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Prokaryotic CRISPR-Cas immunity systems consist of CRISPR DNA arrays containing
variable spacers separated by identical repeats and CRISPR associated (cas) genes. 2 classes
comprising up to 6 types of CRISPR-Cas systems have been described in diverse eubacteria and
archaea (1, 2). Despite this diversity, all CRISPR-Cas systems share common principles of
function. Protective short CRISPR RNAs (crRNAs) are produced upon CRISPR array
transcription and processing and contain a single spacer flanked by fragments of repeats. A
crRNA enters into a complex with cas genes products. Resulting ribonucleoprotein effector
complex recognizes protospacer, a DNA sequence matching crRNA spacer, and subsequently
degrades protospacer-containing DNA either directly or indirectly, by recruiting a Cas executor
nuclease, in a process called “CRISPR interference”. For most CRISPR-Cas systems protospacer
adjacent motive (PAM) is necessary for CRISPR interference to occur (3). PAMs allow CRISPR
effectors to distinguish a non-self protospacer in foreign DNA from self spacer in CRISPR array.
New spacers are acquired in CRISPR arrays in a process named “CRISPR adaptation”. While
CRISPR interfering complexes are evolutionarily unrelated between CRISPR-Cas systems from
different classes and types, the Cas1 and Cas2 proteins required for CRISPR adaptation are
conserved in all CRISPR-Cas systems (1).
New spacers are acquired into CRISPR arrays in (at least) three stages: 1) generation of
DNA substrates recognized by Cas1-Cas2 proteins; 2) processing of intermediates into fragments
capable for integration, and 3) incorporation of such intermediates into array. Protospacers

proceeded by PAM should be selected during adaptation to allow subsequent CRISPR
interference.
For type I CRISPR-Cas systems, it was shown that the Cas1 and Cas2 proteins form a
stable complex (4). In vitro and in vivo studies showed that this complex is capable for
performing the last stage of CRISPR adaptation via a mechanism resembling transposon
insertion. In contrast, little is known about the fist two stages of the adaptation process. The
situation is complicated by existence of two modes of adaptation: naïve and primed. The less
efficient naïve CRISPR adaptation occurs in the absence of CRISPR interference machinery. It
was suggested that the Cas1-Cas2 adaptation complex uses byproducts of RecBCD
recombination as a source of spacers (5). Much more efficient primed adaptation is guided by
CRISPR interference and most spacers come from targeted DNA (6). Thus, one may assume that
target DNA degradation products are the substrates for the adaptation complex in the course of
primed adaptation. Interestingly, only protospacers containing consensus AAG PAM are selected
by the type I-E E. coli CRISPR-Cas system during primed adaptation, while this specificity is
relaxed during naïve adaptation. Other factors determining adaptation complex specificity were
suggested besides PAM, as it was shown that some protospacers are reproducibly selected as
spacers more often than others during primed adaptation (7), while spacers with 3’-terminal AA
motif are overrepresented in spacer sets obtained during naïve adaptation (8). Here, we studied
sequence and structural requirements for spacer selection during CRISPR adaptation by the type
I-E CRISPR-Cas system from E. coli.
To determine DNA fragment structure that allows CRISPR adaptation, transformation of
E. coli cells overexpressing cas1-cas2 genes with different synthetic DNA oligonucleotides was
used. Upon transformation and outgrowth, newly acquired spacers were PCR amplified and
subjected to high throughput sequencing and analysis. In this way we confirmed that spacerlength (33 bp) double-stranded oligonucleotides give rise to new spacers as was previously
shown by the Church group (9). We also observed that longer double-stranded DNA fragments
could be used as a source of new spacers. Characterization of other possible substrates such as
single-stranded or partially matched DNA fragments was performed. Such analysis allowed to
identify preferred substrates of the Cas1-Cas2 adaptation complex generated in the presence or in
the absence of CRISPR interference.
To find out sequence determinants of spacer selection, we analyzed new spacers acquired
in cells undergoing primed adaptation in the presence of different targets (plasmids and phages)
or during naïve adaptation. PCR amplified extended CRISPR arrays containing newly acquired
spacers were sequenced using Illumina platform followed by new spacer sequence analysis. We

were unable to reveal features that could distinguish “hot” (very common) from “cold” (rare)
spacers, however, clear underrepresentation of internal AAG trinucleotide was observed for
“hot” spacers in datasets from primed adaptation experiments suggesting that the presence of
internal AAG PAM sequences destroys precursors of some spacers before their incorporation
into CRISPR array. To get more insight into sequence requirements for spacer acquisition we
performed two series of experiments. First, primed adaptation was induced in the presence of
target plasmid DNA with “hot” protospacer carrying blocks of randomized nucleotides. Second,
cells expressing cas1-cas2 genes and capable of naïve adaptation were transformed with doublestranded fragments corresponding to “hot” spacer carrying blocks of randomized nucleotides.
Results of comparative bioinformatics analysis of “hot” spacer variants selected for acquisition
during primed or naïve adaptation will be presented.
Overall, our results shed light on the mechanisms of CRISPR adaptation and allow partial
reconstruction of protospacer-containing DNA fragment processing on its way to CRISPR array.
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