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DnaQ exonuclease-like domain of Cas2 promotes
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Abstract

CRISPR-Cas systems constitute an adaptive immune system that
provides acquired resistance against phages and plasmids in
prokaryotes. Upon invasion of foreign nucleic acids, some cells
integrate short fragments of foreign DNA as spacers into the
CRISPR locus to memorize the invaders and acquire resistance in
the subsequent round of infection. This immunization step called
adaptation is the least understood part of the CRISPR-Cas immu-
nity. We have focused here on the adaptation stage of Streptococ-
cus thermophilus DGCC7710 type I-E CRISPR4-Cas (St4) system.
Cas1 and Cas2 proteins conserved in nearly all CRISPR-Cas systems
are required for spacer acquisition. The St4 CRISPR-Cas system is
unique because the Cas2 protein is fused to an additional DnaQ
exonuclease domain. Here, we demonstrate that St4 Cas1 and
Cas2-DnaQ form a multimeric complex, which is capable of inte-
grating DNA duplexes with 30-overhangs (protospacers) in vitro. We
further show that the DnaQ domain of Cas2 functions as a 30–50-
exonuclease that processes 30-overhangs of the protospacer to
promote integration.
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Introduction

In bacteria and archaea, clustered regularly interspaced short palin-

dromic repeats (CRISPR) together with CRISPR-associated (Cas)

genes constitute an adaptive immune system that provides an

acquired resistance against viruses and plasmids [1]. Upon invasion

of foreign nucleic acids, CRISPR-Cas system hijacks short fragments

of invasive DNA, called protospacers, and integrates them as new

spacers into the CRISPR array to memorize the invaders and immu-

nize the host against an invasive agent [2,3]. Spacers acquired in

the CRISPR array during this adaptation stage are subsequently

used as templates to generate small interfering CRISPR RNA

(crRNA) molecules. Together with Cas proteins, crRNAs assemble

into effector complexes that provide immunity by degrading viral

DNA in the next round of infection [4–7]. Cas1 and Cas2 proteins

which are universal to almost all CRISPR-Cas systems [8,9] are

involved in the spacer acquisition. Cas1 and Cas2 genes in the

CRISPR-Cas locus typically constitute a single operon except of

stand-alone Cas1 progenitors, called Casposons [10]. Acquisition of

new spacers by the type I CRISPR-Cas system occurs by two dif-

ferent modes: naı̈ve and primed [11–13]. During the naı̈ve adapta-

tion, bacteria acquire spacers from a foreign DNA source de novo.

In contrast, the primed adaptation relies on a pre-existing (priming)

spacer that enables a biased and enhanced uptake of new spacers.

Despite the differences, both modes critically depend on Cas1 and

Cas2 proteins.

In Escherichia coli (Ec) CRISPR-Cas system, Cas1 and Cas2 are

the only Cas proteins required for the naı̈ve spacer acquisition

in vivo [13]. In vitro studies revealed that Cas1 and Cas2 form a

stable Cas14:Cas22 complex [14]. This complex binds a 33 bp

oligodeoxynucleotide comprised of 23 bp duplex region flanked by

5 nt protruding ends at 30 terminus and integrates it into the CRISPR

array in the supercoiled plasmid DNA in vitro [15,16]. The integra-

tion reaction catalyzed by the Cas1:Cas2 complex proceeds through

a direct nucleophilic attack of the 30-OH of the protospacer on the

phosphodiester bond in the target DNA. In that respect, the mecha-

nism of spacer integration into the CRISPR array is reminiscent of

retroviral integrases and transposases [15–19]. Moreover, Ec Cas1:

Cas2 complex of the type I-E CRISPR-Cas system is capable of spacer

integration not only in the supercoiled plasmid but also into the

CRISPR array of linear DNA. However, in the latter case, it requires

an auxiliary integration host factor (IHF) protein, which binds the

leader sequence in the vicinity of the CRISPR array and creates a

local DNA curvature to facilitate the Cas1:Cas2 recognition of the

leader-repeat junction and promote integration [18]. In contrast to

the type I-E system, Cas1:Cas2 complex of the type II CRISPR-Cas

system is capable of integrating protospacers into linear substrates

in vitro in the absence of either IHF or other auxiliary proteins

[19–21].

Although the spacer integration step is relatively well under-

stood, the spacer capture step during which protospacers are
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generated and processed for integration remains unclear. It has been

reported that in the case of naı̈ve adaptation in E. coli, new spacer

generation requires the RecBCD recombination complex [22], while

in the primed adaptation pathway, auxiliary components like

Cascade (CRISPR-associated complex for antiviral defense) and

Cas3 nuclease are necessary alongside Cas1 and Cas2 [11,12,23].

Moreover, in some CRISPR-Cas systems additional domains such as

Cas4 or DnaQ [24–26] fused to Cas1 or Cas2 are presumably

involved in the naı̈ve adaptation; however, their role remains to be

established.

In this study, we have focused on the spacer integration step

in the Streptococcus thermophilus DGCC7710 type I-E CRISPR4-

Cas (St4) system [27]. Unlike a single-domain Cas2 in an Ec

type I-E CRISPR-Cas system, the St4 Cas2 protein is fused to

the DnaQ domain, homologous to the e subunit of

the Ec replicative DNA polymerase III. The e subunit is a 30–50

exonuclease, which is responsible for proofreading activity of

the DNA polymerase [28,29]. Although the Cas2-DnaQ fusion

has been identified in several type I-E CRISPR-Cas systems [25],

the exact role of the DnaQ domain in the spacer adaptation

remains unknown.

Here, we show that Cas1 and Cas2-DnaQ proteins of S. ther-

mophilus CRISPR4-Cas system form a stable complex. The complex

is capable of integrating oligonucleotide duplexes with 30 protruding
ends into the supercoiled plasmid; however, the integration effi-

ciency depends on the length of the 30-termini flanking the duplex

region. We further demonstrate that the DnaQ domain of the Cas2

protein possesses the 30–50 exonuclease activity, which is required

for processing of the 30-ends of spacer precursors to produce optimal

substrates for integration.

Results and Discussion

St4 Cas1:Cas2-DnaQ complex

Cas1 and Cas2 proteins of Ec type I CRISPR-Cas system form a

multimeric Cas14:Cas22 complex [14] and are the only Cas proteins

absolutely required for spacer acquisition in vivo [13] and in vitro

[16]. To probe whether Cas1 and Cas2-DnaQ from the orthologous

St4 CRISPR-Cas system (Fig 1A) also form a complex, we first engi-

neered StrepII-tagged Cas1 and 6xHis-tagged Cas2-DnaQ variants.

Next, we co-expressed respective proteins in the recombinant E. coli

host and isolated proteins using either Strep-Tactin or Ni2+-NTA

columns and analyzed proteins by SDS–PAGE. We found that Strep-

Cas1 and Cas2-DnaQ-His proteins co-eluted both from Ni2+-NTA

and Strep-Tactin columns. Subsequent size-exclusion chromatogra-

phy step revealed that both proteins eluted as a single peak (Fig 1B)

corresponding to molecular mass of 250 � 30 kDa, which correlates

well with theoretical mass of 220 kDa of the Cas14:Cas2-DnaQ2

complex.

Next, we analyzed whether both domains of Cas2-DnaQ (N-

Cas2 and C-DnaQ domains, respectively) are necessary for

complex formation. To this end, we engineered Cas2-DnaQ

variants consisting of either N-Cas2 (1–124 aa) or C-DnaQ

(125–301 aa) domains, co-expressed individual truncated vari-

ants with the full-length Strep-Cas1, and subjected to affinity

chromatography on the Strep-Tactin column. The SDS–PAGE

analysis revealed that N-Cas2, but not C-DnaQ co-eluted with

Strep-Cas1 (Figs 1C and EV1) indicating that the N-terminal

domain of Cas2 is responsible for the Cas1:Cas2-DnaQ complex

formation.

A

B C

Figure 1. Characterization of the Cas1 and Cas2-DnaQ proteins of the Streptococcus thermophilus DGCC7710 CRISPR4-Cas system.

A Schematic organization of the CRISPR4-Cas locus. The DnaQ domain is fused to the C-terminus of the Cas2 protein.
B Molecular mass of the St4 Cas1:Cas2-DnaQ complex obtained by the size-exclusion chromatography. The estimated molecular mass of the complex is 250 � 30 kDa,

which correlates well with theoretical mass of 220 kDa of the complex. Coomassie blue-stained sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–
PAGE) of the isolated Cas1:Cas2-DnaQ complex is shown as an inset.

C Mapping of Cas2 determinants required for the Cas1:Cas2-DnaQ complex formation. Deletion analysis indicates that Cas1 domain and the N-Cas2 domain (1–124 aa),
but not the DnaQ domain (125–301 aa), are required for complex assembly.
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Spacer integration by the St4 Cas1:Cas2-DnaQ complex

Escherichia coli Cas1:Cas2 complex is capable of integrating 33 nt

oligoduplex into supercoiled plasmid in vitro resulting in plasmid

relaxation [16]. Subsequent studies revealed that 23 bp DNA

oligoduplex containing 5 nt 30-overhangs or splayed ends [15,30] is

an optimal substrate for integration. We probed St4 Cas1:Cas2-DnaQ

ability to integrate similar oligoduplexes into a plasmid bearing

CRISPR region (Fig 2A and B). The integration activity was

undetectable using the 33 bp duplex with blunt ends as the proto-

spacer. However, we found that the St4 Cas1:Cas2-DnaQ complex

integrates oligoduplexes, which have 30-overhangs (Fig 2B) with the

integration efficiency depending on the overhang length. Further,

only Cas1 catalytic activity was necessary for complex to integrate

oligoduplexes (Fig 2C).

Next, using radioactively labeled oligoduplexes we showed that

the supercoiled form of the plasmid was relaxed due to integration

events. St4 Cas1:Cas2-DnaQ complex, similar to Ec Cas1:Cas2,

A

B

C

Figure 2. Spacer integration by the St4 Cas1:Cas2-DnaQ complex in vitro.

A Schematic representation of the integration assay. Partial integration of oligoduplex into a supercoiled plasmid should result in the plasmid relaxation.
B Cas1:Cas2-DnaQ integrates the oligoduplex into supercoiled plasmid. To monitor spacer integration, blunt-ended 33 bp oligoduplex (1) or 23 bp duplex with 5 nt 30-

overhangs (2) was 50-33P labeled and incubated with supercoiled (SC) or linear (L) plasmid containing CRISPR region (pCR4) or control plasmid (pUC19) and Ec Cas1:
Cas2 or the St4 Cas1:Cas2-DnaQ complex. Reaction products were analyzed on the EtBr-stained agarose gel. Both Ec and St4 Cas1:Cas2 complexes integrate
protospacers into plasmids without CRISPR region, but are unable to integrate into linear plasmids. Furthermore, the St4 complex is unable to integrate blunt-ended
protospacers. The product of Ec Cas1:Cas2 disintegration reaction (reverse reaction catalyzed by Ec Cas1:Cas2) is indicated as band X. Lower panel shows reaction
products of radioactively labeled protospacer partial integration visualized by phosphorimager. Radioactive bands correspond to relaxed plasmid form and thus
integration events.

C Active site of DnaQ domain is dispensable for integration step. Protospacer (2) was incubated with SC pCR4 in the presence of WT Cas1:Cas2-DnaQ, the Cas1 active
site (D227A) mutant (dCas1), the DnaQ active site (D135A) mutant (dDnaQ), or the double mutant. Only when the Cas1 active site was intact, integration reactions
were observed. Reaction products were visualized by the EtBr-stained agarose gel (upper panel) or phosphorimager (bottom panel).

Source data are available online for this figure.
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integrated oligoduplex into a plasmid bearing CRISPR region or

pUC19 plasmid lacking CRISPR region with similar efficiency. In

fact, plasmid supercoiling rather than the CRISPR array was a major

requirement for integration events to occur (Fig 2B). However, dif-

ferently from Ec Cas1:Cas2, the integration by the Sth4 Cas1:Cas2-

DnaQ complex does not result in “band X” (Fig 2B), which is likely

the outcome of protospacer disintegration and plasmid re-ligation

resulting in different topoisomers [16]. This finding suggests that

St4 Cas1:Cas2-DnaQ complex does not catalyze disintegration of the

reaction intermediate under experimental conditions tested. St4

Cas1:Cas2-DnaQ catalyzed oligoduplex integration reactions in the

presence of various divalent metal ions with magnesium ions being

optimal cofactors for the integration reaction (Fig EV2A).

DnaQ domain within the Cas1:Cas2-DnaQ complex is a
30–50 exonuclease

Proteins of DnaQ family exhibit 30–50 DNA exonuclease activity

[28,29]. To probe whether the DnaQ domain within St4 Cas1:Cas2-

DnaQ complex shows the exonuclease activity, 50-end radioactively

labeled single-stranded (ss) and double-stranded (ds) DNA oligonu-

cleotides were incubated with the complex and reaction products

were analyzed by denaturing gel electrophoresis. Both ss and ds

oligonucleotides showed a ladder-like degradation pattern and the

size of the degradation products decreased with time consistent with

30–50 DNA exonuclease activity. Moreover, D135A mutation at the

active site of the DnaQ domain, predicted by multiple sequence

alignments (Fig EV3B), abolished DNA degradation (Fig 3A).

Next, we aimed to establish requirements for the exonuclease

activity of the St4 Cas1:Cas2-DnaQ complex. Firstly, we screened

divalent metal ions as DnaQ cofactors and found that magnesium

and manganese ions were the best cofactors for the DnaQ-depen-

dent oligonucleotide hydrolysis (Figs 3A and EV2B). Secondly, we

evaluated DNA sequence requirements for the exonucleolytic

activity comparing degradation rates of polyA, polyT, and polyC

oligonucleotides. PolyT and polyC oligonucleotides were degraded

faster than polyA (Fig EV2C), suggesting that pyrimidines rather

than adenine are preferable at the 30-end of the DNA. Lastly, we

incorporated ddA or 30-dA at the 30-end of the oligonucleotide

and monitored the cleavage rate. In the absence of both 30- and

20-OH groups of the ribose, oligonucleotide hydrolysis was markedly

reduced, while cleavage was abolished in the presence of the 20-OH
group (Fig EV2D). Taken together, these data show that DnaQ

domain of the St4 Cas1:Cas2-DnaQ complex exonucleolytically

degrades DNA in the 30�50 direction. This process is the most effi-

cient when a pyrimidine deoxynucleotide is present at the 30-end.

DnaQ domain trims 30-ends of protospacers

In the Cas1:Cas2 complex, the Cas1 active site catalyzes 30-OH
nucleophilic attack of the protospacer on the phosphodiester bond

of the target sequence [13,16]. To probe requirements for integra-

tion reaction catalyzed by the St4 Cas1:Cas2-DnaQ complex, we

engineered Cas1 (D227A), DnaQ (D135A), or double Cas1 (D227A):

Cas2-DnaQ (D135A) active site mutants guided by multiple

sequence alignment (Fig EV3). Mutation in the DnaQ active site had

no effect on the integration efficiency suggesting that the DnaQ

domain is not necessary for this process. However, we could not

detect any integration in the case of Cas1 active site D227A mutant

as well as double Cas1 (D227A) and DnaQ (D135A) mutant

(Fig 2C), supporting previously published data that Cas1 is respon-

sible for the integrase activity. Interestingly, the St4 Cas1:Cas2-DnaQ

complex having the impaired DnaQ domain of Cas2 integrated

duplexes with 5 or 6 nt 30-protruding ends with higher efficiency

than duplexes with 7 or 8 nt overhangs (Fig EV4B) in contrast to

the WT Cas1:Cas2-DnaQ complex (Fig EV4A).

The exonuclease activity of the DnaQ domain (Fig EV2B) and dif-

ferent substrate preferences of WT and DnaQ-mutant complexes

(Fig EV4) suggest that DnaQ domain may be required to process 30-
overhangs that are too long for efficient integration. Therefore, next

we monitored integration efficiencies of the wild-type complex and

the DnaQ-mutant complex using the 23 bp oligoduplex, which had 20

nt overhangs at both 30-ends. We were barely able to detect integra-

tion events using the DnaQ active site mutant, whereas the WT Cas1:

Cas2-DnaQ complex efficiently integrated oligoduplexes (Fig 3B).

Once we analyzed Cas1:Cas2-DnaQ exonuclease reaction products of

the oligoduplex containing 20 nt overhangs, we found that the WT

Cas1:Cas2-DnaQ complex truncated 20 nt 30-overhangs to generate

spacers with predominantly 2–8 nt long 30-overhangs (Fig 3C).

According to the crystal structure of E. coli Cas1:Cas2 [15,30], DNA

harboring such 30 overhangs is the optimal substrate for integration.

To determine whether integrations occurred in the CRISPR array

and to establish the length of 30-overhangs of the duplexes that were

actually integrated, we developed a PCR-based assay (Fig EV5A and

D). We performed PCR using primers binding to the integration

oligoduplex and (i) the leader sequence of the CRISPR region or (ii)

2nd spacer of the CRISPR region. Based on the length of PCR prod-

ucts, we concluded that integration events occurred in the vicinity

of the first and the second repeats of the CRISPR array (Fig EV5B

and E). Next, the PCR products were gel-purified, cloned into

pJET1.2 plasmid, and individual clones were sequenced. Sequenc-

ing results revealed that 30-overhangs of integrated protospacers

ranged from 2 to 7 nt, with 5 nt 30-overhang being the most common

(Fig EV5C and F). Overall, these data show that the DnaQ domain

fused to Cas2 processes the 30-ends of the protospacers to produce

overhangs optimal for integration. However, there are known

instances of nuclease activities of Cas proteins that are not associ-

ated with the CRISPR-Cas function [31–33]. Therefore, further

in vivo studies should ascertain whether our findings are applicable

for the CRISPR-Cas adaptation in natural hosts.

Auxiliary proteins and domains associated with
the integration core

Entry of foreign DNA into the cell initiates adaptation stage of

CRISPR-Cas systems, which in type I systems can proceed in two

different pathways: (i) naı̈ve, when foreign DNA is novel for

CRISPR-Cas system or (ii) primed, when the CRISPR-Cas system has

already encountered the intruder [2,3]. In the naı̈ve adaptation path-

way, protospacers are generated de novo by RecBCD or analogous

complexes [22]. In the primed adaptation pathway, Cascade recog-

nizes foreign DNA with fully or partially matching protospacer,

which primes generation of new protospacers, most likely, by Cas3

degradation [23,27,34]. Protospacers generated in both of these two

pathways are integrated into CRISPR locus by the Cas1:Cas2 core

complex (Fig 4).
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A C

B

Figure 3. Nuclease activity of DnaQ domain.

A The St4 Cas1:Cas2-DnaQ complex shows the 30-exonuclease activity on both single-stranded and double-stranded DNA substrates. The D135A mutation in the DnaQ
active site abolishes exonuclease activity to yield catalytically dead DnaQ (dDnaQ).

B The integration assay using oligoduplexes with 20 nt 30-overhangs. Schematic representation of the reaction setup is depicted in the upper panel. Reaction products
are visualized by the EtBr-stained agarose gel (middle panel) or phosphorimager (bottom panel). Reactions without any oligoduplex added were used as negative
controls (�), whereas the oligoduplex with 5 nt 30-overhangs was used as a positive control (+). The percentage (%) of relaxed plasmid is indicated above each lane.

C DnaQ within Cas1:Cas2-DnaQ complex trims 30-protruding ends of the oligoduplex. Oligoduplex with 20 nt 30-overhangs was incubated with WT Cas1:Cas2-DnaQ or
Cas1:Cas2-dDnaQ prior to integration reactions. Labeled protospacers with 20 nt or 5 nt 30-overhangs (20 and 5 nt, respectively) were used as markers.

Source data are available online for this figure.
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Cas1:Cas2 complex is essential, but not always sufficient to

achieve spacer integration in vivo. Often, auxiliary proteins or

domains are required. For example, in a number of type III CRISPR-

Cas systems Cas1-reverse transcriptase (Cas1-RT) fusion enables

acquisition of RNA spacers in a reverse transcription-dependent

manner [35]. In the type I-F CRISPR-Cas systems, Cas2 protein is

fused to the Cas3 protein, which is responsible for foreign DNA

degradation in type I systems [8,36]. It has been shown that the

Cas2-Cas3 fusion protein forms a complex with Cas1 [37] and DNA

fragments generated by Cas3 serve as substrates for Cas1:Cas2-cata-

lyzed integration reaction [23,34]. Furthermore, spacer acquisition

in the type I-F systems via priming pathway occurred to be more

than 500-fold efficient than de novo naı̈ve adaptation [38]. It is likely

that Cas2-Cas3 fusion promotes the interaction between interference

and integration machineries by placing them in proximity of one

another [38–40].

As determined from crystal structures of Ec Cas1:Cas2 with DNA,

an optimal substrate for the integration reaction is the 23 bp DNA

oligoduplex containing 5 nt long 30-overhangs [15,30]. However,

how DNA fragments are generated in both adaptation pathways

remains unknown, but we conjecture that those fragments may

contain various lengths of duplex region and single-stranded protru-

sions; therefore, only a fraction of DNA fragments may meet the

requirements for optimal protospacer, which could be integrated by

the Cas1:Cas2 core complex. Such restrictions suggest that addi-

tional oligonucleotide processing might be required to produce opti-

mal protospacers for integration. In type I-B system of Haloarcula

hispanica, the Cas4 protein may play such a role. It has been shown

Figure 4. Schematic representation of the adaptation step in the St4-like CRISPR-Cas systems.

Foreign DNA may be directed to one of the two pathways of CRISPR-Cas adaptation: (i) naïve, if it is a novel infection and (ii) primed, if it is a repetitive infection. In the naïve
pathway, RecBCD or other cellular machinery degrades foreign DNA generating protospacers or its intermediates, while the Cas3/Cascade effector complex presumably
generates protospacers in the priming pathway. DNA fragments serving as precursors for protospacers may contain different DNA ends and broadly fall into three categories:
(i) optimal protospacers (green check mark), (ii) blunt-ended or 50-overhanged DNA fragments are unproductive protospacer intermediates (red cross), and (iii) DNA fragments
with extended 30-overhangs are subjected for DnaQ processing to generate optimal spacers (yellow cross). The DnaQ domain trims 30-overhangs producing an optimal
protospacer, which is bound by the core Cas1:Cas2 complex. In the final stage of the mechanism, the Cas1:Cas2-DnaQ complex bound to a protospacer uses its integrase
activity to insert the protospacer into the CRISPR region at a leader proximal end. Gaps formed during integration reaction are filled in by cellular machinery resulting in the
duplicated repeat and a new spacer (*).
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that Cas4 interacts with Cas1, Cas2, and Csa1 in vitro to form a hete-

rocomplex [41] and is necessary for in vivo spacer acquisition in the

CRISPR array of type I-B system of H. hispanica [24]. The Cas4

protein contains a RecB-like nuclease motif and a [Fe-S] cluster,

which is coordinated by four conserved Cys residues. It possesses a

50–30 exonuclease activity [42] and could thus be responsible for the

generation of protospacers with 30-overhangs from the intermediates

with blunt or 50-protruding ends. Recently it was shown that Cas4

from type I-A system from Sulfolobus solfataricus processes proto-

spacers bound by Cas1:Cas2 complexes in a PAM-dependent

manner [43]. Authors of that work and several subsequent studies

show that Cas4 works as an endonuclease and cleaves 30-overhangs
at the PAM [43–45], thus generating overhangs similar to those

generated by DnaQ domain.

In contrast to recent findings about Cas4 working as an endonu-

clease, here we have shown that DnaQ domain fused to Cas2

protein is an exonuclease that degrades DNA from the 30-end.
Furthermore, the exonuclease activity is prerequisite for efficient

integration of DNA substrates with 30-protrusions longer than 5 nt.

In light of these findings, we propose (Fig 4) that DnaQ domain

processes extended 30-overhangs of oligonucleotide precursors to

produce suitable protospacers for integration.

Materials and Methods

Cloning and mutagenesis of Cas1:Cas2-DnaQ

Sequences of full-length Cas1 (WP_024704118.1) and Cas2-DnaQ

(WP_024704117.1) as well as Cas2 (1–124 fragment of full-length

protein) and DnaQ (125–301 fragment of full-length protein)

domains were PCR-amplified from S. thermophilus DCGG7710 strain

and cloned into pET-SH (modified version of pET-Duet1 vector

(Novagen) where N-terminal His6-tag and C-terminal S-tag

sequences are replaced with StrepII-tag and His6-tag, respectively)

vector. Cas1 gene was inserted into BamHI and NotI sites, thus

fusing N-terminus of the Cas1 protein with StrepII-tag, while Cas2-

DnaQ, Cas2, and DnaQ domains were His6-tagged at C-terminus by

inserted their genes into AatII and XhoI sites of the pET-SH vector.

Residues D227 and D135 of respective active sites of Cas1 and DnaQ

were determined by multiple sequence alignments (Fig EV3). Cas1

mutant D227A and Cas2-DnaQ mutant D135A were obtained by the

Quick Change Mutagenesis (QCM) Protocol [46]. Sequences of the

genes were verified by DNA sequencing.

Cas1:Cas2-DnaQ complex purification

Expression vector constructs were used to transform E. coli BL21

(DE3) strain. Transformed bacteria were grown at 37°C in LB

medium until 0.7 OD (600 nm) was reached. Then, medium was

cooled to 16°C temperature and proteins were expressed for 17 h by

adding 1 mM IPTG. Harvested cells were disrupted by sonication in

buffer A (20 mM Tris–HCl (pH 8.0 at 25°C), 500 mM NaCl, 2 mM

PMSF), and cell debris was removed by centrifugation. The super-

natant containing Cas1 and Cas2-DnaQ or its domains was loaded

onto the Ni2+-charged HiTrap chelating HP column (GE Healthcare)

and eluted with a linear gradient of increasing imidazole in buffer

A. The fractions containing Cas1:Cas2-DnaQ complex were pooled

and subsequently loaded onto StrepTrap HP column (GE Health-

care). Proteins were eluted with 2.5 mM of d-Desthiobiotin in buffer

A. Finally, the complex was run through the HiLoad 16/600

Superdex 200 pg column (GE Healthcare) to isolate pure complex.

Analytical gel-filtration

Gel-filtration of Cas1:Cas2-DnaQ complex was carried out at room

temperature using Superdex 200 10/300 GL column (GE Healthcare)

pre-equilibrated with a buffer (20 mM Tris–HCl (pH 8.0 at 25°C),

500 mM NaCl). A calibration curve was generated by measuring the

elution volumes of a series of standard proteins of known molecular

mass (Bio-Rad). The molecular mass of Cas1:Cas2-DnaQ complex

was calculated by interpolating its elution volume onto the calibra-

tion curve.

Protospacer integration assay

Integration reactions were carried out as described in [16]. Briefly,

75 nM of Cas1:Cas2-DnaQ was incubated with ~ 5 nM pUC19-CR4

or pUC19 plasmid and ~ 500 nM radioactively labeled oligoduplex

with various length 30-overhangs in an integration buffer (20 mM

HEPES-NaOH, pH 7.5, 25 mM KCl, 10 mM MgCl2, 1 mM DTT, 10%

v/v DMSO). Reaction was stopped by the addition of 2% SDS and

10 U of proteinase K (Thermo Fisher Scientific) and incubating for

20 min at 55°C, as per manufacturer’s recommendation. Reaction

products were analyzed on 1% agarose gel stained with EtBr, which

were ran for 1.5 h. Gels were then dried and exposed to phospho-

rescent screens (FujiFilm). Radioactive bands were visualized on

FujiFilm FLA-5100 scanner.

Nuclease assay

To evaluate the DnaQ nuclease activity, 2 nM of single-stranded and

double-stranded radioactively labeled oligonucleotides (Table EV1)

was used as substrates in the nuclease assay. St4 Cas1:Cas2-DnaQ

nuclease reaction was performed at 37°C for indicated time interval

in Nuclease buffer: 10 mM Tris–HCl (pH 8), 10 mM MgCl2, 100 mM

NaCl, 10% glycerol, 0.1 mg/ml BSA. Reactions were initiated by addi-

tion of complex. The reactions were stopped by addition of 3× stop

solution (67.5 mM EDTA, 27% (v/v) glycerol, 0.3% (w/v) SDS).

To analyze the protospacer fate prior to the integration, 25 nM of

radioactively labeled protospacer containing 20 nt 30-overhangs
(Table EV1) was incubated at 42°C with 75 nM of Cas1:Cas2-DnaQ

complex in the integration buffer. Reactions were initiated by the

addition of the complex and stopped by adding phenol:chloroform:

isoamyl alcohol mixture. Samples were centrifuged and aqueous

fraction collected. It was mixed with loading dye containing forma-

mide. Samples were boiled and then cooled to room temperature.

Samples were fractionated using denaturing PAGE. Gels were dried

and exposed to phosphorescent screens (FujiFilm). Radioactive

bands were visualized on FujiFilm FLA-5100 scanner.

PCR-based assay for detection of integration into CRISPR locus

Samples from integration reactions were used as PCR templates. PCR

was performed using primers binding to the leader sequence of the

CRISPR region and the protospacer, which was used for the
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integration assay. PCR products were analyzed on 1.5% agarose gel

stained with EtBr. Bands corresponding to integrations at the first or

second repeats were excised from the gel and purified using GeneJET

Gel Extraction and DNA Cleanup Micro Kit (Thermo Fisher Scien-

tific). Bands were then cloned into pJET1.2 plasmid (Thermo Fisher

Scientific) via blunt ends. Plasmid DNA was isolated from separate

clones using GeneJET Plasmid Miniprep Kit (Thermo Fisher

Scientific) and sequenced using pJET forward and reverse primers.

Expanded View for this article is available online.
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