, 100 ./ml bovine
serum albumin, 7% glycerol) and loaded directly onto the
gels. Gels were electrophoresed for 1.5 h at 120 V. DNA cut-
ting activity of Casl-Cas2 was assessed in 15% TBE gels
containing 8 M urea. Casl-Cas2 was mixed with 20 nM
DNA and buffer HB with addition of magnesium chloride
(10 mM) for incubation at 37°C for 60 min. Reactions were
stopped by adding proteinase K and EDTA for loading
heated samples onto urea gels in formamide loading buffer.

RESULTS

Genetic analysis of RecBCD nuclease activity in naive adap-
tation

In current models of naive adaptation in E. coli RecBCD
nuclease activities that promote DNA repair by homol-
ogous recombination also generate DNA for capture by
Cas1-Cas2, leading to adaptation (21). In previous work
(20) it was demonstrated that recB was required for wild-
type levels of naive adaptation but rec4 was not, indicating
that naive adaptation is independent of RecA catalyzed re-
combination. To better understand this, given that a major
role for RecBCD in DNA repair is to load RecA, we car-
ried out detailed genetic analysis using multiple alleles of
RecBCD and assessed naive adaptation. Naive adaptation
was detected by expansion of the CRISPR-1 locus in an E.
coli K-12 strain that lacks functioning chromosomal Cas
proteins (Supplementary Table S1) but has the chromoso-
mal CRISPR-1 locus and expresses Casl and Cas2 from an
inducible plasmid, summarized in Figure 1A. Acquisition
of new spacer DNA was clearly visible in wild type cells af-
ter three passages of growth.

Compared with wild type E. coli cells, naive adaptation
was severely reduced or undetectable in cells inactivated for
recD or recB in end point assays (Figure 1A) or when tested
over three growth passages (Figure 1B and additional data
in Supplementary Results Table S2). These results are in
agreement with a model in which RecBCD nuclease activ-
ity is important for naive adaptation in E. coli (21) because
neither recB or recD cells possess RecBCD nuclease activity.
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Figure 1. Genetic analysis of RecBCD in naive adaptation. (A) Agarose gels summarizing PCR-based detection of E. coli CRISPR-1 expansion after
integration of a new spacer (C+1) during naive adaptation. Strains are indicated above each panel (wt, wild type) as are plasmids either pBad-HisA (ev,
empty vector) or pEB628 for arabinose inducible Casl-Cas2 (pCasl-2). Results from the third passage are presented. (B) Agarose gels summarizing
CRISPR expansion in the E. coli strains indicated in three passages (pl — p3) in all cases containing plasmid encoding inducible Casl-Cas2 (pCas1-2).
(C) Measurements of new spacer acquisition detectable as expansion of CRISPR-1 (C+1) using PCR of chromosomal DNA from the strains indicated.
See also Supplementary Table S3. Percentage spacer acquisition refers to intensity of C +1 DNA/(C+1 DNA + C DNA). Each strain indicated below the
x-axis has three histograms representing measured adaptation in passage one (black), two (light grey) and three (light grey). (D) The relative quantities of
spacers mapped to specified chromosomal regions. The spacers mapped onto 670 kb area spanning either Terminus (Ter) regions, CRISPR arrays (Cr) or
Origin (Ori) regions were added and normalized to the number of spacers mapped to the E. coli chromosomal region spanning 0-670 kb.

However, two further genetic traits of recB and recD cells
were assessed, the effect of RecA loading onto DNA and
plasmid stability, because they potentially impact on naive
adaptation.

RecBC enzyme in cells inactivated for recD is a nuclease-
free helicase that constitutively loads RecA onto 3’ ssDNA
to initiate recombination (26). We observed that naive adap-
tation was restored to measurable levels similar to wild type
when recA was also removed to generate a recD recA double

mutant background (Figure 1B and C and Supplementary
Table S3). As established in previous work (20), deletion of
recA alone has no discernable effect on naive adaptation.
Interestingly, in these assays naive adaptation was not read-
ily restored to recB recA cells (Figure 1B) that lack both
RecBCD nuclease and helicase activity. Analysis of adap-
tation in recB recA cells using further iteration of PCR did
detect some new spacer product but at significantly reduced
efficiency compared to wild type cells (Supplementary Ta-



ble S2). However, reduced adaptation associated with recB
recA cells suggested that helicase activity, unlike nuclease
activity, of RecBCD does promote naive adaptation. Anal-
ysis of naive adaptation in cells carrying the RecBCD al-
lele recB1080 further supported that RecBCD nuclease ac-
tivity is dispensable for naive adaptation (Figure 1C). This
mutation encodes RecB!®ACD protein that lacks nucle-
ase activity and RecA loading, but helicase activity is re-
tained (27,28). Spacer acquisition in recB1080 cells after a
single passage was comparable to wild type cells (Figure 1C
and Supplementary Table S3) but dropped away in passages
two and three due to plasmid instability compared to wild
type cells (Supplementary Table S4). In summary, the ge-
netic analyses indicate that cells lacking RecBCD nuclease
activity are proficient at naive adaptation.

These assays for naive adaptation were measured over
three passages to account for plasmid instability that is as-
sociated with recBCD mutations in E. coli (29). Elimination
of the Cas1-Cas2 plasmid results in loss of adaptation over
time in these genetic backgrounds, for example as was ob-
served in the third passage of recD recA cells (Figure 1B
and C and Supplementary Table S3). Full measurements of
plasmid instability correlating to adaptation are presented
in Supplementary Table S4. It is significant that naive adap-
tation in recD recA cells was readily detectable in passage
2 even though instability of plasmid expressing Casl-Cas2
resulted in its loss with >200 — fold greater frequency com-
pared to in wild type cells (Supplementary Table S4).

High throughput sequencing of DNA in extended
CRISPR arrays identified that newly acquired spacers
mapped to plasmid and genomic DNA and that no
strand bias was detected, as expected for naive adapta-
tion. Our analysis identified that most spacers (79-90%)
originated from the E. coli chromosome in wild type and
RecBCD/RecA mutant strains compared to acquistion
from plasmid pEB628 that was used for expression of Casl—
Cas2 (Supplementary Figure S3A). Close examination of
the pattern of spacer mapping onto the chromsome high-
lighted that in all cells analyzed 3-4 times more newly ac-
quired spacers originated from origin (ori) and termination
(ter) regions of the chromosome relative to the reference ge-
nomic region spanning the same distance (670 kb, Figure
1D). recB1080 cells were associated with >10 times more
new spacers being acquired from ter sites, an effect not ob-
served for recD recA cells (Figure 1D). These observations
might be explained by loss of RecBCD functionality trig-
gering accumulation of aberrant or unprocessed intermedi-
ate DNA structures arising during replication termination
or recombination (29-31). Information for accessing raw
DNA sequencing data underlying these results is given at
the end of this manuscript.

The effect of exonucleases on naive adaptation in E. coli

We investigated if naive adaptation was supported by nu-
cleases other than RecBCD by testing if new spacer acqui-
sition was affected by inactivating E. coli exonucleases that
promote genome stability (32,33). Inactivation of individual
3’ to 5" ssDNA exonucleases SbcB (also called Exol), Ex-
oVII (XseA subunit of XseAB complex), SbcCD or ExoX
did not impinge on adaptation over three passages (Figure
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2Ai, B and Supplementary Table S3) and combining these
with inactivation of recD deletion gave cells that remained
unable to acquire new spacers like the recD deletion alone
(Supplementary Figure S3B). Restoration of adaptation in
recD recA cells (Figure 1) was used to assess if any of the 3’
to 5" ssDNA nucleases are required for adaptation, which
would manifest as reduced spacer acquisition by inactivat-
ing the nuclease in recD recA cells. Deletion of xseA (ex-
oVII)in recD recA cells had little effect on adaptation over
three passages compared to recD recA cells (Figure 2Aii
and Supplementary Table S3) and plasmid instabilities as-
sociated with these strains were similar (Supplementary Ta-
ble S4), indicating no effect of xsed in this context. Dele-
tion of sbeB, sbeD or exoX in recD recA cells all gave sig-
nificantly reduced adaptation compared to recD recA cells
in all passages (Figure 2Aii and C), but this correlated to
10-fold increased plasmid instability (Supplementary Table
S4). Therefore, it is likely that reduced adaptation by inac-
tivation of these nucleases is caused by loss of Casl—-Cas2
encoding plasmids in these assays. To determine if these ex-
onucleases are required for adaptation when RecBCD en-
zyme is functional we inactivated them in combination with
the recA mutation only. Adaptation was not affected in shcD
recA, exoX recA or sbeB recA cells compared to wild type
cells (Figure 2Aiii), and these cells showed much improved
plasmid stability (Supplementary Table S4). Overall these
results indicate that naive adaptation does not require these
3’ ssDNA exonucleases.

We investigated if 5’ to 3’ ssDNA exonuclease activities of
RecJ and ExoVII (encoded by xseA4 B) influence naive adap-
tation in E. coli. Adaptation was proficient after inactiva-
tion of recJ or xseA or both (Figure 3A and Supplemen-
tary Table S3) but could not be detected in recD recJ/xseA
cells, as expected because of the dominant negative effect
of the recD mutation (Supplementary Figure S3C). In con-
trast to results from the 3’ ssDNA exonucleases, when recA
recD cells were used to unmask any effect on adaptation
of 5 to 3’ exonucleases we observed that inactivation of
recJ and xseA (xseA recJ recD recA cells) significantly in-
creased new spacer acquisition compared to wild type and
xseA recJ recA cells (Figure 3). This suggested that func-
tioning RecJ and ExoVII have a negative effect on naive
adaptation that is alleviated by removing them, implying
that DNA molecules with 5 ssDNA tails stimulate naive
adaptation.

Cas1-Cas2 complex binds to and nicks 5'-tailed partial du-
plexes

Genetic analyses implied that DNA duplexes with 5 ss-
DNA tails promote naive adaptation. We used purified E.
coli Cas1-Cas2 complex (Supplementary Figure SIA) that
is proficient in catalyzing new spacer integration in vitro
(Supplementary Figure S1B), for investigating binding and
processing of ssDNA tailed substrates in potential DNA
capture events (Figures 4 and 5). Previous work showed that
Casl-Cas2 stably bound to fork and other branched DNA
molecules that might be explained by their resemblance to
half-site intermediates formed during Casl1—Cas?2 catalyzed
integration reactions but which may not be relevant to DNA
capture (20). Cas1-Cas2 binding and catalysis was therefore
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assessed on duplex DNA molecules with ssDNA tails that
cannot undergo spacer integration reactions.

Cas1-Cas2 bound to 3'- and 5'-ssDNA tailed molecules
with 10-base-pair duplex regions and 40 nucleotides of ss-
DNA, but not to a corresponding fully base-paired duplex
(Figure 4A). Binding of Casl-Cas2 to tailed duplexes in
these EMSASs included significant protein-DNA aggrega-
tion in gel wells, but a stable protein-DNA complex could be
discerned from binding to the 5’-ssDNA tailed 10 bp duplex
(‘DNA-10’) in addition to protein aggregates (Complex-1
in Figure 4A lanes 2 and 3). This Cas1-Cas2 binding pat-
tern with DNA-10 was also seen in control reactions bind-
ing Casl—Cas2 to a duplex DNA that was previously opti-
mised for productive integration reactions (Supplementary
Figure S4)((11,12)). However, Cas1-Cas2 complex forma-
tion in EMSASs was significantly improved by increasing the
length of the duplex region of the 5 ssDNA tailed duplexes
to 14 base pairs (Figure 4B, ‘DNA-14’).

Interestingly, Cas1-Cas2 cut the DNA backbone in the
same 5’ ssDNA substrates that were bound in EMSAs, sum-
marised in Figure 5A for substrates DNA-13, -14 and -
15 that gave maximal activity of Casl-Cas2 (up to 14%
of DNA cut). Casl protein alone did not cut DNA-14,
on which Cas1-Cas2 was most active (Figure 5B) indicat-
ing that active adaptation ‘capture complex’ (12) is needed
for DNA cutting. The equivalent 3’ ssDNA substrate was
not cut by Cas1-Cas2 complex (Supplementary Figure S5).
Major products of Casl-Cas2 DNA cutting DNA-10, -13,
-14 or -15 (products A and B) were mapped to within ss-
DNA one nucleotide from AAC sequence (Figure 5B and
Supplementary Figure S6), which is recognized as an E.

coli PAM (34). To determine if this sequence was prereq-
uisite for DNA cutting by Casl-Cas2 we altered it to TTT
in DNA-14, but this had little effect on product formation
(Figure 5C). The results suggest that DNA structure (ss-
DNA and position of cut site relative to duplex DNA) may
be important dictating efficacy of DNA cutting in these sub-
strates. The in vitro activity of purified Cas1-Cas2 complex
is compatible with observation from genetics that 5’ ssDNA
tailed duplexes are important as substrates for adaptation
and may be bound and cut by Cas1-Cas2 for DNA capture.

DISCUSSION

CRISPR-Cas immunity in E. coli is established by naive
adaptation that involves capture of DNA fragments for
integration into CRISPR loci by the Casl-Cas2 enzyme
complex. Molecular processes that pre-process DNA lead-
ing to its capture by Casl-Cas2 are poorly understood
but require DNA repair systems, including activities of
RecBCD nuclease-helicase. Genetic analysis presented here
challenges the current model that nuclease functions of
RecBCD generate DNA that can be captured by Cas1-Cas2
(21). The genetic data show that recBI1080 and recD recA
cells that lack RecBCD nuclease activity were proficient at
acquiring new spacers, even in the face of plasmid insta-
bility associated with these recBCD genotypes. Removing
RecA from recD cells unmasked the adaptation proficiency
by removing the inhibitory effect of recombination on adap-
tation. Interestingly, recB recA cells acquired new spacers
much less well than wild type cells, implicating an alter-
native activity of RecBCD in supporting naive adaptation,



10180 Nucleic Acids Research, 2018, Vol. 46, No. 19

A DNA-15 DNA-14 DNA-13
5op ° 14bp ° 13pp O
Cas1-Cas2: - + - + - +
50 P e L
— A
28 - +—B
20
15
©
=
e)
o
(o}
[0}
2]
©
O
[}
-
Z
;S
Time (s)
B
DNA-14 0 Cas1-Cas2| M 0 Cas1
——a - iy vy w— - -
14 bp .
B—> T —
-
C
B A

DNA-13: Cy5 5'-AATCAAAGTGGACCCAACTCGAAATCAAC&}TAAC*XGCAACAAGCAGGC
CGTTGTTCGTCCG-5
B

DNA-14: Cy5 5'-AATCAAAGTGGZ—\CCCAACTCGZ—\AATCAAC&GTAACAAGCAACAAGCAGGC
TCGTTGTTCGTCCG-5'

DNA-14-TTT: Cy5 5'-AATCAAAGTGGACCCAACTCGAAATCTTT!GTTTTAAGCAACAAGCAGGC
TCGTTGTTCGTCCG-5

% Nuclease product

0 60 120 180 240
Time (s)
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nM) cutting activity, as a function of time, when mixed with DNA-14 and DNA-14-TTT, as indicated, and is plotted as means of two independent assays
with standard deviation displayed as error bars.



Converging DNA forks

DNA strand ends 1

and breaks
i N\
5 Cas1-Cas2
DNA flap 1 ”
processing

5 .
RecBCD or Cas1-Cas2:
nuclease actions targeting 'fa"e;" duplex  DNA capture complex
DNA \ "
replication/repair l

completion
DNA integration

5 . B

New spacer acquisition

5

Figure 6. A model summarizing one way in which 5 ssDNA tailed du-
plexes can arise in an area of the genome (7er sites) that is targeted for
new spacer acquisition during CRISPR-Cas adaptation reactions, and is
processed by RecBCD and other enzymes during the normal cell cycle.
The role of RecBCD during replication termination is unclear but its heli-
case activity may contribute to removal of nucleoprotein roadblocks in this
context. Similar DNA structures that may be targeted by Casl1-Cas2 could
also arise during global DNA and repair of replication forks, and during
lagging strand replication of phage in the later stages of its replicative cycle.

most likely helicase function but in agreement that RecBCD
is required in some way for naive adaptation in E. coli.

RecBCD binds preferentially to duplex DNA ends
(35,36), resects them into DNA fragments depending on
prevailing buffer conditions (e.g. availability to the nuclease
active site of metal ions and DNA) and on the translocation
rate of helicase sub-units, but RecBCD helicase and nucle-
ase activities are not dependent on one another (37,38). He-
licase and nuclease functions are modulated when RecBCD
encounters Chi DNA sequence, and together these events
promote DNA repair by homologous recombination be-
cause they initiate RecA loading by RecBCD onto 3’ tailed
ssDNA (39). However, the genetic data presented here sug-
gest that functions of RecBCD in DNA repair by recom-
bination are separate from how it promotes naive adapta-
tion: Critically, removal of RecA from cells, therefore re-
moving the loading role of RecBCD in recombination, re-
stored naive adaptation.

It was significant that cells expressing recB1080 (27)
were adaptation proficient further indicating that RecBCD
nuclease activity is not needed for naive adaptation.
RecB!'®CD is a proficient helicase that translocates DNA
with dual directionality 3’ to 5’ (RecB) and 5 to 3’ (RecD)
(40). The adaptation phenotypes associated with recBCD
might indicate that DNA pre-processing and capture for
naive adaptation requires DNA translocation unwinding
associated with RecB. RecBCD is a powerful translo-
case that can clear DNA of RNA polymerase, nucleo-
some and other DNA bound proteins (41,42). We propose
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that RecBCD helicase-translocase activities are required for
adaptation to disrupt or displace nucleoprotein complexes
present at DNA capture sites to provide access to DNA for
Casl-Cas2 and generate substrates that can be acted on by
Casl—Cas2 for DNA capture (Figure 6). We observed that
the majority of new spacers were acquired from the E. coli
chromosome compared to the Casl—-Cas2 plasmid whether
in cells with fully functional RecBCD or in RecBCD com-
promised cells. This differs from a previous study (21) in
which spacers were mainly derived from plasmid depend-
ing on whether or not Casl1-Cas2 protein expressed was in-
duced or not. The previous study used BL-21AI strain (E.
coli B) while we used E. coli K-12, which could be the rea-
son for the observed difference. Another study (23) reported
that P, furiosus cells acquired 96-99% of the unique spacers
from the chromosome compared to 1-4% of new spacers
derived from a plasmid expressing Cas proteins.

If RecBCD nuclease activity is not needed for naive adap-
tation, how is DNA fragmented for capture? The genetic
data presented here and in previous work suggest that nei-
ther 3’ ssDNA exonucleases nor 5 ssDNA exonucleases
have significant roles in DNA pre-processing for adaptation
by Casl-Cas2. Instead, we propose that Casl-Cas2 nucle-
ase activity when targeted to DNA end structures with PAM
sequences can result in protospacer DNA capture prior to
new spacer integration. Nuclease activity of E. coli Cas] has
been detected previously on a variety of model branched
DNA substrates (20,43). The observation from genetics that
deletion of 5’ ssDNA exonucleases in recD recA cells caused
a significant improvement to naive adaptation suggested
that substrates for these enzymes (5 ssDNA tailed DNA)
may resemble those targeted by Casl-Cas2. Purified Casl-
Cas2 complex was able to bind and nick these substrates
without a requirement for PAM sequence, in this case AAC,
being present. Although DNA structures present at DNA
replication termini are not determined, broken replication
forks processed at DNA ends by RecBCD for repair by
recombination inhibit adaptation. If recombination is un-
able to occur because of mutations in RecBCD or RecA,
or because Chi sequences are unavailable in foreign DNA
then processing of DNA ends by alternative nucleases to
RecBCD might promote Casl—Cas2 activity at these sites,
leading to DNA capture. Such an effect could explain the
enrichment of new spacers acquired from replication ter-
mination sequences during naive adaptation in E. coli (21).
In wt cells, processing of broken replication forks involves
asymmetric degradation of ter-oriented DNA ends (44) that
may explain enrichment of new spacers from fer in these
cells. In wild type cells Chi sequences place limits on spacer
acquisition at ter regions (21) that seem to be released in
recBCD mutants (Figure 1D). Structures of phage genomes
during late rolling circle DNA replication form linear con-
catamers of DNA that include 5’ ssDNA tailed regions for
lagging strand DNA synthesis. These may be important for
targeting by Casl—Cas2 for DNA capture as part of estab-
lishing CRISPR immunity to a newly encountered MGE.
Similarly, events at DNA replication termination sites po-
tentially generate DNA ends and 5 ssDNA tailed DNA
structures that are processed as part of the normal cell cy-
cle by genome stability enzymes, including RecBCD (Figure
6). The 3’ to 5 polarity of Cas3 DNA translocase activity
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would also generate 5’ ssDNA tailed DNA if it acts as a heli-
case, which may be important for DNA capture in the con-
text of CRISPR interference reactions (45). Further work
will be needed to determine the molecular mechanisms of
DNA capture during adaptation, in particular using in vitro
reactions with defined components that couple DNA repli-
cation, DNA repair and CRISPR adaptation.
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