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ABSTRACT

Acquiring foreign spacer DNA into the CRISPR locus
is an essential primary step of the CRISPR–Cas path-
way in prokaryotes for developing host immunity to
mobile genetic elements. Here, we investigate spacer
integration in vitro using proteins from Pyrococcus
furiosus and demonstrate that Cas1 and Cas2 are
sufficient to accurately integrate spacers into a mini-
mal CRISPR locus. Using high-throughput sequenc-
ing, we identified high frequency spacer integration
occurring at the same CRISPR repeat border sites
utilized in vivo, as well as at several non-CRISPR
plasmid sequences which share features with re-
peats. Analysis of non-CRISPR integration sites re-
vealed that Cas1 and Cas2 are directed to catalyze
full-site spacer integration at specific DNA stretches
where guanines and/or cytosines are 30 base pairs
apart and the intervening sequence harbors several
positionally conserved bases. Moreover, assaying a
series of CRISPR repeat mutations, followed by se-
quencing of the integration products, revealed that
the specificity of integration is primarily directed by
sequences at the leader-repeat junction as well as
an adenine-rich sequence block in the mid-repeat.
Together, our results indicate that P. furiosus Cas1
and Cas2 recognize multiple sequence features dis-
tributed over a 30 base pair DNA region for accurate
spacer integration at the CRISPR repeat.

INTRODUCTION

CRISPR (Clustered Regularly Interspaced Short Palin-
dromic Repeats) arrays, found on the genomes of roughly

half of bacteria and the majority of archaea, harbor a ge-
netic memory of previously encountered nucleic acid in-
vaders (1,2). Cas (CRISPR-associated) proteins recurrently
add short, ∼30–40 bp DNA sequences (called spacers) to
CRISPR arrays, and coordinate the defense against the
nucleic acid invaders upon subsequent infections (1,3,4).
CRISPR uptake of spacer DNA fragments occurs through
the process of adaptation and leads to heritable genetic
memories of the infecting virus or other mobile genetic ele-
ment (5–8). During adaptation, segments of the invader are
cleaved and typically processed at protospacer adjacent mo-
tifs (PAMs) before being directionally integrated into the
CRISPR genetic memory bank (9–12). The CRISPR locus
includes a leader sequence followed by an array of short re-
peating DNA sequences, separated by unique spacers de-
rived from past infections (13). In order to defend against
the invading mobile genetic element, the CRISPR locus is
transcribed and processed into CRISPR RNAs (crRNAs)
that guide effector Cas proteins to the invading nucleic acid
through base complementarity (3,14,15). When bound to a
complementary target nucleic acid, crRNA-associated Cas
nucleases degrade the invader and the threat is silenced (16–
19).

Diverse CRISPR–Cas systems have evolved that each
employ distinct Cas protein family members and mecha-
nisms for defense and have been categorized into six types
and >30 subtypes (20,21). In contrast, the proteins that per-
form the integration of new spacers into CRISPR arrays,
Cas1 and Cas2, are common components found in the var-
ious types of active CRISPR–Cas systems, and sequences
of CRISPR leaders and repeats tend to coevolve with Cas1
sequences (20,22).

The model organism Pyrococcus furiosus, an extreme hy-
perthermophile, has proven to be useful for investigating
the understudied archaeal adaptation mechanisms (12,23).
The P. furiosus genome contains type I-A, I-G and III-B
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CRISPR–Cas systems that use crRNA guides generated
from seven active CRISPR arrays (4,24–28). New spacers
are added to each of these CRISPR arrays by a single,
shared set of Cas1 and Cas2 proteins (23), after proper pro-
cessing of the protospacer by Cas4–1 and Cas4–2 (12). Cas1
has been shown to functionally and physically interact with
Cas4 proteins in several studied systems (12,29–31). P. fu-
riosus Cas4–1 and Cas4–2 nucleases are necessary for PAM
recognition and removal during spacer generation, for set-
ting spacer length, and for ensuring that new spacers are ef-
ficiently integrated in the correct orientation that supports
immunity (12). However, in the absence of both Cas4–1 and
Cas4–2 proteins, Cas1 and Cas2 proteins retain the abil-
ity to accurately integrate spacers at CRISPR repeats in
vivo (12) raising the key question of what specific cis-acting
determinants guide Cas1 and Cas2 proteins to localize at
CRISPR loci.

The P. furiosus cas1 and cas2 genes are encoded imme-
diately adjacent to genes of the type I-G Cas proteins (Cst
module) (23), suggesting that they co-evolved to function
as the adaptation module associated with the type I-G sys-
tem (rather than III-B or I-A system). Supplementary Fig-
ure S1 displays a model of P. furiosus adaptation based on in
vivo experiments conducted with P. furiosus (12,23) and in
vitro experiments with type I-E and I-A systems (11,30,32–
36). The spacer integration step of this process is achieved
through a two-step transesterification reaction, where the
3′ hydroxyl groups of the incoming, predominately double-
stranded DNA spacer attack both borders of the first re-
peat sequence, on opposite strands (34,37). The majority of
studies suggest that type I and II systems first attack the
top strand at the leader-repeat junction (LR), followed by
a second attack of the repeat-spacer junction (RS) on the
bottom strand (8,38). Direct, in vitro kinetic tests on the or-
der of attacks have only been done for I-E and II-A systems
(6,32,35), and these tests should be expanded to include
more systems, given their diversity and ability to achieve im-
munity through unique mechanisms.

Details of the CRISPR spacer integration reaction have
begun to be elucidated through in vivo and in vitro studies
across a variety of CRISPR–Cas systems. In both type I and
II systems, a Cas14–Cas22 complex has been found consist-
ing of two Cas1 dimers bridged by a central Cas2 dimer,
with Cas1 serving as the integrase and Cas2 likely play-
ing a structural role (11,31,34,35,39,40). The Cas1–Cas2
integrase complex is directed to integrate new spacers at
the leader-proximal repeat (1,6,7,39,41,42), but the mech-
anisms guiding this targeted integration are proving to be
quite diverse across different subtypes. Some systems re-
quire non-Cas host factors, such as the leader-binding in-
tegration host factor (IHF), to guide Cas1–Cas2 to the first
repeat in the array (32,35,43,44). In contrast, the type II-
A systems lack a requirement for IHF and instead have an
intrinsic ability to direct spacer integration, likely due to
protein-DNA interactions between Cas1 and sequences sur-
rounding the leader-repeat junction (6,40,41). It remains to
be determined how spacer integration is directed in adap-
tation systems of archaea, which lack IHF, but preliminary
findings implicate both sequence and protein components.
The large (531 bp) archaeal leader in Sulfolobus solfatari-
cus is important for type I-A adaptation, and in vitro spacer

integration required unidentified host factor(s) from cell
lysate and ATP hydrolysis (36). As this has been the only re-
port on in vitro spacer integration in archaeal systems, there
is still much unknown about how spacers are directed for in-
tegration at CRISPR repeats in archaeal organisms.

Sequences in the leader and repeat have been shown to
influence proper spacer integration. Two in vivo studies in-
vestigating I-E and I-B spacer addition and repeat duplica-
tion identified mid-repeat motifs that orchestrate accurate
spacer integration at LR and RS sites (45,46). In the I-E
study, the essential motifs were situated in palindromic in-
verted repeats (IRs) within the CRISPR repeat (45), while
in the I-B study, accurate integration sites relied on a motif
between the IRs. While IRs are a common feature among
many groups of CRISPR repeats, both studies found that
the ability for IRs to form cruciform structures was not nec-
essary for adaptation (45,46). Recent high resolution cryo-
EM and X-ray crystallography structures showed Cas1–
Cas2 bound to pre-spacers being integrated into minimal
CRISPR loci (11,35,40), and suggested that these impor-
tant mid-repeat motifs likely serve as binding sites for the in-
tegrase machinery. Several in vitro studies have investigated
cis-acting elements of the repeat and leader through a va-
riety of sequence mutations (6,8,32,35,36,40). However, re-
sults have varied depending on the system, again highlight-
ing the mechanistic diversity of CRISPR systems. It is im-
portant to note that these in vitro mutational studies have
been limited by drawing conclusions solely on apparent in-
tegration efficiency rather than determining the sites of in-
tegration by direct sequencing methods.

Here, we established an in vitro system capable of accu-
rately integrating spacer DNA at the proper junctions of P.
furiosus CRISPR repeats. Interestingly, spacers also became
integrated into plasmid DNA at a subset of non-CRISPR
(‘off-target’) DNA regions that share specific sequence fea-
tures with CRISPR repeats. We found P. furiosus Cas1 and
Cas2 to be necessary and sufficient for complete (full-site)
spacer integration. Specific DNA determinants important
for efficient and accurate integration of spacer DNA were
identified both by evaluating reaction efficiency and moni-
toring the precise location of spacer integration by sequenc-
ing for an extensive panel of CRISPR repeat and leader mu-
tant target DNAs. Together, our results indicate that P. fu-
riosus Cas1 and Cas2 recognize multiple sequence features
distributed over an ∼30 bp DNA stretch to enable accu-
rate integration of spacer DNA into the repeats of target
CRISPR loci. Our results implicate specific sequence ele-
ments and their relative spacing to each other in properly
positioning the P. furiosus Cas1 and Cas2 integrase proteins
for accurate spacer integration at the CRISPR repeat.

MATERIALS AND METHODS

Cloning, expression and purification

The cas1 (PF1117) and cas2 (PF1118) genes were ampli-
fied from Pyrococcus furiosus COM1 genomic DNA, indi-
vidually cloned into pET21d expression vectors, and trans-
formed into Escherichia coli BL21 RIPL strain. Cultures
were grown at 37◦C in 200 ml of Luria broth to an OD600
of 0.4–0.6, and expression of the C-terminal 6× histidine
tagged proteins was induced with 1 mM IPTG during



7520 Nucleic Acids Research, 2019, Vol. 47, No. 14

overnight growth at room temperature. Harvested cells were
lysed in 40 mM Tris, 500 mM KCl, 10% glycerol, 5 mM imi-
dazole, pH 7.5. Following thermal precipitation at 70◦C for
30 min, the cell lysate was centrifuged at 14 000 rpm at 4◦C
for 30 min and the soluble fraction was collected and filtered
(0.8 �m filter pore size Millex filter unit, Millipore). His-
tagged proteins were purified by Ni2+ affinity column chro-
matography, using a stepwise increase of imidazole (10, 20,
50, 100, 250 and 500 mM) in 40 mM Tris, 500 mM KCl, 10%
glycerol, pH 7.5. Peak elution fractions were dialyzed using
Slide-a-lyzer mini dialysis cassettes (Thermo Fisher) into 40
mM Tris, 200 mM KCl, 10% glycerol, pH 7.5, and stored at
4◦C prior to use for functional assays. C-terminal 6× his-
tidine tagged proteins were confirmed to be functional for
adaptation in vivo (data not shown), ruling out potential
detrimental effects of the tag.

DNA substrate preparation

DNA oligonucleotides were from Eurofins Genomics (for
minimal CRISPR substrates and PCR primers) and Inte-
grated DNA Technologies (for pre-spacer DNA and hair-
pin CRISPR substrates). Oligonucleotides used to make
pre-spacers and CRISPR substrates were separated by 15%
denaturing polyacrylamide gel electrophoresis in 1× TBE,
detected by ethidium bromide staining, and the band of
the expected oligonucleotide size was excised. Oligonu-
cleotides were eluted from the gel slices overnight at 4◦C
in 500 �l of elution buffer (0.5 M ammonium acetate,
1 mM EDTA (pH 8.0), and 0.1% SDS), extracted with
phenol/chloroform/isoamyl alcohol (pH 8.0), ethanol pre-
cipitated, and resuspended in 20 mM Tris, 100 mM KCl,
5% glycerol, pH 7.5. Corresponding oligonucleotides were
annealed by incubating at 95◦C for 5 min followed by slow
cooling until 23◦C. Annealing was confirmed by 10% non-
denaturing polyacrylamide gel electrophoresis in 1× TBE.
Pre-spacers and half-site CRISPR substrates were 5′ radi-
olabeled with T4 polynucleotide kinase (PNK) and [� -32P]
ATP. In the case of the half-site substrates, a second gel ex-
traction and precipitation was performed after annealing.
Oligonucleotide sequences can be found in Supplementary
Table S1.

Spacer integration assay

Unless stated otherwise, a final concentration of 1 �M
Cas1, 1 �M Cas2, 1 mM DTT and 10 mM MgCl2 was incu-
bated in reaction buffer (20 mM Tris, 100 mM KCl, 5% glyc-
erol, pH 7.5) at 4◦C for 1 h. 20 nM of radiolabed pre-spacer
or 100 nM of unlabeled pre-spacer was added to the reac-
tions and incubated at 4◦C for an additional 15 min. Finally,
plasmid or linear DNA was added to a final concentration
of 5 nM for pCR7, or 100 nM for minimal CRISPR sub-
strate, and the reaction was incubated at 70◦C for 1 h. Reac-
tions with pCR7 were quenched with EDTA and proteinase
K (Life Technologies). Products were mixed with gel load-
ing dye (purple, NEB) and separated on 1% agarose gels in
1× TAE. Reactions with minimal CRISPR substrates were
quenched with an equal volume of Gel Loading Buffer II
(Thermofisher) and 25 mM EDTA. Samples were boiled
for 5 min before separation by 12% denaturing 7 M urea-
containing polyacrylamide gel electrophoresis in 1× TBE.

Gels were dried and radioactivity was detected with phos-
phorimaging (Storm 840 Scanner GE Healthcare).

Analysis of integration by high-throughput sequencing

Library preparation. To analyze integrations by high-
throughput sequencing, the spacer integration assay was
performed as described above using unlabeled pre-spacer.
Following incubation, DNA was isolated using the DNA
Clean and Concentrator Kit (Zymo Research, Irvine, CA,
USA). For the plasmid integration samples, excess un-
integrated pre-spacer was removed using Agencourt AM-
Pure XP beads (Beckman Coulter, Indianapolis, IN, USA).
Next, Illumina adapter sequence with an N10 random
primer was annealed to the plasmid DNA and extended
(thermocycler conditions: 98◦C for 30 s, 25◦C for 30 s, 35◦C
for 30 s, 45◦C for 30 s, and 72◦C for 5 min). Following ex-
tension, excess adapter was removed using AMPure beads,
and PCR was done to amplify plasmid DNA that con-
tained integrated pre-spacer: forward primers were specific
for the pre-spacer, while reverse primers targeted the Illu-
mina adapter introduced with the random anneal and ex-
tension step. This amplified both full-site and half-site in-
tegration events with no discrimination. Illumina barcodes
and additional adapter sequences were added with a fi-
nal PCR and the resulting library was separated on a 1%
agarose gel to select for DNA in a 400–700 bp size range.
DNA was isolated using the Zymo Gel DNA Recovery Kit
(Zymo Research, Irvine, CA, USA) and sequenced on an
Illumina MiSeq in a 100 by 50 cycle run. Only the 100 bp
Read 1 data was used in this analysis.

For the minimal linear CRISPR substrate products, 1 �l
of eluted DNA was used as a PCR template. Primers to add
Illumina adaptor sequences were annealed to the newly in-
tegrated spacer and the 3′ end of either the plus or minus
strand of the CRISPR substrate. DNA Clean and Concen-
trator Kit (Zymo Research, Irvine, CA) was used to isolate
the PCR product, and 1 �l of this product was used as the
template for a second PCR using primers to add Illumina
barcodes. These products were purified on a 1% agarose gel
and extracted with a Gel Purification Kit (Zymo Research,
Irvine, CA).

Mapping integration events. After sequencing, samples
were de-multiplexed by barcode and analyzed to determine
sites of integration. For plasmid data, the complete pre-
spacer sequence was located in each read and 50 bp of se-
quence immediately downstream from the end of the pre-
spacer was extracted. These 50 bp sequences were aligned
to the appropriate plasmid reference using Bowtie (47).
To visualize the distribution of integration events, align-
ment output files were converted into coverage files using
bedtools (48) and displayed on a custom UCSC genome
browser track hub (https://www.genome.ucsc.edu). An ini-
tial inspection of the integration tracks revealed that large
peaks occurred outside of the CRISPR arrays and data sug-
gested that these peaks were due to particular sequence and
spatial features. These trends were both analyzed in an un-
biased plasmid-wide manner. To determine sequence pref-
erences at the sites of integration, the base at the integra-
tion point, along with upstream and downstream context

https://www.genome.ucsc.edu
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sequence, was extracted from the reference sequence (bed-
tools) and used to make sequence logos (49). For spacing
trends, we took the browser track files and assessed the
distances between two large peaks occurring on the same
strand or on opposite strands. To do this, 500 random 50 bp
intervals (‘windows’) were selected for each plasmid. Within
each of these windows, the two highest peaks on the plus
strand and the minus strand were identified and the bp dis-
tance between these peaks was determined (highest to sec-
ond highest on the plus strand, highest to second highest
on the minus strand, highest plus strand to highest minus
strand). Distance values from all 500 windows were then
binned and counted. For the minimal linear CRISPR in-
tegration data, the spacer-target junction was determined
from each read and counts for each potential integration
point were totaled.

RESULTS

P. furiosus Cas1 and Cas2 facilitate spacer integration in vitro

To determine the requirements for the integration of new
spacers into the CRISPR array, Cas1 and Cas2 recombi-
nant proteins cloned from P. furiosus were expressed and
purified from E. coli and tested in spacer integration assays
with a synthetic pre-spacer and a plasmid containing a min-
imal CRISPR array (pCR7) (Figure 1). The CRISPR array
had a complete 508 bp leader followed by three 30 bp re-
peats, separated by two 37 bp spacers derived from P. fu-
riosus CRISPR locus 7 (Figure 1A). The 37 bp sequence
of the pre-spacer DNA was selected due to its high fre-
quency of acquisition from a plasmid during transforma-
tion into P. furiosus (23). When pCR7 was incubated in
vitro with Cas1, Cas2, and radiolabeled pre-spacers in the
presence of MgCl2, full-site or half-site integration prod-
ucts (which cause plasmid nicking detectable by agarose gel
electrophoresis and DNA staining) were detected by au-
toradiography (Figure 1B, compare lanes 1–5). Spacer in-
tegration was also observed using plasmids that lacked the
leader sequence (pCR7 no leader) or control plasmids de-
void of a CRISPR locus (pControl) (Figure 1B). Radiola-
beled integration products were detected in the nicked and
linear conformation of the plasmid, and required the pres-
ence of Cas1, Cas2 and MgCl2 (Figure 1B). Cas1 alone was
able to produce extremely low levels of integration, while
Cas2 alone could not (Supplementary Figure S2A) indi-
cating the importance of both Cas1 and Cas2 in catalyz-
ing spacer integration into the target DNA molecules. Pre-
spacers with blunt-ends or 3′ overhangs (five nucleotides
in length) were both integrated into pCR7 (Supplementary
Figure S2B), but subsequent experiments were carried out
using pre-spacers with 3′ overhangs. Moreover, integration
occurred efficiently into linear plasmid DNA, indicating
that integration by Cas1 and Cas2 is not strictly dependent
on the supercoiled topology of circular plasmid DNA (Sup-
plementary Figure S2B).

We next mapped the precise sites of spacer integration
in each of the tested plasmids by high-throughput sequenc-
ing of the integration products (Figure 1C–E). Integration
into pCR7 occurred at very low levels at sites distributed
throughout the entire plasmid with a marked increased pref-
erence at each of the three CRISPR repeats (occurring pre-

cisely at the same top strand and bottom strand repeat junc-
tions as is observed in vivo) (Figure 1C and F and (23)),
as well as several non-CRISPR locations (Figure 1C). The
high frequency of integration at the first repeat was lost
when the adjacent leader was deleted, but the levels of
integration at the second and third repeat remained high
(Figure 1D and G). The non-CRISPR integration sites re-
mained when the leader or entire CRISPR locus was absent
from the plasmid (Figure 1D and E). One such highly pre-
ferred non-CRISPR site of integration (bracketed in Fig-
ure 1C) was investigated further in subsequent experiments.
This exact site was also highly preferred in an alternative
plasmid backbone containing the same non-CRISPR se-
quence (pControl2) (Supplementary Figure S3).

Non-CRISPR integration sites resemble CRISPR repeats

A closer look at the most highly targeted non-CRISPR
plasmid DNA integration sites revealed similarities between
these sites and the CRISPR repeat, both in size and se-
quence identity (Figure 2). Pairs of high frequency integra-
tion sites on opposite strands, similar to the pattern ob-
served at the repeats, were observed scattered along the plas-
mid and the distances between the paired non-CRISPR in-
tegration sites were consistent with the size of a CRISPR re-
peat (30 bp), as shown with the non-CRISPR example (Fig-
ure 2A). We quantified this spacing trend by randomly se-
lecting windows across the plasmid and determining the dis-
tance between the largest peaks on opposite strands. There
was a significant trend wherein the highest plus strand peak
was 30–31 bp from the highest minus strand peak for both
plasmid DNA that contained (pCR7) or lacked (pControl)
the CRISPR array (Figure 2B and C). In contrast, when
the same analysis was performed for peaks that were both
on the plus strand or both on the minus strand, no such 30
bp spacing preference was observed, suggesting the paired
peaks on opposite strands are due to the Cas1 and Cas2-
catalyzed, full-site integration (two-step transesterification
reaction) (Supplementary Figure S4).

In addition to trends in peak spacing, we also noted that
certain bases were conserved in the highly integrated non-
CRISPR sites. We therefore analyzed the sequences sur-
rounding these non-CRISPR integration sites to determine
if there was any similarity to the leader-repeat elements of
the CRISPR locus. The nucleotide identity at the site of in-
tegration across the entire plasmid exhibited a strong prefer-
ence for guanine, with the second most preferred base being
cytosine, which is in agreement with the nucleotide identity
of the natural P. furiosus CRISPR repeat borders (Figure
2D and E). Sequences for the top ten most highly integrated
non-CRISPR sites of 30 bp spacing are listed in Figure 2F,
and their locations are indicated on the plasmid map in
Supplementary Figure S5. A WebLogo created from these
top ten sequences revealed similarities to the repeat, partic-
ularly at the borders and the center of the repeat (Figure
2G). Specifically, nucleotides G1, T2, A6, A12, T14, A17,
A18, A20, A23, T24, T25, A28, and A29 of the repeat, and
C-3, C-4, G-7, A-8, A-9 and A-10 of the leader were of-
ten enriched in the non-CRISPR sites (Figure 2G). When
all integration sites were considered (not just ones with a
paired peak pattern), repeat-like features were conserved;
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Figure 1. P. furiosus Cas1 and Cas2 facilitate spacer integration in vitro. (A) Schematic of the in vitro spacer integration reaction. pCR7 containing a minimal
CRISPR array was incubated with Pyrococcus furiosus (Pfu) Cas1 and Cas2 purified from E. coli and radiolabeled pre-spacers (PS). Integration products
include half-site or full-site integration (nicked form of the plasmid). (B) Integration assay comparing pCR7, pCR7 with a deletion of the leader, and
pControl lacking the entire leader and CRISPR array. Products separated by agarose gel electrophoresis and detected by EtBr followed by autoradiography.
Noncontiguous portions of the same gel are indicated by dashed lines. (C–E) Sites of spacer integration were identified by high-throughput sequencing;
peak heights in tracks C–G directly reflect the number of reads that showed an integration event at that position in the plasmid. Integration sites along
pCR7, pCR7 no leader, and pControl, respectively. Brackets above the tracks highlight sites of integration at the CRISPR and a highly preferred non-
CRISPR integration site, which was investigated further in later experiments. (F, G) Increased resolution of integration at CRISPR repeats of pCR7 and
pCR7 no leader.

most notably, G1, T2, T3, A6, T14, A17, A18, A29, as well
as C-3 in the leader (Figure 2H and I). The same spac-
ing and sequence trends are seen when analyzing plasmids
lacking the leader (pCR7 no leader) and missing the en-
tire leader-CRISPR array (pControl), demonstrating that
this phenomenon is not due to the presence of the CRISPR
locus but rather reflects an intrinsic integration site prefer-
ence of Cas1 and Cas2 (Supplementary Figures S4 and S6).
Taken together, this analysis of integration sites across the
plasmid suggests that spacer integration by P. furiosus Cas1
and Cas2 proteins is being directed by specific sequences or-
ganized in a defined spatial configuration.

Full-site integration

To further elucidate the mechanism of integration at the re-
peat, an assay using a minimal linear CRISPR array was
established (Figure 3A and B). Unlike plasmid integration
data, the results of these assays allowed us to distinguish
half-site and full-site spacer DNA integrations. When us-
ing a linear CRISPR array with only 10 bp of the leader, a
single repeat, and a single spacer (Figure 3A), products rep-
resenting integration at both leader-repeat (LR) and repeat-
spacer (RS) borders of the repeat were observed (Figure
3C), and confirmed through high-throughput sequencing
(Figure 3D). The same high degree of specificity was ob-
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served when using the sequence of the highly preferred non-
CRISPR site described above (Figures 1, 2, Supplementary
Figure S3), even though the sequence is only 43% identi-
cal to the wild type (WT) repeat (Figure 3A, C, and D).
This orientation was selected because of the higher repeat
sequence conservation, but it is important to note that the
alternative orientation also has conserved elements identi-
fied to influence integration location (G1, T3, A6, T14, A18,
A20, T24 and A29 as well as the C-3). When the sequences
of the non-CRISPR substrate that are conserved with the
WT repeat were mutated (NC Mut), efficiency was reduced
(Figure 3C) and the specificity of integration at the sites 30

bp apart was abolished to <1% of the total reads (Figure
3D).

Next, to determine if an integrated spacer at one of
the two repeat junctions would progress to a full-site inte-
gration, CRISPR DNA substrates modeled to be half-site
DNA intermediates were assayed (Figure 3E–H). Half-site
substrates were rapidly transformed into full-site products
regardless of which junction of the repeat the spacer started
at (Figure 3E and F). Disintegration of the half-site spacer
was also separately examined since it is expected to reflect
the reverse reaction of spacer integration that should be oc-
curring at some level in the reactions (50). Half-site spacer
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disintegration was observed at lower levels (Figure 3G and
H) than full-site conversion (Figure 3E and F) showing that
most, if not all, products observed with the half-site sub-
strates resulted in full-site integration rather than disinte-
gration followed by reintegration at the second site. Addi-
tionally, disintegration did not require the presence of Cas2
(Supplementary Figure S7C and D), which was needed
for the progression to full-site (Supplementary Figure S7A
and S7B). The results show that P. furiosus Cas1 and Cas2
execute accurate second-site integrations by attacking the
proper top or bottom strand leader-repeat or repeat-spacer
junctions.

We next addressed if P. furiosus Cas1 and Cas2 cat-
alyze sequential, two-step transesterification reactions and
if there is a preference for first-site integration at the leader-
repeat junction vs. the repeat-spacer junction (Figure 4).
This was investigated using CRISPR substrates with a
DNA hairpin structure at either the leader end or the spacer
end, which allowed full-site products to be distinguished
from the two possible half-site products on the basis of
the size of fragments separated by gel electrophoresis. Both
hairpin substrates resulted in rapid, full-site integration
but half-site products at both the leader-repeat and repeat-
spacer junctions were also observed as expected (Figure 4A
and B). In order to confirm that the full-site product was in-
deed a result of the two-step integration event from a single
spacer rather than two separate half-site integration events
by two independent spacers, a dideoxy group was substi-
tuted for the 3′ hydroxyl on one strand or the other of the
pre-spacer. With the lack of second 3′ hydroxyl group re-
quired for the sequential second-site integration, reactions
were halted after the first-site integration event, verifying
that the full-site product was not produced by indepen-
dent half-site integrations by two separate spacers. Addi-
tionally, with the dideoxy pre-spacers, the LR and RS half-
site products were observed at approximately equal levels,
suggesting no preference for one border of the repeat over
the other for the first transesterification attack (Figure 4C).
When the dideoxy was present on both strands (no 3′ hy-
droxyl groups), no integration was observed, as expected.
Furthermore, full-site integration was also observed with
the highly preferred, non-CRISPR plasmid sequence (Fig-
ure 4D) described above (Figures 1–3, Supplementary Fig-
ure S3). In addition to versatility for the first-site of inte-
gration, no preference for orientation was observed for the
newly integrated spacer, suggesting that pre-spacer inter-
nal sequences do not guide orientation to ensure functional
crRNA-mediated invader defense (Supplementary Figure
S8 and (12)).

Together these results indicate that full-site spacer inte-
gration reactions facilitated by P. furiosus Cas1 and Cas2
occur approximately equally well from either direction. Ad-
ditionally, the abundant full-site integration products ob-
served with the CRISPR and non-CRISPR sequences (Fig-
ure 4) suggests that many or all of the paired integration
sites on the plasmids (Figure 1C–E) are full-site integra-
tion events. Finally, the large leader and region upstream of
the non-CRISPR sequence can be shortened to 10 bp while
maintaining accuracy of spacer integration (Figure 3A–D).
However, a mutation to repeat-conserved nucleotides of
the non-CRISPR substrate abolished this specificity (Fig-

ure 3A–D), supporting the notion that Cas1 and Cas2 are
guided by specific sequence elements described above (Fig-
ure 2).

Sequences within the repeat guide integration to occur at a
distance of 30 bp

The observation that spacers were selectively integrated at
CRISPR repeat and repeat-like sequences alike led us to
further investigate the characteristics of the repeat sequence
that are directing Cas1 and Cas2-facilitated spacer integra-
tion. We introduced a series of mutations to the minimal
CRISPR DNA substrates (Figure 5A and B) and exam-
ined the effects of each mutation on spacer integration ef-
ficiency (level of integration observed on a gel with autora-
diography relative to the WT repeat) and specificity (loca-
tion of integration determined and quantified through se-
quencing). The first (G1 of the top strand) and last (C30
of the bottom strand) nucleotides of the WT repeat are the
sites for transesterification attacks during integration, and
when both of these nucleotides were mutated to adenine or
thymine (G1A, C30T and G1T, C30A mutants), the effi-
ciency and specificity were both reduced severely, while a
mutation to cytosine and guanine (G1C, C30G mutant) did
not significantly alter the reaction (Figure 5C and F). Indi-
vidual mutations of the first or last nucleotide did not have
the same severe effect as the simultaneous mutations, except
in the case of G1T mutation which was detrimental to both
integration efficiency and specificity (Supplementary Figure
S9). Thus, the identity of the base at the sites of transesteri-
fication attack on the CRISPR repeat is an important com-
ponent for specifying integration at a CRISPR repeat by the
Cas1 and Cas2 proteins.

DNA base substitution block mutations throughout the
minimal CRISPR DNA substrates were used to detect addi-
tional elements that coordinate accurate and specific spacer
integration (Figure 5). Mutation of the 10 bp leader (B1
mutant) resulted in a moderate reduction in integration ef-
ficiency and specificity, while a mutation to the eight nu-
cleotides spanning the leader-repeat junction (B2 mutant)
had a detrimental effect on both efficiency and specificity of
integration (Figure 5D and G). Even with an intact leader
sequence, a mutation to the first four nucleotides of the re-
peat (B3 mutant) still caused major disruption, especially
to the leader-repeat integration site which was reduced to
<2% of total integration reads (Figure 5G). In contrast,
if the last four nucleotides of the repeat were mutated (B8
mutant), there was no significant effect on either the effi-
ciency or specificity of integration relative to WT (Figure
5D and G). However, if both the first and last four nu-
cleotides were mutated simultaneously (B10 mutant), the
specificity at both junctions was drastically impacted, more
so than B3 mutation alone (Figure 5D and G). Mutations
to the inverted repeats (B4 and B7 mutants) did not have
a significant effect, and if they were mutated together (B9
mutant), efficiency was somewhat reduced but specificity re-
mained largely intact excluding a critical role for any poten-
tial DNA cruciform structure in directing integration (Fig-
ure 5D and G). In the case of a mid-repeat mutation (B5
mutant), integration at the repeat-spacer junction was in-
efficient but remained highly specific to the correct sites of
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integration. However, a more 3′ mid-repeat mutation (B6
mutant), which appeared to have integration efficiency sim-
ilar to WT levels, severely disrupted the specificity of in-
tegration (Figure 5D and G). This demonstrated that in-
tegration products that appear to be the expected length
on the denaturing polyacrylamide gel could actually be off-
target integration products. To confirm this, we changed the
length of the minimal CRISPR DNA substrate so that off-
target products would be a length that was distinct from
the leader-repeat and repeat-spacer products (Supplemen-
tary Figure S10). We noticed that the sequence substituted
in the B6 mutant (5′-ACCCCTC-3′) had partial sequence
overlap with a sequence (5′-CCCCT-3′) found in the leader
immediately upstream (−1 to −5) of the first repeat that we
considered might be responsible for the altered integration
specificity. However, this possibility was ruled out when the
same dramatic loss of spacer integration fidelity with a B6
mutant was observed by replacement with a different se-
quence with no similarity to sequences within the leader
(B6b; 5′-GTTTTCT-3′) (Supplementary Figure S10). It is
clear that this adenine-rich section of the internal CRISPR
repeat (5′-CAAAAGA-3′ at position 16–22 of the repeat) is
contributing significantly to proper spacer integration.

The finding that the vast majority of integration events
on pCR7 were at a distance of 30 bases (Figure 2B) from
one another suggested that the size of the repeat is a con-
sequence of the proper spacing of the important sequence
elements specifying integration sites. To test this, three nu-

cleotides were either inserted or deleted from the center of
the repeat in a region that can withstand base substitutions
(B5 mutant). Expanding the spacing between sequence ele-
ments within the repeat through base insertion (Ins mutant)
caused an apparent reduction in efficiency with a clear dis-
ruption in integration specificity at both borders of the re-
peat (Figure 5E and H). Similarly, reducing the spacing be-
tween sequence elements within the repeat by base deletion
(Del mutant) did not dramatically reduce overall efficiency
of integration but did significantly impair the specificity of
integration at both borders of the repeat (Figure 5E and H).
The drastic effects of these distance-altering mutations on
integration fidelity suggest that proper spacing of the im-
portant repeat elements is crucial for accurate spacer inte-
gration.

Taken together, the results of the block mutations and in-
sertions and deletions (Figure 5D, E, G, H) revealed that se-
quences immediately adjacent to the leader-repeat junction
(5′-CCCT|GTTA-3′ at positions −4 through +4) as well as
in an adenine-rich internal-repeat region (5′-CAAAAGA-
3′ at positions 16–22 of the repeat) are particularly criti-
cal elements for accurate spacer integration at the LR and
RS borders of the repeat. Paired integration sites on op-
posite strands of the CRISPR DNA, at a set distance of
30 bp, relies heavily on these two motifs. These results are
in agreement with the size and sequence preferences of the
non-CRISPR plasmid integration sites (Figures 2 and 3).
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DISCUSSION

The ability to accurately integrate new spacer DNA se-
quences into a CRISPR repeat in a site-specific manner is
critical for generating functional CRISPR RNAs that en-
dow prokaryotic organisms with heritable immunity against
viruses and other potentially detrimental mobile genetic el-
ements. Our work provides the first in vitro characterization
of spacer integration for the hyperthermophilic archaeon P.
furiosus, and importantly sheds light on the mechanism by
which Cas1 and Cas2 are directed to integrate spacers into
CRISPR repeats. Our results are consistent with a model
(Figure 6) in which P. furiosus Cas1 and Cas2 are guided to
perform properly spaced two-site integration at the leader-
proximal repeat by certain sequences, most notably mo-
tifs at the leader-repeat junction and central region of the
repeat. Proper ∼30 bp spacing of integration sites (which
spans three helical turns of double-stranded DNA) is likely
maintained by the architecture of the presumed P. furiosus
Cas1–Cas2 integrase complex, while the fidelity of integra-
tion is governed by sequence preferences and ultimately, by
the overall structural properties of the repeat. Furthermore,
integration at both junctions of the CRISPR repeat relies on
the proper spacing of sequences throughout the DNA, al-
lowing the two-site, full spacer integration to occur without
a strict order, potentially even simultaneously.

Our study yielded valuable insight into CRISPR ele-
ments governing spacer integration by analyzing effects on
spacer integration efficiency and specificity for a wide ar-
ray of leader and repeat mutations (Figure 5) as well as
through careful inspection of off-target DNA integration
sites (Figure 2). By sequencing integration products to con-
firm spacer positioning, we were able to more fully inter-
pret the effects of DNA mutations. Some products that were
the expected size actually represented off-target integration
sites (Blocks 2, 3 and 6 of Figure 5), and some mutations
that caused reduced efficiency still maintained a preference
for LR and RS sites (G1A-C30T, Blocks 1, 5, and 9 of Fig-
ure 5). Thus, analyzing in vitro integration products through
gel electrophoresis to address efficiency, combined with se-
quencing to address specificity, provided a more compre-
hensive approach to studying integration than gel analysis

alone. In addition, given the rich information gleaned from
inspection of off-target DNA integration sites, we conclude
that off-target events can provide insight into key, context-
independent elements that are recognized by proteins dur-
ing adaptation. Although off-target integration poses po-
tential deleterious effects in vivo (6), evidence suggests that
non-canonical spacer integration might serve in the spon-
taneous generation of CRISPR loci (51). The specific DNA
sequences we identified from these approaches (Figures 2
and 5; represented in our model, Figure 6), suggest that
points distributed throughout the repeat collectively con-
tribute to accurate spacer integration. Block DNA muta-
tions (Figure 5) determined that some of these elements
hold a greater importance than others, including two essen-
tial motifs at the leader-repeat junction and central region
of the repeat, which are discussed in greater detail below.

Leader-repeat motif

Based on our findings (Figures 2 and 5), the motif at the
leader-repeat junction is defined by GTT at positions 1–3
of the repeat and a C at the −3 position of the leader (Fig-
ure 6). The preference for guanine at sites of integration has
been previously observed for Cas1 and Cas2 in I-A (36,50),
I-B (46), I-E (34,50), II-A (6,40) and V-C systems (52), fur-
ther implicating G1 as a key feature for directing integra-
tion to the leader-repeat junction. We predict that Cas1 di-
rectly interacts with this motif to guide integration at G1,
which agrees with X-ray crystallographic evidence reveal-
ing base-specific DNA contacts of Cas1 at positions T1 and
T2 of the repeat and −1 through −4 of the leader in a type
II-A system (40). The importance of the C at position −3
is further supported by its conservation across all group 1
leader sequences of the Pyrococcales, with the exception of
CRISPR locus 8 of P. furiosus, which has low activity com-
pared to the other active loci (23,53). Similarly, a WebLogo
of integration sites for the archaeal type I-A system of S.
solfataricus revealed a preference for a C at the −2 position
(36). Our identification of an important leader-repeat motif
for the P.furiosus CRISPR–Cas system is in agreement with
several studies that report the sequence spanning the LR
junction to be important for spacer integration examined in
vivo (7,37,41,42,46,54) and in vitro (32,36,40). This impor-
tant motif is unique to the first repeat, and it may play a role
in making the leader-proximal repeat the preferred repeat in
the CRISPR array in vivo.

Adenine-rich central motif

The centrally located repeat motif identified in this study
is defined as an adenine-rich sequence located at positions
16–22 of the repeat (Figure 6). The adenine bases at posi-
tions 17–18 likely contribute significantly to this motif, as
they were particularly conserved in the non-CRISPR sites
of integration (Figure 2). We predict this motif plays an up-
stream binding role to orient Cas1 and Cas2 in the correct
position for integration at the two borders of the repeat,
since we found that mutations to this motif (Block 6) sig-
nificantly disrupted both LR and RS integration sites, as
opposed to just one or the other (Figure 5 and Supplemen-
tary Figure S10). Our model is supported by other in vitro
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studies, which demonstrated motifs in the mid-repeat to be
important for Cas1 and Cas2 binding to the repeat (33) and
completion from half-site to full-site integration (35). In vivo
studies have also implicated internal motifs as Cas1 and
Cas2 docking sites that coordinate the proper spacing of the
paired integration sites (45,46). While the internal motifs
identified across different systems vary in location and at-
tributes, they could all be playing a common role to recruit
and properly orient Cas1 and Cas2 for accurately spaced
integration.

Unique properties of P. furiosus Cas1 and Cas2

Prior work characterizing the integration properties of Cas1
and Cas2 from different organisms and distinct CRISPR
types, have revealed variability in mechanisms governing:
(i) the order of spacer integration at LR and RS sites and
(ii) how integration is directed to the leader-proximal repeat
vs. downstream repeats. There is in vitro evidence suggesting
that Cas1 and Cas2 from type I-A (36,50), type I-E (32) and
type II-A (6,40) systems attack at the leader-repeat junction
first followed by integration at the repeat-spacer junction.
The affinity of Cas1 and Cas2 for the sequence spanning
the leader-repeat junction reported in vitro (32,36,40,50) is
presumably what causes this to be the first integration site.
In contrast, our results with P. furiosus Cas1 and Cas2 show
that full-site integration occurs by an unordered or simulta-
neous attack at both borders of the repeat (Figures 3 and
4). This difference could be explained by the relative impor-
tance of different motifs in the repeat: in systems where Cas1
and Cas2 primarily recognize the leader-repeat sequence,
there is sequential integration. In P. furiosus, Cas1 and Cas2
have a much wider recognition zone, spanning sequence el-
ements spread throughout the entire repeat (Figure 2), lead-
ing to simultaneous or unordered integration events. Addi-
tionally, some systems that do demonstrate sequential in-
tegration also report a stable Cas1–Cas2 complex (6,32).
While our work shows a clear requirement for both Cas1
and Cas2 for efficient, full-site integration (Figures 3, 4,
Supplementary Figure S7), P. furiosus Cas1 and Cas2 do
not form a stable complex in vitro (our unpublished results)
and instead could be brought together by interacting with
the spacer and/or CRISPR repeat DNA elements.

In vivo, new spacers are almost exclusively integrated at
the leader-proximal (first) repeat as opposed to downstream
repeats of a CRISPR array (1,41,42). Two distinct mecha-
nisms (factor-dependent and factor-independent) have been
proposed to explain how various Cas1 and Cas2 proteins
are normally guided to integrate selectively at the leader-
proximal (first) repeat (6,32,35,36,40,43). For type I-E and
I-F systems, this is only achieved in the presence of Integra-
tion Host Factor (IHF), which binds to specific elements
in the leader and interacts with Cas1 and Cas2 to recruit
the proteins to the first repeat (32,35,43). Similarly, the I-A
system in S. sulfataricus required the presence of an uniden-
tified host factor from the cell lysate to achieve specific in-
tegration at the first repeat (36). In contrast, Cas1 and Cas2
of II-A systems display an intrinsic preference for the first
repeat (without additional factors) due to strong affinity for,
and reliance on, the sequence surrounding the LR junction
(6,40). We found that P. furiosus Cas1 and Cas2 integrate at

each repeat of a CRISPR array in vitro (Figure 1), similar
to what is observed for I-E and I-F systems, which integrate
at every repeat in the absence of IHF (32,34,43). This is an
indication that a yet unidentified factor in P. furiosus cells
(there are no known close IHF homologs) may be responsi-
ble for directing the proteins to the leader-proximal repeat.

Functional integration

In vivo, P. furiosus integrates new spacers at the leader-
proximal repeat with an orientation that results in crRNA
that is complementary to the PAM-containing strand of the
invading DNA and is functional for immunity (12). Since
we did not observe orientation biases in our in vitro re-
sults, we predict that additional factors beyond Cas1 and
Cas2 are involved in regulating a strict order to integration
and in recognizing the leader to direct spacer integration
to the first repeat. It is likely that a larger portion of the
leader is important for maintaining specific integration, as
was the case for the large leader of the archaeal thermophile,
S. sulfataricus in vitro (36). Given that Cas4–1 and Cas4–
2 are required for proper spacer orientation in vivo (12), it
is possible that these two proteins play a role in directing
the order of Cas1-directed transesterifications, perhaps via
interactions between Cas4 proteins and Cas1 and/ or the
leader-repeat motif. Considerable effort was directed at test-
ing these hypotheses in vitro, but we were unable to identify
the proper conditions for Cas4–1 and Cas4–2 activity (our
unpublished data). Further genetic and biochemical anal-
ysis will be required to elucidate the factor(s) involved in
targeting integration to the first repeat and to determine if
the order of integration sites is regulated.

We have established the importance of distinct elements
within the CRISPR DNA array for spacer integration, but
how do these elements give rise to function? We suggest in
our model that the properties of the sequence elements and
their relative spacing collectively influence direct interaction
with the Cas1–Cas2 proteins, as well as enable the flexibil-
ity of the repeat. Together these factors complement the
architecture of the bound Cas1–Cas2 proteins to achieve
properly spaced integration sites. This model is supported
by the apparently functionally important bending of the re-
peat observed in the structures of Cas1–Cas2 in half-site
and full-site integration conformations for I-E (35) and II-A
systems (40). Adenine-tracts are known to confer intrinsic
DNA bending properties (55,56). The adenine-richness of
the identified key functional elements within the P. furiosus
repeat (summarized in Figure 6), may provide the needed re-
peat DNA malleability for serving as target DNA for spacer
integration. In conclusion, we demonstrated that P. furiosus
Cas1 and Cas2 have an intrinsic specificity for the sequences
and relative spacing of the CRISPR repeats in order to fa-
cilitate accurate and full-site integration. Future studies will
address how these intrinsic activities of Cas1 and Cas2 are
refined to ensure that integration is correctly oriented and
localized to the leader-proximal repeat, as is observed in
vivo.
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