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The type I-F CRISPR adaptive immune system in Pseudomonas aer-
uginosa (PA14) consists of two CRISPR loci and six CRISPR-associated
(cas) genes. Type I-F systems rely on a CRISPR RNA (crRNA)-guided
surveillance complex (Csy complex) to bind foreign DNA and recruit
a trans-acting nuclease (i.e., Cas2/3) for target degradation. In most
type | systems, Cas2 and Cas3 are separate proteins involved in
adaptation and interference, respectively. However, in I-F systems,
these proteins are fused into a single polypeptide. Here we use
biochemical and structural methods to show that two molecules
of Cas2/3 assemble with four molecules of Cas1 (Cas2/3,:Cas1;,) into
a four-lobed propeller-shaped structure, where the two Cas2 do-
mains form a central hub (twofold axis of symmetry) flanked by
two Cas1 lobes and two Cas3 lobes. We show that the Cas1 subunits
repress Cas2/3 nuclease activity and that foreign DNA recognition
by the Csy complex activates Cas2/3, resulting in bidirectional deg-
radation of DNA targets. Collectively, this work provides a structure
of the Cas1-2/3 complex and explains how Cas1 and the target-
bound Csy complex play opposing roles in the regulation of Cas2/
3 nuclease activity.

CRISPR | Cas | Cas1 | Cas2/3 | type I-F

In response to viral infection, bacteria and archaea have evolved
sophisticated adaptive immune systems that rely on CRISPR
(clustered regularly interspaced short palindromic repeats) loci
and a diverse set of CRISPR-associated (cas) genes (1-3). These
immune systems operate in three stages: acquisition of foreign
DNA, CRISPR RNA (crRNA) biogenesis, and target interference
(4-6). During new sequence acquisition (stage 1), small pieces of
foreign DNA (protospacers) are integrated into one end of the
evolving CRISPR locus, resulting in a chronological molecular
record of previously encountered foreign nucleic acids. This mo-
lecular record is transcribed, and the long pre-crRNA is processed
into a library of mature crRNAs that assemble with Cas proteins
into crRNA-guided surveillance complexes (stage 2) that detect
and degrade invading DNA or RNA targets (stage 3).

Despite their common function in adaptive immunity, CRISPR-
Cas systems are phylogenetically and functionally diverse. Accord-
ing to the most recent classification, CRISPR systems are divided
into two classes, six types (types I-VI), and 19 subtypes (7, 8).
Type I is the most common, consisting of seven subtypes (I-A to
I-F, and I-U) that all rely on multisubunit crRNA-guided sur-
veillance complexes for target detection, and a trans-acting effec-
tor protein called Cas3, which is required for target destruction
(9-13). Cas3 proteins are typically composed of an amino-terminal
histidine-aspartate (HD)-nuclease domain, fused to a carboxyl-
terminal superfamily II (SF2) helicase (10, 13-17). Like the ma-
jority of Cas3 proteins, the cas3 gene in type I-F systems encodes
both the HD-nuclease and SF2-helicase domains, but unlike all
other Cas3 proteins, the type I-F Cas3 is fused to a Cas2-like
domain (Fig. 14) (7, 18-20). Cas2 proteins play a critical role in
CRISPR adaptation (i.e., the integration of foreign DNA into
CRISPR loci) (21-25), and fusion of the Cas2 adaptation protein
to the Cas3 interference protein suggests a functional connection
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between the two stages of CRISPR immunity. In fact, recent work
by Vorontsova et al. has shown that new sequence acquisition
(both naive and primed) in type I-F systems requires all of the Cas
proteins, including those that were previously thought to be in-
volved exclusively in interference (26).

To determine the functional significance of the Cas2/3 fusion,
we use biochemical and structural methods to show that two
molecules of Cas2/3 assemble with four molecules of Casl (Cas2/
3,:Casly) into a propeller-shaped structure and that Casl is a
repressor of Cas2/3 nuclease activity. Collectively, this work
provides the structure of a Cas1-2/3 complex and explains how
Casl and the target-bound Csy complex are opposing regulators
of Cas2/3 nuclease activity.

Results

Cas2/3 and Cas1 Form a Complex. Cas proteins Casl and Cas2 are
necessary for the recognition and integration of new spacers into
the CRISPR locus (21-23, 25, 27-29). Previous structural studies
of Casl and Cas2 proteins from Escherichia coli (type I-E) have
shown that four molecules of Casl and two molecules of Cas2
assemble into an integration complex (22-24). However, unlike
other type I systems, the type I-F Cas2 adaptation protein and
Cas3 interference protein are fused into a single polypeptide (7)
(Fig. 14). To determine if this Cas2/3 fusion protein interacts
with Casl in the type I-F system in Pseudomonas aeruginosa, we
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Fig. 1. Cas1 and Cas2/3 assemble into a propeller-shaped complex. (4) Schematic
representation of the CRISPR loci and cas genes in the type I-F CRISPR system from P.
aeruginosa (PA14). Two CRISPR loci composed of repeats (diamonds) and spacers
(cylinders) flank six cas genes (arrows). In I-F systems, Cas2 (cyan) is fused to the
amino terminus of Cas3. Cas3 contains an HD nuclease (purple) and two RecA
domains that are connected to a CTD (pink) via a flexible linker. The theoretical
molecular weights for Cas1 (36 kDa) and Cas2/3 (121 kDa) are indicated above their
respective arrows. (B) Size-exclusion chromatography (SEC) of copurified P. aerugi-
nosa proteins Cas1 and Cas2/3 reveals a stable complex with an approximate mo-
lecular weight of 375 kDa, consistent with a stoichiometry of four Cas1 subunits and
two Cas2/3 proteins (i.e, Casl14:Cas2/3, theoretical MW of 386 kDa). Molecular
weight standards (BioRad) were used to generate a linear regression (R>=0.98). (C)
Coomassie-blue stained SDS/PAGE gel. An asterisk (*) left of the protein name in-
dicates an N-terminal tag, whereas an asterisk to the right of the protein name
indicates a C-terminal tag. (D and E) Negative stain EM reconstruction of Cas1-2/
3 complex (EMD 8558). A pseudoatomic model was generated by docking crystal
structures of Cas1 (PDB ID code 3GOD) and Cas2/3 (PDB ID code 5B7l) into the EM
density using Chimera (CC = 0.9). Proteins are colored according to the schematic in
A. (F) A 90-degree rotation of the Cas1-2/3 complex reveals the unobstructed face
of Cas3 and the interface with Cas1. (G) Charge and shape complementation along
the boundary between Cas1 and the CTD of Cas2/3.

coexpressed and affinity-purified the two proteins. An amino-
terminal affinity tag on Casl pulls down untagged Cas2/3 and
the two proteins form a stable complex that elutes from a size
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exclusion column as a monodispersed peak with an estimated
molecular weight of ~375 kDa (Fig. 1B). This size is consistent
with a stoichiometry of four Casl proteins and two Cas2/3 pro-
teins (Casl4:Cas2/3;). The association between Casl and Cas2/3
was maintained when the affinity tag was moved to the carboxy-
terminus of Casl, whereas an amino-terminal tag on Cas2/3
abolished the interaction (Fig. 1C). These results are consistent
with pull-down experiments performed in the type I-F CRISPR-
Cas system of Pectobacterium atrosepticum (20) and suggest that
Casl interacts with the amino-terminal Cas2-like domain of the
Cas2/3 fusion protein (22-24).

To deduce the spatial arrangement of Casl and Cas2/3 within
the complex, we used electron microscopy to determine the
structure of the complex at ~15 A resolution (Fig. 1D and Fig. S1).
Overall, the structure reveals a four-lobed propeller-shaped
complex, with a volume consistent with the stoichiometry pre-
dicted by our SEC analysis. A pseudoatomic model of the complex
was generated by docking crystal structures of two Casl homo-
dimers (30) and two Cas2/3 monomers (18) into the density
(correlation coefficient, 0.91). The docking experiments reveal a
central Cas2 dimer connecting two Casl lobes and two Cas3 lobes
(Fig. 1 D and E). The core Cas2 dimer binds opposing Casl
homodimers in an arrangement similar to the Casl-Cas2 inte-
gration complex from E. coli (I-E) (22), whereas the two Cas3
proteins are positioned on opposite sides of the Cas1-2 complex in
an orientation that does not occlude the protospacer DNA bind-
ing surface on Casl-2 (Fig. 1D and Fig. S24), nor does this in-
teraction block the HD-nuclease or DNA binding surface on the
Cas3 proteins (Fig. 1F and Fig. S2C).

The Cas3 proteins are positioned around the perimeter of the
Cas1-2/3 complex, a position that is stabilized by shape and charge
complementation (Fig. 1 F and G). The Cas2 domain of the Cas2/3
fusion protein interacts with the RecAl domain of the Cas3 heli-
case, whereas the C-terminal domain (CTD) of Cas3 complements
both shape and charge on the helical domain of Casl. The CTD
has been implicated in DNA binding and target degradation, and
this interaction suggests that Casl may influence Cas3 function.

Cas1 and the Csy Complex Regulate Cas2/3 Nuclease Activity. In type I
CRISPR systems, the crRNA-guided surveillance complex initiates
DNA targeting by binding a short sequence called a Protospacer
Adjacent Motif (PAM) (31, 32). PAM recognition facilitates
crRNA-guided strand invasion, allowing the guide sequence of the
crRNA to hybridize to the complementary strand of the foreign
DNA. Target binding induces a conformational change in the
complex that displaces the noncomplementary strand of DNA,
resulting in an R-loop structure (33-36). The Cas3 nuclease-heli-
case is then recruited to degrade this displaced strand (11-13, 37,
38). Purified Cas3 from type I-E systems has been shown to unwind
DNA and cleave ssDNA substrates, and recent biochemical assays
performed using the P. aeruginosa Cas2/3 fusion protein reveal
similar nuclease activity on ssDNA substrates (18). However, the
impact of a Cas2 fusion on the amino terminus of Cas3, as ob-
served in type I-F systems, or the consequence of Casl binding to
the Cas2/3 protein has not been determined using R-loop sub-
strates. To test the endonuclease activity of the Cas2/3 fusion
protein from P. aeruginosa, we performed a series of degradation
assays using purified Cas2/3 alone or Cas2/3 in complex with Casl.
To purify Cas2/3 in the absence of Casl, we added maltose-binding
protein (MBP) to the amino terminus to improve solubility,
whereas the Cas1-2/3 complex was sufficiently soluble for purifi-
cation without using a solubilization tag. Like the type I-E Cas3
proteins, the purified type I-F Cas2/3 fusion protein is unable to
efficiently cleave duplexed DNA substrates (Fig. S3), but dsDNA
substrates containing an internal bubble designed to mimic an
R-loop are nicked within the bubble and then processively de-
graded (Fig. 24). These results indicate that the Cas2 domain alone
does not perturb canonical nuclease and helicase activities of Cas3.
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Fig. 2. Cas1 and target-bound Csy complex are opposing regulators of Cas2/3 nuclease activity. (A-G) Purified proteins (indicated in the schematic above
each gel) were incubated at 37 °C with [>2P]-labeled dsDNA substrates containing an internal bubble. The universal symbol for ionizing radiation is used to
indicate the location of the [32P] label. Reactions were collected at multiple time points (0, 10, 30, 60, and 90 min) and analyzed for DNA cleavage by de-
naturing polyacrylamide gel electrophoresis (PAGE). The last two lanes in each gel are 90-min incubations, but the final lane also includes EDTA, which is
intended to quench metal-dependent nuclease activity. The fraction of DNA cleaved is reported for the terminal time point (90 min). (A) Cas2/3 cleaves DNA
substrates designed to mimic the R-loop generated by crRNA-guided strand invasion of dsDNA targets. (B) Cas1 inhibits Cas2/3 nuclease activity. (C) Cas2/3
cleaves DNA bound by the Csy complex. (D) DNA-bound Csy complex activates Cas1-2/3 nuclease activity. (E) Csy complex containing a crRNA (blue) that is not
complementary to the target does not activate Cas1-2/3 DNA cleavage. (F) Anti-CRISPR protein AcrF3 does not block Cas2/3 nuclease activity. (G) Cas1-2/3
complex bound by AcrF3 is unable to cleave Csy-bound DNA. (H) Quantification of DNA cleavage at 90 min. Red and black bars are used to highlight con-
ditions that result in high or low nuclease activity, respectively. Error bars represent SD of three replicates.

However, the same experiment performed with the Casl-2/3
complex shows dramatically reduced DNA cleavage, suggesting
that Casl inhibits Cas2/3 nuclease activity (Fig. 2B). Because nu-
clease activity is required for CRISPR immunity, we hypothesized
that the type I-F crRNA-guided surveillance complex (Csy com-
plex) would relieve Casl-mediated repression of the Cas2/3 nucle-
ase. To test this hypothesis, we purified two different Csy
complexes: one containing a crRNA guide complementary to the
dsDNA target, and a second containing a noncomplementary
crRNA guide (Fig. 2 D and E, respectively). These two Csy com-
plexes were incubated with DNA, and then Cas1-2/3 was added to
determine if the unbound Csy complex could activate the Cas2/3
nuclease in #rans or if crRNA-guided DNA binding is necessary for
Cas2/3 activation. The results reveal that target binding is necessary
for activating the Cas2/3 nuclease (Fig. 2 D and E). Together, these
data suggest that Casl and the Csy complex are opposing regulators
of Cas2/3 nuclease activity (Fig. 2H).

In addition to the opposing regulatory roles of Casl (repressor)
and target-bound Csy complex (activator) in Cas2/3 nuclease ac-
tivity, we also observed differences in cleavage products depending
on the reaction conditions. In the absence of the Csy complex,
there is no “guide” to direct the Cas2/3 nuclease to a specific lo-
cation within the bubble (Fig. 2 4 and F). In this case, we observe
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two intermediate cleavage products on the labeled strand of the
ssDNA. The first 10 nucleotides of the 32-nt protospacer are
noncomplementary (i.e., bubble), and we anticipate the two
cleavage sites are a reflection of imprecise positioning of the HD-
active site to the ssDNA bubble. In contrast, when we add Csy
complex to a reaction that contains the Cas2/3 nuclease, we see
little or no nicking intermediate, which suggests that Csy-mediated
loading of the Cas2/3 nuclease results in rapid degradation from
within the R-loop to the end of the substrate (Fig. 2 C and D).
Although EDTA has been shown to be a potent inhibitor of Cas3-
mediated nuclease activity in type I-E systems (15-17), we noticed a
prominent nick at about position 50 on the noncomplementary
strand, which is near the 3’-end of the protospacer, farthest away
from the PAM (Fig. 2 C and D). Nicking at this position is most
evident in reactions that contain DNA-bound Csy, EDTA, and
Cas2/3 or Cas1-2/3, but a faint nicking product at this location is
also detectable in the lanes without EDTA. These data suggest that
either (¢) Cas2/3 nicks at the far end of the R-loop and that ad-
dition of EDTA prevents processive degradation, resulting in a
prominent band, or (if) the Csy complex possesses intrinsic nucle-
ase activity. To determine the source of the nicking activity, we
performed time-course experiments with dSDNA-bound Csy with-
out EDTA, dsDNA-bound Csy with EDTA, and dsDNA-bound
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Csy with EDTA and Cas2/3 (Fig. S3). No nuclease activity is
observed at any time point in the DNA-bound Csy experiments,
with or without EDTA. However, nicking at the PAM distal end of
the noncomplementary strand of the protospacer increases over
time when DNA-bound Csy is incubated with EDTA and Cas2/3
(Fig. S3). This suggests that the Cas2/3 HD-active site maintains
nicking activity in the presence of EDTA. To determine if the HD-
active site is responsible for EDTA-resistant nicking, we made five
different mutations in the HD-active site (i.e., HI23A, H124A,
H149A, H220, and H221A), one of which was soluble (i.e., H123A)
(Fig. S3). Unlike wild-type Cas2/3, when we add Cas2/3 H123A to a
reaction containing a DNA-bound Csy complex, we observe no
nicking and no processive degradation (Fig. S3). Together, these
data indicate that Cas2/3 nicking, but not processive degradation, is
resistant to EDTA.

DNA degradation by Cas2/3 is essential for crRNA-guided
protection from viral infection, and viruses have evolved sup-
pressors that inhibit the CRISPR immune response (39-42). One
of these suppressors, anti-CRISPR protein 3 (AcrF3), binds to
Cas2/3 (18, 19, 39-43). Biochemical data and recent structural
models indicate that AcrF3 blocks Cas2/3 recruitment to the
target-bound Csy complex, but the impact of this interaction on
Cas2/3 cleavage of R-loops has not been tested. To determine if
AcrF3 binding inhibits the Cas2/3 nuclease, we purified the Cas2/
3—-AcrF3 complex and incubated it with the dsDNA bubble sub-

strate (Fig. 2F). The results indicate that AcrF3 does not prevent
DNA cleavage (Fig. S3). However, when AcrF3 is bound to the
Cas1-2/3 complex, Cas2/3 could no longer be activated by target-
bound Csy complex (Fig. 2G). Together these results suggest that
AcrF3 does not directly prevent Cas2/3 nuclease activity and that
the mechanism of CRISPR-mediated suppression requires block-
ing Cas2/3 recruitment to the target-bound Csy complex. In ad-
dition, we show that AcrF3 is capable of binding to both Cas2/3
alone and Cas1-2/3, which suggests that AcrF3 binding does not
interfere with Casl-mediated repression of Cas2/3 nuclease ac-
tivity (Figs. S2D, S3, and S4). In fact, docking the recently pub-
lished structure of AcrF3 bound to Cas2/3 into the EM density of
the Cas1-2/3 complex reveals discrete binding sites for Casl and
AcrF3 (Fig. S2E). This model may explain how AcrF3 blocks both
target interference and new sequence adaptation (26).

DNA-Bound Csy Complex Recruits Cas2/3. Because Casl represses
Cas2/3 nuclease activity and target-bound Csy complex restores
this function, we hypothesized that Cas2/3 activation would re-
quire dissociation of the Cas1-2/3 complex. To test this hypothe-
sis, we performed electrophoretic mobility shift assays (EMSAs) to
monitor Cas2/3 recruitment to the Csy complex. As previously
shown, Csy binds dsDNA targets containing a PAM and a com-
plementary protospacer (32). Addition of Cas2/3 to the target-
bound Csy complex results in a supershift (Fig. 34), indicating
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Fig. 3. Target-bound Csy complex recruits Cas1-2/3 and activates the Cas2/3 nuclease for target degradation. (A) EMSA performed with [*2P]-labeled dsDNA
oligonucleotides. Lane 1 is dsDNA alone. DNA binding by Csy complex results in a pronounced shift of the target DNA. Addition of MBP-tagged Cas2/3 results
in an additional shift (supershift), indicating the formation of a Cas2/3-DNA-Csy supercomplex. The intensity of the supershifted band (i.e., Cas2/3-DNA-Csy)
decreases over the time course sampled (2, 5, 10, 30, 60, and 90 min), whereas the intensity of degraded DNA increases. Neither Cas1 alone nor Cas1-2/3
complex show binding or degradation of dsDNA in the absence of the Csy complex. However, addition of Cas1-2/3 to target-bound Csy results in two
supershifted species; the bottom band is consistent with a Cas2/3-DNA-Csy supercomplex lacking the 40 kDa MBP fusion used to purify free Cas2/3. The upper
band is most consistent with a supercomplex that includes Cas1-2/3. (B) EMSA performed using only enough Csy complex to bind ~40% of the labeled DNA.
Cas2/3 was added in increasing concentrations, resulting in an increase in supercomplex formation. This experiment was repeated at three time points (5, 10,
and 20 min), and results were quantified. (C) Formation of the Csy-DNA-Cas2/3 complex increases with Cas2/3 concentration up to 1:1 Cas2/3:Csy. Additional
Cas2/3 does not produce more supercomplex. (D) The amount of unbound DNA (~60%) remains constant over the time course, suggesting that the Csy
complex is single-turnover.
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the formation of a trimeric complex composed of Csy, target
DNA, and Cas2/3. Formation of the trimeric supercomplex coin-
cides with the accumulation of Cas2/3-mediated DNA cleavage
products. When we repeated these experiments with the Cas1-2/3
complex in place of Cas2/3 alone, we observed two supershifted
bands. The top band migrates slower than the supercomplex
formed by free Cas2/3 with target-bound Csy, and the bottom
band migrates faster. The lower band is consistent with the for-
mation of the trimeric Csy-DNA-Cas2/3 supercomplex. It is
smaller than the Csy-DNA-Cas2/3 supercomplex formed when
we use purified Cas2/3, but the size difference is consistent with
the absence of the 40 kDa MBP fusion, which is necessary to
purify Cas2/3 in the absence of Casl. The relative position of the
upper band in the Casl-2/3 shifts is most consistent with a
supercomplex that includes Csy, DNA, Cas2/3, and Casl, although
direct identification and stoichiometry of subunits in this band will
require further investigation.

To monitor formation of the Csy—dsDNA—-Cas2/3 supercomplex
and the rate of DNA degradation, we conducted gel shift assays in
which ~40% of the available dsDNA target is bound by Csy (Fig.
3B and Fig. S5). Cas2/3 was added in increasing concentrations,
resulting in an increase in the intensity of the Csy-DNA-Cas2/3
supershift. We sampled the reactions over time and quantified
supercomplex formation, degraded DNA, and the unbound
dsDNA target. The results indicate that formation of the Csy—
DNA-Cas2/3 complex increases with increasing Cas2/3 concentra-
tions, up to a 1-1 stoichiometry of Cas2/3 to Csy, whereas addi-
tional Cas2/3 does not produce more of the trimeric supercomplex
(Fig. 3C). This result is consistent with a stoichiometry of
Csy;+DNA;+Cas2/3;, which suggests that the target-bound Csy
complex does not stably associate with more than one Cas2/3 (Fig.
3C). Additionally, highest levels of the trimeric supercomplex were
detected at the earliest time point (5 min), and then the signal for
the supercomplex decreased sharply. As the supercomplex disso-
ciates, degraded DNA accumulates, but DNA in the unbound pool
remains steady over the time course for all Cas2/3 concentrations
(Fig. 3D). This result suggests that target degradation by Cas2/3
does not liberate Csy for another round of target binding, similar
to the single-turnover enzyme activity reported for both Cascade
(type I-E) and Cas9-mediated (type II-A) DNA cleavage (31, 44).

Cas2/3 Degrades Both Strands of DNA. crRNA-guided detection of
invading DNA relies on recognition of two antigenic signatures:
the PAM and the protospacer. However, strict sequence re-
quirements present a potential weakness in the immune system
because mutations in either the PAM or specific positions in the
protospacer allow viruses to escape CRISPR-Cas immunity (45—
47). Bacteria with type I immune systems can restore immunity
against “escape” mutants by using a positive feedback loop that
rapidly updates the CRISPR locus with new spacers derived from
the same region of the foreign DNA that contains the mutated
target (26, 46, 48-50). This process of rapid acquisition, called
“primed adaptation,” requires not only the adaptation proteins
(i.e., Casl and Cas2) but also Cas3 and the crRNA-guided sur-
veillance complex (26, 46, 51, 52). Priming in type I-F and type I-E
CRISPR systems is similar, but there are important differences. In
the type I-E system, the majority of new spacers acquired during
priming map to the same strand as the original priming spacer
(i.e., strand biased) (46, 48, 49). In contrast, priming in I-F results
in new spacers derived from both strands of the target and from
both sides of the priming protospacer (26, 50, 51, 53). Because
Cas3 cleavage products are substrates for new sequence acquisi-
tion (52), we hypothesized that the strand-biased adaptation in I-E
and the bidirectional adaptation in I-F might be explained by
differences in directional degradation of the target. To test this
hypothesis, we performed DNA degradation assays using dsDNA
targets [**P]-labeled on either the strand complementary to the
crRNA guide or on the noncomplementary (displaced) strand.
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Purified Cas1-2/3 and Cas2/3 cleave both strands of a bound
target, although the rate of cleavage is faster for the non-
complementary (displaced) strand than it is for the complemen-
tary strand (Fig. 4 A and B). Cas2/3 efficiently degrades both
strands, whereas degradation assays performed using Cas1-2/3 are
less efficient. When we repeated the experiment using purified
Cascade and Cas3 from the E. coli type I-E CRISPR system, the
noncomplementary strand was degraded efficiently and the dif-
ferences between noncomplementary (85%) and complementary
(20%) strand degradation is more pronounced than the differ-
ences between the strands in either Cas2/3 (P = 0.003) or Cas1-2/3
(P = 0.006) (Fig. 4 A-C). These results offer a mechanistic ex-
planation for the observed difference between the two subtypes.

Discussion

CRISPR loci and their associated cas genes represent diverse
immune systems that have been divided into a hierarchical classi-
fication consisting of 2 classes, 3 types, and 19 subtypes (7, 8). Type
I systems are the most prevalent and the most diverse, representing
7 of the 19 different subtypes. Cas3 proteins are a hallmark of the
type I systems, where they function as the catalytic engines of
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Fig. 4. Cas2/3 degrades both strands of the dsDNA target. Time course of
DNA cleavage by the type I-F system (A and B) or the type I-E system (C).
Either the complementary (C) or noncomplementary (NC) strand of a dsDNA
target was [32P]-labeled. Cas2/3 degrades both strands, although Cas1-2/3 is
less efficient. I-E Cas3 primarily degrades the noncomplementary strand.
Quantification of DNA degradation by I-F Cas2/3 and I-E Cas3 are shown next
to their respective gels. Error bars represent SD of three replicates.
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target degradation (14). However, recent evidence suggests that
some Cas3 proteins also participate (either directly or indirectly) in
new sequence acquisition (26, 51, 52). In fact, early evidence
supporting this functional overlap came from bioinformatic studies
that identified a unique fusion in type I-F systems that links a Cas2-
like adaptation protein to the amino terminus of the Cas3 inter-
ference protein (i.e., Cas2/3) (54). Indeed, Casl and Cas2/3 have
been shown to interact in P. atrosepticum, but the structural and
functional implications of the Cas2/3 fusion have not been de-
termined (20). Here we show that Cas2/3 from P. aeruginosa stably
associates with the Casl adaptation protein, forming a 375-kDa
propeller-shaped complex consisting of two Cas2/3 proteins and
four Casl proteins (Casl4:Cas2/3,) (Fig. 1).

The adaptation proteins Casl and Cas2 are conserved compo-
nents of CRISPR systems, and these two proteins have been
shown to be necessary for new spacer acquisition in the type I-E
systems (7, 21, 55). In E. coli, Casl and Cas2 assemble into a stable
integration complex, and a structure of this complex fits with high
confidence into a portion of the electron density in our Casl-2/3
reconstruction (Fig. S24) (22). However, DNA binding by the
integration complex introduces a rotation in the Casl proteins, and
this DNA bound conformation no longer fits in the Casl1-2/3
density (Fig. S2B) (18, 23). In E. coli, this DNA-induced confor-
mational change is unconstrained by additional proteins, but in
type I-F systems, the large Cas3 domains (~110 kDa) are wedged
between the Casl lobes. The DNA binding surface of the type I-F
Casl-2 integration complex is unobstructed by Cas3, but a DNA-
induced rotation of Casl would clash with the Cas3 lobes in our
reconstruction (Fig. S2B). This suggests that DNA binding by the
Casl—Cas2 complex in the I-F system will result in a corresponding
conformational change in the Cas3 lobes. Higher resolution
structures of Cas1-2/3 before and after DNA binding will be im-
portant for understanding the orchestrated rearrangement of these
proteins and the functional implications of these interactions.

The first structure of Casl revealed a butterfly-shaped homo-
dimer, where each subunit represented one wing of the butterfly
(30). Docking high-resolution structures of P. aeruginosa Casl and
Cas2/3 into the Casl-2/3 EM density reveals shape and charge
complementation between the “wing” of one Casl molecule in
each homodimer and the CTD of each Cas3 (Fig. 1 F and G). In
the I-E system, the CTD of Cas3 functions as a lid that folds over
the top of the DNA binding cleft (13). A flexible hinge connects
the CTD to the helicase domain and allows the lid to open while
loading the Cas3 helicase onto the displaced strand of the target
DNA. In the I-F Casl-2/3 complex, the interaction between
Casl and the CTD suggests that Casl stabilizes the CTD in a
closed conformation that restricts DNA access to the HD-active
site. Although this interaction appears to be a potent inhibitor of
Cas2/3-mediated DNA cleavage (Fig. 2), it does not prevent Cas1—
2/3 from recognizing a target-bound Csy complex (Figs. 2 and 3).
Csy-mediated recruitment of Cas1-2/3 results in activation of the
Cas2/3 nuclease (Fig. 34), although we do not know if activation
requires complete dissociation of all Casl subunits. In fact, addi-
tion of Casl-2/3 to the target-bound Csy complex results in a
supershift that is only slightly larger than the supershift we see with
MBP-Cas2/3 (~160 kDa) (Fig. 34). The modest increase in size
suggests that the Casly:Cas2/3, complex may dissociate into a
nuclease-active complex that includes Casl. We show that the
activated nuclease initially degrades the displaced (i.e., non-
complementary) strand in the 3-to-5 prime directions (Fig. 4), and
degradation products may serve as substrates for new sequence
acquisition (52). Initial degradation of the noncomplementary
strand is similar to Cas3-mediated degradation of DNA targets in
the I-E system. However, unlike the I-E systems, where the
crRNA-guided surveillance complex recruits a single Cas3 for
unidirectional 3-to-5 prime degradation of the displaced strand
(31), the activated Cas2/3 appears to degrade both strands of Csy-
targeted DNA (Fig. 4). This degradation pattern offers a mech-

E5118 | www.pnas.org/cgi/doi/10.1073/pnas.1616395114

anistic explanation of bidirectional spacer acquisition in I-F im-
mune systems (26, 50, 51).

What is the selective pressure that preserves the Cas2/3 fusion,
and why is this fusion not maintained in other CRISPR systems?
An evolutionary analysis performed by Koonin and coworkers
predicted that Casl and Cas2 originally functioned as a toxin—
antitoxin pair (56). We find this prediction intriguing, and our
biochemical data, combined with recent insights about the role of
Casl and Cas2 in CRISPR adaptation, may support a revised
version of this evolutionary model. Here we show that Cas2/3 is a
nuclease that will cleave DNA bubbles designed to mimic R-loops
in the absence of a crRNA-guided surveillance complex (Fig. 24).
This suggests that any single-stranded DNA intermediate in the
cell could be a substrate for spurious Cas2/3 nuclease activity. We
show that Casl represses this activity pending specific activation by
recruitment to the crRNA-guided surveillance complex bound to a
target. In this regard, Casl may function as an antitoxin that re-
presses toxic Cas2/3 nuclease activity. But if Casl is an important
repressor of nonspecific nuclease activity, then why is the Cas2/3
fusion not conserved in other CRISPR systems? There are many
possible explanations, and we do not claim to have an authorita-
tive answer. However, virus-encoded anti-CRISPRs antagonize
CRISPR-mediated immune systems and are expected to drive
immune system diversification (41, 57, 58). Bondy-Denomy et al.
showed that the anti-CRISPR protein AcrF3 binds to Cas2/3 and
blocks recruitment to the Csy complex, and recently determined
structures of AcrF3 bound to Cas2/3 explain how the AcrF3
proteins blocks DNA access to the RecA domains of the Cas3
helicase. However, in addition to binding Cas2/3, we show that
AcrF3 binds directly to the Casl-2/3 complex. This interaction
may help explain how AcrF3 also blocks new sequence acquisition
(26). An anti-CRISPR capable of neutralizing the protein complex
responsible for both adaptation and interference (i.e., Cas1-2/3)
may reveal an Achilles heel of the I-F system.

Materials and Methods

Protein Expression and Purification.

P. aeruginosa Csy complex. Csy genes and a synthetic CRISPR were coexpressed on
separate vectors in E. coli BL21 (DE3) cells as previously described (32, 59)
(AddGene ID 89232, 89244). Expression was induced with 0.5 mM isopropyl-o-1-
thiogalactopyranoside (IPTG) at ODggo = 0.5 nm. Cells were incubated overnight
at 16 °C, then pelleted by centrifugation (5,000 x g for 15 min at 4 °C), and
resuspended in lysis buffer [50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes) pH 7.5, 300 mM potassium chloride, 5% glycerol, 1 mM Tris(2-
carboxyethyl) phosphine hydrochloride (TCEP), 1x protease inhibitor mixture
(Thermo Scientific)]. Pellets were sonicated on ice for 3 x 2.5 min (1 s on, 3 s off),
and then the lysate was clarified by centrifugation at 22,000 x g for 30 min at
4 °C. The Csy complex self-assembles in vivo, and the intact complex was affinity-
purified over StrepTrap HP resin (GE) using strep-ll tags on Csy3. Protein was
eluted with lysis buffer supplemented with 2.5 mM desthiobiotin and then con-
centrated (Corning Spin-X concentrators) at 4 °C before further purification over a
Superdex 200 size-exclusion column (GE Healthcare) in 20 mM Hepes pH 7.5,
100 mM KCl, 5% glycerol, and 1 mM TCEP.

P. aeruginosa Cas2/3. The cas2/3 gene from P. aeruginosa (PA14) was cloned with
an N-terminal Strep-Il tag and MBP into a spectinomycin resistance (25) LIC vector
as previously described (39) (AddGene ID 89238). This plasmid was used as a
template for making the N-terminal SUMO tagged Cas2/3 expression vector
(AddGene ID 89239). In brief, the Strep-ll tag and MBP were removed using Sacl
and Ncol, and the SUMO tag was PCR-amplified using primers containing Sacl and
Ncol resection sites (F_primer, CGACCATGGGCCGTCAGGAGTCAAGACTGA, and
R_primer, CGAGAGCTCCCACCGGTCTGCTGTTGGAAQ). Plasmids were transformed
into E. coli BL21 (DE3) cells. Expression was induced with 0.5 mM IPTG at ODgg =
0.5 nm. Cells were pelleted and lysed as described above. Cas2/3 was affinity-
purified using StrepTrap HP resin (GE), eluted with lysis buffer supplemented
with 2.5 mM desthiobiotin, and then concentrated (Corning Spin-X concentrators)
at 4 °C before further purification over a Superdex 200 size-exclusion column (GE
Healthcare) in 20 mM Hepes pH 7.5, 150 mM KCl, and 5% glycerol. An HD nuclease
(H123A) mutant was generated using the Q5 mutagenesis method (New England
Biolabs) (mutagenesis primers: forward, AGCGCTGTTCGCCGATATCGGCAAGG;
reverse, GCCATCACCGTCAGCAGG).
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P. aeruginosa Cas1-2/3 complex. The cas1 and cas2/3 genes from P. aeruginosa
were PCR-amplified and cloned into a spectinomycin-resistant p2S LIC vector
(AddGene ID 89230). The Q5 mutagenesis method was used to generate
constructs with N- or C-terminal 6-histidine tags on Cas1 or an N-terminal 6-
histidine tag on Cas2/3. We also made a construct with an N-terminal Strep-Il
tag on Cas1. Plasmids were transformed into E. coli BL21 (DE3) cells for ex-
pression. Initial pull-down experiments were conducted with N- or
C-terminal 6-histidine affinity tags, as indicated. Expression was induced
with 0.5 mM IPTG at ODgoo = 0.5 nm. Cells were pelleted and lysed as de-
scribed above. Coexpressed Cas1 and Cas2/3 were affinity-purified using
NiNTA resin (Qiagen), which was washed once with lysis buffer supple-
mented with 20 mM imidazole before elution with lysis buffer supple-
mented with 300 mM imidazole. Eluate was concentrated (Corning Spin-X
concentrators) at 4 °C before evaluation by SDS/PAGE. The Cas1-2/3 complex
used for electron microscopy was prepared using an N-terminal strep-Il af-
finity tag on Cas1 and was expressed and purified as described for Cas2/3.
AcrF3. Anti-CRISPR protein AcrF3 was expressed and purified as previously
described (39) (AddGene ID 89246). Expression, cell pelleting, and sonication
were performed as described above. Protein was purified over NiNTA resin
(Qiagen) in lysis buffer [S0 mM Tris, pH 7.5, 300 mM sodium chloride, 5%
glycerol, 1x protease inhibitor mixture (Thermo Scientific); wash buffer in-
cluded 20 mM imidazole; elution buffer included 300 mM imidazole]. Eluted
protein was concentrated (Corning Spin-X concentrators) at 4 °C before
further purification over a Superdex 75 size-exclusion column (GE Health-
care) in 20 mM Tris, pH 7.5, 150 mM NaCl, and 5% glycerol.

E. coli Cascade (I-E). Cascade genes and a synthetic CRISPR were coexpressed on
separate vectors in E. coli BL21 (DE3) cells as previously described (59). Ex-
pression was induced with 0.5 mM IPTG at ODggo = 0.5 nm. Cells were in-
cubated overnight at 16 °C, then pelleted by centrifugation (5,000 x g for
15 min at 4 °C), and resuspended in lysis buffer [50 mM Hepes, pH 7.5, 300 mM
potassium chloride, 5% glycerol, 1 mM TCEP, 1x protease inhibitor mixture
(Thermo Scientific)]. Pellets were sonicated on ice for 3 x 2.5 min (1son, 3 s
off), and then the lysate was clarified by centrifugation at 22,000 x g for
30 min at 4 °C. Cascade self-assembles in vivo, and the intact complex was
affinity-purified over StrepTrap HP resin (GE) using strep-Il tags on CasB. Pro-
tein was eluted with lysis buffer supplemented with 2.5 mM desthiobiotin and
then concentrated (Corning Spin-X concentrators) at 4 °C before further pu-
rification over a Superdex 200 size-exclusion column (GE Healthcare) in 20 mM
Hepes, pH 7.5, 100 mM KCl, 5% glycerol, and 1 mM TCEP.

E. coli Cas3. MBP-Cas3 was expressed and purified as previously described
(11). The cas3 gene from E. coli was cloned with an N-terminal Strep-Il tag
and a MBP. The plasmid was transformed into E. coli BL21 (DE3) cells. Ex-
pression was induced with 0.5 mM IPTG at ODgoo = 0.5 nm. Cells were pel-
leted and lysed as described above. Strep-MBP-Cas3 was affinity-purified
using StrepTrap HP resin (GE), eluted with lysis buffer supplemented with
2.5 mM desthiobiotin, and then concentrated (Corning Spin-X concentra-
tors) at 4 °C before further purification over a Superdex 200 size-exclusion
column (GE Healthcare) in 20 mM Hepes, pH 7.5, 150 mM KCl, and
10% glycerol.

Negative-Stain Electron Microscopy.

Sample preparation. We applied 3 pL of purified Cas1-2/3 complex (0.03 mg/mL)
to freshly plasma-cleaned 400 mesh Cu-Rh maxtaform grids (Electron Mi-
croscopy Sciences) that were coated with a thin layer of amorphous carbon.
After incubating for 1 min at room temperature, excess protein was wicked
off with a filter paper (Whatman No. 1), and the grid was immediately
inverted and placed on a 50 uL droplet of 2% (wt/vol) uranyl formate solution.
After 30 s, excess stain was wicked off from the grid by touching the edge with
filter paper. This staining step was repeated three more times for thorough
embedding of the sample, and the grids were air-dried after the last
blotting step.

Data acquisition. Data for all of the samples were acquired in a Tecnai Spirit
(FEI) transmission electron microscope, operating at 120 keV, using the
Leginon automated data acquisition system (60). Micrographs were acquired
at a nominal magnification of 52,000x on an F416 CMOS 4Kx4K camera
(TVIPS) with a pixel size of 2.05 A per pixel at the specimen level using an
electron dose of 30 electrons per A2, with a 1-um defocus.

Image processing. A total of 1,159 negative stained micrographs were collected
(Fig. S1A). The Appion image processing pipeline (61) was used for pro-
cessing of the micrographs. CTFFIND4 (62) was used for determining the
contrast transfer function (CTF) of each micrograph, and particles were se-
lected from micrographs using a Difference of Gaussians (DoG)-based au-
tomated particle picker (63). Phases for each micrograph were corrected
using EMAN (64), and 221,700 particles were extracted using a 192 x
192 pixel box. For faster computation, the particles were binned by a factor
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of two to 96 x 96. Individual particles were normalized by eliminating pixels
with values above or below 4.5 ¢ of the mean pixel value using the nor-
malization function in Relion1.4 (65). The normalized particle stack was then
subjected to reference-free 2D classification and alignment using Relion (Fig.
S1B). We selected 138,719 particles from 163 well-aligned 2D class averages
depicting different views and conformations of the complex (Fig. S1D). An
initial 3D reference was generated with the selected class averages using
sxviper program of the SPARX EM data processing package (sparx-em.org)
(66). This initial reference was low pass filtered to 60 A resolution and was
used as a starting model for 25 iterations of 3D classification into eight
classes. A total of 68,929 particles belonging to two similar 3D classes that
represented the full Cas1-2/3 complex were combined and subjected to 3D
refinement in Relion. A five-pixel extended and eight-pixel falloff-smoothed
binary 3D mask was created out of the final refined volume, and further 3D
refinement was continued with this binary mask until the refinement con-
verged. Particles after masked 3D refinement were subjected to another
25 iterations of 3D classification into three classes, using the binary mask as
the reference mask. A total of 26,403 particles belonging to the most
structurally featureful 3D class were further subjected to 3D refinement with
the binary mask. The final 3D reconstruction (Fig. 1C) after convergence of
refinement was at a resolution of 15.6 A (Fig. S1C) by Gold Standard Fourier
Shell Correlation at a cutoff of 0.143. The final EM map is deposited in the
EM data bank with accession no. EMD 8558. Crystal structures of P. aerugi-
nosa Cas1 [Protein Data Bank (PDB) ID code 3GOD] and Cas2/3 (PDB ID code
5B71) were docked into the final EM density map using UCSF Chimera (67).
The position of the Cas2 domains was performed by first docking the E. coli
Cas1-Cas2 structure (PDB ID code 4P6l) into the density and then super-
imposing each I-F Cas2 domain on corresponding subunits in the I-E Cas2
dimer. The Cas2 proteins superimpose with an average root-mean-square
deviation (rmsd) of 1.75 A for equivalently positioned C-alpha atoms.

Nuclease Activity Assay with [3?P]-Labeled DNA.

Nuclease activity assay with dsDNA bubble substrates. \We incubated 100 nM
Cas2/3 or 50 nM Cas1-2/3 complex (a single Cas1-2/3 complex contains 2
Cas2/3 monomers) with 5’ [3?P]-labeled 80-bp dsDNA oligonucleotides con-
taining an internal 10-nucleotide bubble, at 37 °C in reaction buffer (20 mM
Hepes, pH 7.5, 100 mM KCl, 5% glycerol, 1 mM TCEP, 5 mM MgCl,, 75 uM
NiSO4, 5 mM CaCl,, 1 mM ATP) for 0, 10, 30, 60, or 90 min. When Csy complex
was included, DNA was preincubated with 200 nM Csy at 37 °C for 15 min
before the addition of Cas2/3 or Cas1-2/3. When anti-CRISPR AcrF3 was in-
cluded, Cas2/3 or Cas1-Cas2/3 was preincubated with 12x molar excess of
AcrF3 for 15 min at 37 °C. Reactions were quenched with 1% SDS, 8 mM
EDTA, and the products separated by electrophoresis over 14% poly-
acrylamide gels containing 7 M urea. Dried gels were imaged with a phosphor
storage screen (Kodak) and then scanned with a Typhoon phosphorimager
(GE Healthcare). The signal in each band was quantified using ImageQuant
software.

I-F vs. I-E DNA strand cleavage assay. We incubated 100 nM Cas2/3 (I-F), Cas3 (I-E),
or 50 nM Cas1-2/3 complex (I-F) with 5’ [*>P]-labeled dsDNA oligonucleotides
(Table S1), at 37 °C in reaction buffer (20 mM Hepes pH 7.5, 100 mM KCl, 5%
glycerol, 1 mM TCEP, 5 mM MgCl,, 75 pM NiSO,4, 5 mM CaCly, and 1 mM ATP)
for 0, 10, 30, or 60 min. When Csy complex (I-F) or Cascade (I-E) was included,
DNA was preincubated with 200 nM Csy or Cascade at 37 °C for 15 min before
the addition of Cas2/3, Cas3, or Cas1-2/3. Reactions were quenched with 1%
SDS, 8 mM EDTA, and the products separated by electrophoresis over 14%
polyacrylamide gels containing 7 M urea. The gels were dried, exposed to
phosphor storage screens (Kodak), and then scanned with a Typhoon phos-
phorimager (GE Healthcare). The signal in each band was quantified using
ImageQuant software. Percent degradation was plotted for each time point
(error bars represent SD of the mean for three replicates), and the data were fit
using a single-term exponential equation: y = a*[1 — exp(-k*x)] (KaleidaGraph
Software). The difference in percent degradation for the noncomplementary
and complementary strands was calculated for each experiment. Differential
strand degradations by Cas2/3 and Cas1-2/3 were individually compared with
Cas3 using a Student'’s t test.

EMSAs.

Cas1-2/3 recruitment assay. We incubated 100 nM Cas2/3 or 50 nM Cas1-2/3
complex with 5 [3?P]-labeled 80-bp dsDNA at 37 °C in reaction buffer
(20 mM Hepes, pH 7.5, 300 mM KCl, 5% glycerol, 1 mM TCEP, 5 mM MgCl,,
75 pM NiSO,4, 5 mM CaCly, and 1 mM ATP) for 2, 5, 10, 30, 60, or 90 min.
When Csy complex was included, DNA was preincubated with 150 nM Csy at
37 °C for 15 min before the addition of Cas2/3 or Cas1-2/3. Csy binding
reactions were performed at 100 mM KCl, and then KCl concentration
was increased to 300 mM KCl before addition of Cas2/3. Reactions were
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separated by electrophoresis over native 4.5% polyacrylamide gels. Dried
gels were imaged with a phosphor storage screen (Kodak) and then scanned
with a Typhoon phosphorimager (GE Healthcare).

Supercomplex assay. We preincubated 5 [32P]-labeled 80-bp dsDNA with
10 nM Csy complex at 37 °C in reaction buffer for 15 min before the addition
of 2 nM, 5 nM, 10 nM, 20 nM, or 50 nM Cas2/3. Experiment was repeated
with 5, 10, and 20-min incubation times, with and without Cas2/3. Reactions
were separated by electrophoresis over native 4.5% polyacrylamide gels.
Dried gels were imaged with a phosphor storage screen (Kodak), scanned
with a Typhoon phosphorimager (GE Healthcare), and band intensities were
quantified using ImageQuant software. Reactions without Cas2/3 were used
for background subtraction of nonspecific degradation.
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