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Prokaryotic clustered regularly interspaced short palindromic repeat
(CRISPR)-CRISPR associated (Cas) immunity relies on adaptive acqui-
sition of spacers—short fragments of foreign DNA. For the type I-E
CRISPR-Cas system from Escherichia coli, efficient “primed” adapta-
tion requires Cas effector proteins and a CRISPR RNA (crRNA) whose
spacer partially matches a segment (protospacer) in target DNA.
Primed adaptation leads to selective acquisition of additional spacers
from DNA molecules recognized by the effector–crRNA complex.
When the crRNA spacer fully matches a protospacer, CRISPR interfer-
ence—that is, target destruction without acquisition of additional
spacers—is observed. We show here that when the rate of degrada-
tion of DNA with fully and partially matching crRNA targets is made
equal, fully matching protospacers stimulate primed adaptation
much more efficiently than partially matching ones. The result indi-
cates that different functional outcomes of CRISPR-Cas response to
two kinds of protospacers are not caused by different structures
formed by the effector–crRNA complex but are due to the more rapid
destruction of targets with fully matching protospacers.
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Clustered regularly interspaced short palindromic repeat
(CRISPR)-CRISPR associated (Cas) systems provide their

prokaryotic hosts with small RNA-based defense against mobile
genetic elements such as viruses and plasmids (1–3). Although
evolutionary and mechanistically diverse, all such systems comprise
CRISPR DNA arrays of identical repeats separated by unique
spacers and cas genes (4). Functionally, CRISPR-Cas systems can
be divided into two modules. The acquisition module appropriates
spacers from foreign DNA into CRISPR arrays and consists of
proteins Cas1 and Cas2, homologous in all CRISPR-Cas systems
(4). The Cas1 and Cas2 proteins from Escherichia coli alone are
able to perform the spacer acquisition reaction in vitro (5) and are
also sufficient for spacer acquisition in vivo in the absence of other
Cas proteins (6, 7). Whenever a new spacer is acquired, a new copy
of CRISPR repeat is also generated (1, 6).
Acquired spacers become a source of small CRISPR RNAs

(crRNAs) programmed against DNA from which they originated.
Individual crRNAs are bound by Cas effector proteins from the
interference module and recognize foreign nucleic acids through
complementary interactions between the targeted sequence (pro-
tospacer) and matching crRNA spacer (2). Interference module
proteins are diverse, and this diversity forms a basis of classification
of CRISPR-Cas systems into two classes and several types (4). In
DNA-targeting type I and type II CRISPR-Cas systems, target
recognition requires, in addition to crRNA spacer–target proto-
spacer complementarity, a protospacer adjacent motif (PAM) (8, 9)
recognized by effector proteins (10–12). Upon target DNA recog-
nition, a stable R-loop containing locally melted protospacer DNA
and an RNA–DNA heteroduplex is formed (13, 14). R-loop for-
mation is followed by target DNA destruction either by the effector

complex alone (type II) or through recruitment of an additional
endonuclease Cas3 (type I systems) (4). Cas1 and Cas2 are not
required for interference in vivo (2) and in vitro (15, 16).
Point mutations in protospacer or associated PAM decrease the

affinity of crRNA–effector complex binding to protospacer (17).
Under pressure from CRISPR-Cas, mobile genetic elements ac-
cumulate such mutations, which allows them to escape CRISPR
interference (8, 17). For several type I systems, spacer acquisition
from DNA molecules containing “escape” protospacers is very
strongly stimulated (18–22) compared with “naïve” adaptation,
which requires just Cas1 and Cas2. In the case of the E. coli type I
CRISPR-Cas system, this specific version of spacer acquisition,
referred to as “primed adaptation” (18), requires not just Cas1 and
Cas2 but also all other components of the effector Cascade com-
plex (Cse1, Cse2, Cas7, Cas5, Cas6e, and crRNA) and the Cas3
nuclease. Primed adaptation is beneficial to the host, as it leads to
specific acquisition of spacers from genetic parasites that “learned”
to evade defenses provided by earlier acquired spacers.
Because primed adaptation relies on specific recognition of

partially matching protospacers by crRNA, a question arises as to
whether such a complex, which causes preferential acquisition of
new spacers from a DNA strand opposite to the one recognized by
crRNA (18), is different from a complex formed with a fully
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matching protospacer, which leads to CRISPR interference. Re-
cently, biophysical methods were used to present evidence that
effector complexes formed by the E. coli Cascade with partially
matching protospacers are structurally different from complexes
formed with fully matching protospacers (23) and may stimulate
recruitment of adaptation module enzymes (24). Here, we asked
whether interactions with fully matching protospacers can support
primed adaptation. Unexpectedly, our data show that interaction
of the effector complex with a fully matching protospacer in fact
stimulates primed adaptation to a much greater extent than the
interaction with a partially matching protospacer. The apparent
absence of efficient adaptation from DNA with fully matching
protospacers stems from the fact that such DNA molecules are
destroyed rapidly, leaving no time for spacer acquisition to occur.
Our results thus suggest that there may be no qualitative difference
between effector complexes formed on fully and partially matching
targets: Different biological outcomes are the consequences of
different kinetics of degradation of and spacer adaptation from the
same target. When viewed in this context, the priming phenome-
non itself must be considered as a direct consequence of target
interference, which provides substrates for adaptation and directs
the adaptation machinery to foreign DNA, minimizing the prob-
ability of self-destruction.

Materials and Methods
Strains and Plasmids. E. coli KD263 (K-12 F+, lacUV5-cas3 araBp8-cse1, CRISPR I:
repeat-spacer g8-repeat, CRISPR II deleted) has been described (25). KD546 is a
KD263 derivative containing araBp promoter for cas3 expression and a lacUV5
promoter inserted between the cas6e and cas1 genes by means of recom-
bineering (26). Strain KD384 is equal to KD263 but contains a trap spacer
(5′-CGCAGATACCAAATACTGTTCTTCTAGTGTAG-3′) instead of a g8 spacer. It
was also obtained by recombineering.

The pT7Blue-based plasmids pG8 and pG8mut carrying a 209-bp M13 frag-
mentwith the g8 protospacer (genomepositions 1311–1519)with orwithout an
escape mutation C1T at the first position of the protospacer have been de-
scribed in ref. 18. The pRSF plasmid derivatives containing g8 or g8 mutant
protospacers (pRSF_G8 and pRSF_G8mut) were constructed by subcloning the
209-bp fragments into NcoI and NotI sites of the pRSF-1b vector (Novagen). The
plasmids RwFm and RmFw were generated by cloning a synthetic oligonucle-
otide duplex containing g8 or g8 mutant protospacer and functional ATG PAM
into HindIII and XbaI sites of the pT7Blue vector and subsequent cloning of a
1,895-bp M13 fragment containing the g8 protospacer (genome positions
6874–1519) with or without the C1T mutation into the XbaI and KpnI sites. The
resulting plasmids RwFm and RmFw contain both g8 and g8 mutant proto-
spacers located on different strands separated by a 1,741-bp fragment.

CRISPR Interference and Adaptation Assays. E. coli KD263, KD546, or KD384
were transformed with individual plasmids or plasmid combinations, and
transformants were selected on LB agar plates containing 50 μg/mL ampicillin
(to select for pT7Blue-based plasmids) with or without 50 μg/mL kanamycin to
select for pRSF-based plasmids. Individual colonies were inoculated for over-
night growth at 37 °C in liquid LB with appropriate antibiotics. Aliquots of
overnight cultures were diluted 100 times into fresh LB without antibiotic and
allowed to grow until the culture OD600 reached ∼0.5. At this point, half of the
culture was induced with 1 mM arabinose and 1 mM IPTG. Another half of the
culture remained uninduced. The cultivation was continued, and aliquots were
withdrawn at various times postinduction. Where indicated, induction at of
cultures that reached a higher OD600 (OD600 ∼1) was used. Serial dilutions of
withdrawn culture aliquots were plated on LB agar with or without 50 μg/mL
ampicillin to obtain colony forming unit (CFU) numbers. To observe plasmid
loss, the plasmid was purified from identical volumes of induced culture ali-
quots using Thermo Scientific GeneJET Plasmid Miniprep Kit, and purified
plasmids were analyzed on 0.9% agarose gels. CRISPR array expansion was
monitored by PCR. For KD263 and KD546 cultures, amplifications with Ec-LDR-F
(5′-AAGGTTGGTGGGTTGTTTTTATGG-3′) and M13g8 (5′-GGATCGTCACCCT-
CAGCAGCG-3′) primers were performed. The latter primer anneals to the g8
spacer. Ec-LDR-F anneals to the leader sequence upstream of the CRISPR array.
To analyze CRISPR array expansion in KD384 cultures induced at OD600 = 1,
amplification with Ec-LDR-F and Ec_minR (5′-CGAAGGCGTCTTGATGGGTTTG-3′)
was used. Ec_minR anneals to the region downstream of the CRISPR array.

New Spacer Composition Analysis. To monitor the composition of acquired
spacers, PCR products corresponding to expanded CRISPR arrays were gel
purifiedwith QIAquick Gel Extraction Kit (QIAGEN) and sequenced usingMiseq
Illumina in pair-end 250 bp-long reads mode according to the manufacturer’s
protocols. Raw sequencing reads preprocessing was done using ShortRead and
BioString packages (27, 28). After adapter and quality (score of >20) trimming,
reads with two ormore CRISPR repeats were filtered, and sequences between two
repeats were extracted as spacers. For reads corresponding to multiple spacer
acquisitions, only spacers that were acquired first were selected for further analysis
to avoid biases in spacer composition caused by secondary priming. Spacers were
mapped to the source plasmid with no mismatches tolerated. Graphical repre-
sentation was done with the EasyVisio tool developed by E. Rubtsova.

Results
Experimental Setup. E. coli K12 KD263 cells (25) (Fig. 1A) express
cas genes from inducible promoters and contain a minimized
CRISPR array with a single g8 spacer derived from the M13 phage.
The KD263 cells were transformed with ampicillin-resistant
pT7Blue vector plasmid (Fig. 1B); pG8, a pT7Blue derivative
containing a cloned g8 protospacer fully matching the g8 spacer
with a functional ATG PAM (Fig. 1C); or pG8mut, which contains
a C1T mutation in the seed region of the protospacer (Fig. 1D).
Ampicillin-resistant transformants were grown in the absence of
ampicillin until OD600 = 0.5, after which cas gene expression was

Fig. 1. CRISPR interference and primed CRISPR adap-
tation against matching and partially matching proto-
spacer targets located on plasmids. (A) The E. coli
KD263 cells capable of inducible cas gene expression
and carrying an engineered CRISPR array with a single
g8 spacer are schematically shown. E. coli KD263 was
transformed with ampicillin-resistant pT7Blue vector
(B) or pT7Blue-based plasmid pG8 (C) with a fully
matching g8 protospacer with a functional PAM or
pG8mut (D), carrying, respectively, a protospacer with a
functional PAM and a C1T mutation in the protospacer.
Protospacers are shown as blue arrows with the
arrowpoint directed away from the 5′-ATG-3′ PAM. The
C1T mutation is shown as a yellow star. Graphs show
the number of ampicillin-resistant CFUs in cultures
transformed with each plasmid with or without in-
duction of cas gene expression. Plasmid DNA was pu-
rified from cells collected at the times indicated and
resolved by agarose gel electrophoresis. The products
of PCR amplification with primers annealing at the g8
spacer and further upstream in the CRISPR array leader
are shown at the bottom.
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induced. Induced cultures grew at the same rate as uninduced
controls. However, cells transformed with pG8 rapidly lost ampi-
cillin resistance upon induction (Fig. 1C), whereas control cells
transformed with pT7Blue remained antibiotic-resistant (Fig. 1B).
Induced cultures of cells transformed with pG8mut remained an-
tibiotic-resistant for most of the experiment, with some loss be-
coming apparent at later times (Fig. 1D). Thus, the C1T mutation
in the protospacer renders CRISPR-Cas interference inefficient, as
expected. Plasmid loss was also monitored directly, by purifying
plasmids from aliquots of induced cultures and electrophoretic
analysis. The results showed that the yield of pT7Blue increased
along with culture density (Fig. 1B). The pG8 plasmid was effec-
tively purged from the culture 1 h postinduction (Fig. 1C). The
amount of pG8mut plasmid was close to that in control pT7Blue
harboring cultures 1 h postinduction and then slowly decreased
(Fig. 1D). Thus, a mismatch between the g8 crRNA spacer and the
C1T protospacer does not completely inactivate CRISPR in-
terference. The low yield of pG8mut is in apparent contrast with the
high level of ampicillin resistance in induced cultures. Because the
culture continued to grow at least between the first and second hour
postinduction with no detectable loss of ampicillin-resistant cells, it
follows that CRISPR interference decreased the copy number of
pG8mut without having a visible effect on antibiotic resistance. We
note that pT7Blue and its derivatives are high-copy number plasmids
(∼500 plasmid copies per cell) (29), and so antibiotic resistance can
be detected even when the number of plasmids inside cells is de-
creased by the action of the CRISPR-Cas system.
Aliquots of induced cultures were also subjected to PCR am-

plification using a pair of primers of which one annealed to the g8
spacer and another to the upstream leader region outside the array.

In cultures transformed with pT7Blue or pG8, only a PCR product
corresponding to the unexpanded CRISPR array was observed
(Fig. 1 B and C). In contrast, in cultures of cells transformed with
pG8mut, time-dependent accumulation of longer PCR product
corresponding to an insertion of an additional repeat-spacer unit in
the array was observed (Fig. 1D). Accumulation of new spacers was
barely detectable 1 h postinduction, but by 5 h, most cells in the
culture contained expanded arrays.

Primed Adaptation from Targets Containing Fully and Partially Matching
Protospacers Located in Trans. We considered that ongoing primed
adaptation from a plasmid containing a mutant protospacer could
act in trans and stimulate acquisition from a plasmid with a fully
matching protospacer present in the same cell. Accordingly, pRSF-
based plasmids with a wild-type or mutant g8 protospacer were cre-
ated. These plasmids are compatible with pG8 and pG8mut plasmids.
Plasmid pairs indicated in Fig. 2A were cotransformed in KD263.
Upon induction, robust adaptation was observed in cultures con-
taining either plasmid pair (Fig. 2A). PCR fragments corresponding
to expanded CRISPR arrays were subjected to Illumina sequencing,
and extracted sequences of acquired spacers were mapped. Because
the two plasmids were different from each other, spacers could be
unequivocally mapped to a plasmid from which they originated. For
each plasmid pair analyzed, most (97% and 99%) spacers originated
from a plasmid that carried the mutant protospacer, and a strong
(81% and 89%) bias for selection of spacers from a nontargeted
strand was observed (Fig. 2B, Top). When spacers originating from
plasmids with fully matching protospacers were analyzed, an even
higher bias of spacer selection from the nontargeted strand was also
observed (97% and 93%; Fig. 2B, Bottom). Mapping of acquired

Fig. 2. CRISPR adaptation frommatching and partially matching protospacer targets located in an in trans configuration. (A) The E. coli KD263 cells transformed
with compatible pT7Blue or pRSF-based plasmids each carrying a wild-type or a mutant, C1T version of the g8 protospacer are schematically shown. Protospacers
are indicated as blue arrows located on the nontargeted DNA strand of each plasmid, with the arrow pointing away from the ATG PAM. Results of a CRISPR
adaptation experiment with the cells transformed with two plasmids (culture 1 and culture 2) are shown in the middle. (B) Results of overall mapping of spacers
acquired by cells shown in A to separate strands of each plasmid are shown. Numbers on vertical axes show the number or reads. The color code used shows the
origin of spacers and matches colors used to indicate the individual plasmid strands in A. (C) Mapping of individual acquired spacers on donor plasmids. Blue
arrows indicate the position of the g8 protospacer. Bars protruding inside and outside the circles indicating plasmids represent spacers derived from different
strands. Bar height indicates the relative efficiency of spacer acquisition from this position.
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spacers showed that their distribution (and therefore the use of donor
protospacers) was very close for identical (pRSF- or pT7Blue-based)
plasmids with g8 or g8mut protospacers (Fig. 2C).

Trap Protospacer–Spacer Interaction Reveals Primed Adaptation from
Fully Matching Targets. The results presented above suggest that
primed adaptation may be initiated upon the interaction of Cascade–
crRNA complexes with fully matching protospacers that are
subject to CRISPR interference. However, it is possible that initially
rare plasmids with escape mutations in protospacer or PAM accu-
mulate in the course of CRISPR interference and are next used for
primed spacer acquisition. To rule out such a possibility, the fol-
lowing approach was used. Some protospacers from the pT7Blue
vector backbone reproducibly contribute a disproportionately large
number of spacers to cells that undergo primed adaptation (30). We
found one such “hot” protospacer that contained a centrally located
internal GAG—an interference-proficient PAM (Fig. 3A). We

reasoned that a 32-bp sequence located downstream of this tri-
nucleotide could itself function as a priming protospacer in the
presence of appropriate crRNA. For reasons outlined subsequently,
we refer to this priming protospacer as “trap.” An E. coli strain
KD384 containing a CRISPR array with a trap spacer was con-
structed (Fig. 3B) and used in a primed adaptation experiment with
the pT7Blue plasmid. As shown in Fig. 3A, the entire seed region of
the trap protospacer and its PAM are contained within the hot
protospacer. If adaptation was indeed driven by priming on plasmid
variants with mutations in the trap protospacer seed or PAM,
spacers originating from the overlapping hot protospacer shall con-
tain corresponding substitutions (Fig. 3B, pathway 1). In contrast, if
adaptation was primed on wild-type trap, spacers acquired from an
overlapping hot protospacer should contain an unchanged, wild-type
trap segment (Fig. 3B, pathway 2).
The pT7Blue plasmid was rapidly lost from KD384 cultures

upon induction of cas genes expression, and no CRISPR array
expansion was detected by PCR, an expected result for a fully
matching target with an interference-competent PAM. However,
when cas gene expression was induced in late KD384 cultures,
a low amount of PCR fragments corresponding to expanded
CRISPR arrays was detected. Induction of cas genes after cessation
of cell growth increases the proportion of cells with expanded ar-
rays, as at standard conditions (inducing cells and allowing them to
grow in the absence of ampicillin over extended periods of time)
the proportion of cells that have lost the plasmid due to CRISPR
interference increases steadily over the course of the experiment.
Plasmid-free cells do not acquire spacers, but their nonexpanded
CRISPR arrays contribute a strong background signal during PCR
amplification, making it difficult to detect rare cells with expanded
arrays. PCR fragments corresponding to expanded arrays were
Illumina sequenced, and sequences corresponding to newly ac-
quired spacers were retrieved and mapped on the parent plasmid
(Fig. 3C). A strand bias similar to that observed during adaptation
primed by g8 crRNA from the pG8mut plasmid was observed
(compare Fig. 3C and Fig. 3A). A total of 2,844 reads of hot spacer
were obtained. All of them contained a wild-type trap sequence.
Therefore, we conclude that primed adaptation can be initiated by
effector complex interaction with a protospacer preceded by an
interference-proficient PAM and fully matching the crRNA spacer.

Primed Adaptation from Targets Containing Fully and Partially
Matching Protospacers Located in Cis. No conclusions about the
relative efficiency of primed adaptation from DNA containing fully
matching and partially matching targets can be made from exper-
iments with a trap protospacer. To directly compare these effi-
ciencies, pT7Blue-based plasmids carrying two g8 protospacers—
one wild-type and another with the C1T substitution—were cre-
ated. The protospacers were located in opposing orientations such
that each one of them primed an acquisition of spacers from dif-
ferent DNA strands. If the two protospacers were equally efficient
in priming, no overall strand bias of acquired spacers should be
observed. Conversely, a bias toward one of the strands would in-
dicate that priming from one of the protospacers is more efficient.
The KD263 cells transformed with the double-protospacer RwFm
plasmid were indistinguishable from cells transformed with a single
fully matching protospacer pG8 plasmid: They rapidly lost ampi-
cillin resistance upon induction and did not efficiently acquire new
spacers (Fig. 4A). Thus, a fully matching protospacer is “dominant”
over the partially matching one when present in cis. Trace amounts
of PCR fragments with expanded CRISPR arrays were recovered
from induced late KD263 cultures carrying RwFm or RmFw, a
double-protospacer plasmid, which contains a reciprocal combi-
nation of protospacers (Fig. 4B). After high-throughput sequencing
and mapping of acquired spacers, a strong strand bias was observed
(Fig. 4C). Unexpectedly, the direction of the bias was consistent
with more active primed adaptation initiated at the fully matching
protospacer for both plasmids.

Fig. 3. Using a trap spacer to show adaptation from fully matching proto-
spacers. (A) Mapping of spacers acquired by KD263 cells transformed with
pG8mut* are shown [note that the orientation of the protospacer in pG8mut
(Figs 1. and 2) and in pG8mut* is different]. The height of bars emanating from
a circle representing pG8mut* shows the relative amounts of spacers acquired
from this site. The sequence of a hot protospacer (indicated by a red bar) is
expanded. It contains an internal PAM sequence (cyan) defining a trap pro-
tospacer shown in green. The position of the trap protospacer seed with re-
spect to the partially overlapping hot protospacer is shown by a thin green
line. (B) The E. coli KD384 cells containing a trap spacer in their CRISPR array
and transformed with the pT7Blue plasmid are schematically shown to the left.
At the right, structures of CRISPR arrays of cells that acquired a hot spacer (red)
from a protospacer overlapping with protospacer recognized by trap crRNA
are schematically shown. (C) Mapping of spacers acquired by KD384 cells
transformed with pT7Blue. The position of the priming trap protospacer is
shown as a green rectangle. Red bar shows observed efficiency of spacer ac-
quisition from the overlapping hot protospacer.
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Increased Cas1 and Cas2 Production Leads to Efficient Primed Adaptation
from Targets Containing a Protospacer Fully Matching crRNA. The result
presented in the previous section argues that initiation of primed
adaptation from protospacers with a functional PAM and fully
matching crRNA spacer occurs very efficiently, but the overall yield
is nevertheless low, because the targeted plasmid is rapidly destroyed
by the interference machinery. Therefore, if the rate of spacer ac-
quisition were increased, one could expect efficient primed adapta-
tion even with fully matching targets. To test this prediction, KD456,
a derivative of the KD263 strain with an additional inducible lacUV5
promoter inserted in front of cas1cas2 genes, was constructed (Fig.
5A). This strain was transformed with pG8, or pG8mut, and after
induction of cas gene expression, spacer acquisition was monitored.
Upon induction, the level of g8 crRNA was the same in both strains
(Fig. S1), an expected result, as the crRNA precursor is transcribed
from its own promoter (31). Spacers were efficiently acquired by
exponentially growing KD456 cultures transformed with either
plasmid (Fig. 5A, lanes 3 and 4). The control KD263 cultures be-
haved as expected—efficient CRISPR array expansion was only
observed in the presence of pG8mut (lane 2). Because increased
concentration of Cas1 and Cas2 could have stimulated nonprimed
adaptation (6), acquired spacers were sequenced and analyzed.
Mapping showed that the distribution of donor protospacers along
the plasmid backbone, the strand bias, and the AAG PAM prefer-
ence were typical for primed adaptation (Fig. 5B). Thus, increasing
the intracellular concentration of Cas1 and Cas2 (or the ratio of
these proteins to Cascade–crRNA and/or Cas3) is sufficient to allow
primed adaptation from targets containing a protospacer with a
functional PAM and an exact match with the crRNA spacer.

Discussion
In this work, we demonstrate that primed adaptation by the type I-E
CRISPR-Cas system from E. coli can occur after the Cascade–
crRNA complex interacts with a fully matching protospacer that is
subject to interference. In fact, when matched and mismatched
protospacers are positioned on the same DNA molecule, primed
adaptation initiated by recognition of a fully matching target is about
10 times more efficient than from a mismatched target. In contrast,
when tested separately, mismatched rather than matched targets
behave as preferred substrates for primed adaptation (18, 19). We
propose that the apparent lack of adaptation from target DNA
molecules with protospacers fully matching crRNA spacers is a
consequence of rapid destruction of such targets. Target destruction
occurs due to the activity of the Cas3 helicase–endonuclease that

recognizes Cascade–crRNA complexes bound to protospacers (15,
16). We further propose that Cas3-mediated target destruction is a
source of substrates for spacer acquisition machinery, the Cas1–
Cas2 complex, during primed adaptation. Our data, as well as data
from others, show that interference is initiated on either matching
or partially matching protospacers (32), albeit with different effi-
ciencies. The Cascade–crRNA interaction with fully matching proto-
spacers leads to rapid degradation of DNA molecules that contain
them. Apparently, intermediates of target DNA degradation are
transient and disappear after an initial burst, leaving no substrates

Fig. 4. CRISPR adaptation from matching and par-
tially matching protospacer targets located in an in cis
configuration. (A) The E. coli KD263 cells transformed
with pT7Blue-based RwFm or RmFw plasmids carrying
a wild-type and a mutant, C1T, version of the g8
protospacer on different strands are schematically
shown at the top. (B) A graph showing the number of
CFUs on LB plates containing ampicillin in KD263 cul-
tures transformed with one of the plasmids shown in
A with or without induction of cas gene expression.
Shown below are the results of agarose gel electro-
phoresis of PCR amplification products obtained from
aliquots of induced culture with primers annealing at
the g8 spacer and further upstream in the KD263
CRISPR array leader. (C) Bar graphs showing the
overall statistics of acquired spacers in each cell culture
shown in A with spacers mapped to either plasmid
DNA strand shown in different colors (color coded as
in plasmid schematics in A). (D) Mapping of spacers
acquired by KD263 cells transformed with RwFm or
RmFw. The positions of priming protospacers are
shown by blue arrows.

Fig. 5. Increased expression of cas1 and cas2 leads to primed adaptation from
fully matching protospacer targets. (A) An agarose gel showing the results of
separation of products of PCR amplification of CRISPR arrays from aliquots of
KD263 (lanes 1 and 2) and KD546 (lanes 3 and 4) transformed with indicated
plasmids. (B) Results of mapping of spacers acquired by KD263 cultures
transformed with pG8mut (2) and KD546 cultures transformed by pG8 and
pG8mut (3, 4) on donor plasmids.
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for Cas1–Cas2-mediated adaptation, which is either an intrinsically
slower process or is limited by the insufficient concentrations of Cas1
and Cas2, which are encoded by promoter-distal genes of the cse1–
cas2 operon. Increasing the concentration of Cas1 and Cas2 leads to
robust spacer acquisition, presumably by allowing Cas1 and Cas2 to
capture the transient intermediates of Cas3 action.
Cascade interaction with mutant, escape protospacers causes a

much slower loss of targeted DNA molecules. This must be a
combined effect of lowered binding affinity of Cascade–crRNA to
mutated protospacers (and the consequent lower rate of their
degradation) and the ability of plasmid copy number maintenance
mechanisms (or phage genome replication during infection) to
temporarily and/or partially compensate for the pressure exerted by
the interference machinery. At these conditions of “prolongated
interference,” a steady-state amount of intermediates of target
destruction must exist that can be acted upon by the adaptation
machinery, leading over time to apparently robust adaptation in the
absence of strong interference.
When a fully matched and a partially matched protospacer are

positioned on the same DNA molecule, adaptation directed by
priming at the fully matching protospacer is much more efficient.
Because at these conditions the rate of target plasmid degradation
is equal for both protospacers, the relative efficiencies of spacer
acquisition directed by either protospacer shall be directed, at
least in part, by the efficiency of target protospacer recognition by
Cascade–crRNA complexes. The reported binding affinities of
Cascade charged with g8 crRNA for fully matching and C1T
mutant protospacer differ about 50-fold in vitro (17). This com-
pares well with the 10-fold difference in primed adaptation effi-
ciency in two-protospacer plasmid experiments in vivo.
The proposed intimate link between target interference and

primed adaptation can be extended to naïve adaptation, which de-
pends only on Cas1 and Cas2. One can hypothesize that various

cellular processes, unrelated to CRISPR interference, can also
generate DNA fragments recognized by Cas1–Cas2, leading to a low
level of spacer adaptation, particularly at elevated concentrations of
these proteins. Recent reports indicate that there is some preference
of the naïve adaptation to chi sites (33), implicating RecBCD ma-
chinery or rather intermediates produced by its action as potential
substrates of Cas1–Cas2 action.
A strand bias of spacer acquisition specific for primed adaptation

must be arising due to strand specificity of Cas3 action. The known
preference of Cas3 for cleavage of the nontarget strand in the
R-loop formed by the Cascade–crRNA interaction with a proto-
spacer and the 3′–5′ helicase/nuclease activity of Cas3 are consis-
tent with the experimentally observed direction of the bias and
suggest that intermediates used by Cas1–Cas2 must be single-
stranded, at least initially. On the other hand, partially double-
stranded DNA fragments were observed bound to Cas1–Cas2
complexes in crystal structures (34, 35), and these fragments are
incorporated by Cas1–Cas2 into CRISPR arrays in vitro (5). Thus,
splayed double-stranded fragments are credible substrates for
spacer integration. It was suggested that such spacer integration
substrates might be generated after annealing of single-stranded
fragments generated by Cas3 (36), which should allow the strand
bias to be maintained. Identifying in vivo products of Cas3 in-
terference and their mode of interaction with Cas1–Cas2 will bring
important mechanistic insights into our understanding of a func-
tional link between CRISPR interference and primed adaptation.
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