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SUMMARY

CRISPR and associated Cas proteins function as an
adaptive immune system in prokaryotes to combat
bacteriophage infection. During the immunization
step, new spacers are acquired by the CRISPR
machinery, but the molecular mechanism of spacer
capture remains enigmatic. We show that the Cas9,
Cas1, Cas2, and Csn2 proteins of a Streptococcus
thermophilus type lI-A CRISPR-Cas system form
a complex and provide cryoelectron microscopy
(cryo-EM) structures of three different assemblies.
The predominant form, with the stoichiometry
Cas1g-Cas2,-Csn2g, referred to as monomer, con-
tains ~30 bp duplex DNA bound along a central chan-
nel. A minor species, termed a dimer, comprises two
monomers that sandwich a further eight Cas1 and
four Cas2 subunits and contains two DNA ~30-bp
duplexes within the channel. A filamentous form
also comprises Casl1g-Cas2,-Csn2g units (typically
2-6) but with a different Cas1-Cas2 interface between
them and a continuous DNA duplex running along a
central channel.

INTRODUCTION

CRISPR-Cas is a set of microbial adaptive immune systems
characterized by the insertion of short viral- or plasmid-derived
DNA fragments called spacers into the CRISPR regions in the
microbe’s chromosome. These spacers serve as an immunolog-
ical memory and protect the host via Cas proteins.
Fingerprinting invading DNA by inserting fragments as spacers
into the CRISPR region is called adaptation (Barrangou et al.,
2007). Spacers serve as templates for generation of CRISPR
RNA (crRNA) guides for the interference machinery encoded
by Cas proteins. On the basis of the composition of ribonucleo-
protein complexes that constitute the interference machinery,
CRISPR-Cas systems are divided (Makarova et al., 2015) into
class 1 with multi-subunit interference complexes exemplified
by Cascade (Brouns et al., 2008) and class 2 with single-protein
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multi-domain effectors, such as Cas9 (Gasiunas et al., 2012;
Jinek et al., 2012) or Cas12 (Zetsche et al., 2015).

In a broad sense, the adaptation stage consists of the spacer
capture step, where a prespacer is taken from the invading DNA,
and the integration step, where a spacer is inserted into the
CRISPR array. The prespacer acquired during the capture may
require a separate step for end processing or may be processed
directly in the integration complex (Drabavicius et al., 2018;
Kieper et al., 2018; Lee et al., 2018; Rollie et al., 2018; Shiimori
et al.,, 2018). Despite the differences between different
CRISPR-Cas systems, spacer integration is likely to be achieved
in relatively similar ways, due to the fact that it is carried out by
the highly conserved Cas1 and Cas2 proteins (Krupovic et al.,
2017; Yosef et al., 2012).

In a prototypical type I-E CRISPR-Cas system from E. coli,
Cas1 and Cas2 form a complex that promotes spacer integration
into the CRISPR array (Nuniez et al., 2015a; Yosef et al., 2012). In
this complex, a Cas2 dimer is sandwiched by two Cas1 dimers in
a butterfly-like arrangement to provide a platform for the binding
of a prespacer in the form of a 23-bp duplex with 5-nt, splayed or
3’ protruding ends (Nufiez et al., 2015b; Wang et al., 2015). A pre-
spacer contains a protospacer (a sequence matching the spacer
in the CRISPR array) and a PAM (protospacer adjacent motif)
sequence, the latter being needed for the discrimination be-
tween self and non-self (Nufez et al., 2015b; Wang et al.,
2015). One of the Cas1 subunits recognizes the PAM sequence,
which is subsequently removed by an as yet unknown
mechanism, and a protospacer sequence is integrated into the
CRISPR array (Nunez et al., 2015b; Wang et al., 2015). The pro-
tospacer integration reaction proceeds by nucleophilic attack
of both sides of the first repeat of the CRISPR region by the
free 3'-hydroxyl ends of the protospacer. This reaction is carried
out by the Cas1-Cas2 complex, with Cas1 playing the catalytic
role in the integration reaction. For the type I-E system, integra-
tion specificity is enhanced by the integration host factor (IHF)
binding to the leader sequence of the CRISPR region to impose
a specific DNA structure that is recognized by the Cas1-Cas2
complex (Nuiiez et al., 2016). The resulting product is repaired
by host factors, and each integration event is accompanied by
the duplication of the leader-proximal repeat sequence (Amitai
and Sorek, 2016; Sternberg et al., 2016).

The universal conservation of the Cas1 and Cas2 proteins
implies that the spacer integration mechanism may share

aaaaaaa



mailto:siksnys@ibt.lt
mailto:d.wigley@imperial.ac.uk
https://doi.org/10.1016/j.molcel.2019.04.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2019.04.020&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A tracrRNA cas9 cas1cas2 csn2 CRISPR

Leader
S. thermophilus DGCC7710 CRISPR3

tracrRNA cas9 cas1cas2 csn2 CRISPR

PCRISPR3 == OO i
B tracrRNA Acas9 casicas2 csn2 CRISPR

pACas9  |—=== [ OB Ot

tracrRNA cas9 cas1cas2Acsn2 CRISPR
pACsn2

tracrRNA cas9 cas1Acas2csn2 CRISPR
pACas2

AtracrRNA cas9 cas1cas2 csn2 CRISPR
pAtracr

tracrRNA cas9 cas1cas2 csn2 ACRISPR

PACRISPR |==—{TT O D>—

o
& & g
c g 2 & ¥ D s @ E &
& () o {D Q& &
I 99 g 8 &
MW, kDa T J J J MW, kDa Y g MW,kDa &
200 180
1 Cas9 130 = — b ] 180 -—
] 95 15
72 . ' 72 '
60 55 | 55|
50| w—
40| 43 | s 43| -
30 34 | . 34| W —
S — e - Cast. st  w—
— Csn2 =
25 ™ 26 | —— 26
20
15 Cas2
17| - 17| -
1018 10]
10 [ .

Figure 1. Cas1, Cas2, Csn2, and Cas9 Proteins of CRISPR3-Cas System from S. thermophilus DGCC7710 Form a Stable Complex

(A) Schematic representation of the CRISPR3-Cas locus.

(B) CRISPR3-Cas system deletion mutants used to screen the complex assembly.

(C) Results from purification of the complexes using the deletion mutants of the CRISPR3-Cas system depicted in (B). The CRISPR3-Cas system variants were
co-expressed with Cas1 protein bearing a Strepll tag. The complexes were purified using StrepTrap column followed by size-exclusion chromatography and
analyzed on SDS-PAGE. Cas1 and Cas2 form the core complex. Csn2 binds to Cas1-Cas2 complex (or vice versa), allowing binding of Cas9.

(D) Cas1, Cas2, Csn2, and Cas9 proteins co-purify in the absence of crRNA and tracrRNA.

(E) SDS-PAGE of the purified complex used for structural analysis.

similarities across different CRISPR-Cas systems. However, the  for adaptation in vivo (Heler et al., 2015; Wei et al., 2015).
type lI-A CRISPR-Cas systems of Streptococcus thermophilus ~ However, although Cas9 nucleolytic activity is not required for
and Streptococcus pyogenes encode four Cas proteins: Cas9;  protospacer integration, mutations of amino acid residues in
Cas1; Cas2; and Csn2 (Figure 1A), all of which are essential Cas9, which are known to be involved in PAM recognition, lead
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to PAM-independent spacer acquisition, confirming that Cas9 is
required for insertion of spacers with a correct PAM sequence
(Heler et al., 2015; Wei et al., 2015). Although Csn2 is indispens-
able in the adaptation step, its function remains obscure. Previ-
ous studies revealed that the Csn2 protein is tetrameric and
forms a toroidal structure (Arslan et al., 2013; Ellinger et al.,
2012; Lee et al., 2012; Nam et al., 2011). Although no biochem-
ical activity has been detected for Csn2, it has been shown to
bind to double-stranded DNA ends (Ellinger et al., 2012; Lee
et al.,, 2012; Nam et al., 2011). Recent work has shown that all
four Cas proteins in this system interact with one another
(Ka et al., 2018).

The Cas1-Cas2 complex from the type lI-A CRISPR-Cas sys-
tem of S. pyogenes can integrate short DNA duplexes into the
CRISPR region in vitro, similar to the E. coli Cas1-Cas2 complex.
Importantly, the Cas9 or Csn2 proteins are not required for
spacer integration in vitro (Wright and Doudna, 2016). The crystal
structure of a Cas1-Cas2-prespacer complex from a type II-A
CRISPR-Cas system from Enterococcus faecalis revealed an
additional DNA binding interface that is employed in the recogni-
tion of the leader-repeat junction and the leader-distal part of the
repeat, to ensure site-specific integration that is independent of
host factors (Xiao et al., 2017). Taken together, these data show
that the Cas1-Cas2 complex of type II-A CRISPR-Cas systems is
sufficient for spacer integration into CRISPR arrays. However,
the roles of the Cas9 and Csn2 proteins, both of which are
required for spacer adaptation in vivo, remain to be established.

Here, we report the cryoelectron microscopy (cryo-EM)
structure of the Streptococcus thermophilus Cas1-Cas2-Csn2
complex from the CRISPR3-Cas system. The predominant
form of the complex is what we refer to as the “monomer” that
contains the three proteins with the stoichiometry Casig-
Cas2,4-Csn2g. Duplex DNA binds along a central channel formed
within this complex that spans 25-30 bp. Minor species are also
present. One form contains two of the monomer particles with
an additional interface comprising a further four Cas1 dimers
and two Cas2 dimers. This “dimer” complex (Cas1,4-Cas24o-
Csn2,) contains two fragments of duplex DNA running through
the center, and the additional pair of Cas2 dimers caps the ends
of this DNA. Finally, a filamentous form comprises monomer
units (typically 2-6) assembled around a continuous DNA duplex
with an interface again comprising eight Cas1 and four Cas2
subunits but in a different configuration to the dimer complex.
These structures provide insight into assembly of the spacer
capture complex and the poorly understood process of spacer
capture.

RESULTS

Analysis of Interactions between Cas9, Cas1, Cas2, and
Csn2 Proteins in the S. thermophilus CRISPR3-Cas
System

Although Cas9 and Csn2 proteins of type II-A systems are both
required for the adaptation step in vivo (Heler et al., 2015; Wei
et al., 2015), the Cas1-Cas2 complex alone is sufficient to inte-
grate spacers in vitro (Wright and Doudna, 2016). To resolve
this discrepancy, we investigated interactions between the four
proteins by expressing a Strepll-tagged Cas1 protein in E. coli
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and then using this to pull down complexes from E. coli-express-
ing combinations of the other three proteins (Figure 1B). When all
four proteins were co-expressed, a complex was isolated that
contained all of them (Figure 1C). When we deleted Cas9, both
Cas2 and Csn2 still co-purified with Cas1. However, in the
absence of Csn2, mainly Cas1 and Cas2 co-purified accompa-
nied by a marginal amount of Cas9 (Figure 1C). In the absence
of Cas2, only Cas1 was recovered (Figure 1C). Furthermore,
deletion of either CRISPR array or trans-activating crRNA
(tracrRNA) did not impact complex formation, and we recovered
all four proteins in the absence of either RNA (Figure 1D). These
data show that Cas1 and Cas2 interact directly, and these pro-
teins then interact with Csn2 followed by Cas9. This is further
corroborated by analytic size-exclusion chromatography,
whereupon Cas1-Cas2 complex binds Csn2, but not Cas9 (Fig-
ures S6A and S6B). This suggestion is in accord with the recent
findings on a type lI-A system from S. pyogenes showing a direct
interaction between these proteins (Ka et al., 2018). However, in
contrast, in the S. thermophilus CRISPR3-Cas system, we were
unable to detect direct interaction between isolated Csn2 and
Cas9 proteins (Figure S6).

Preparation of Cas1-Cas2-Csn2 Complex Sample for
cryo-EM

To prepare the full complex for structural and functional analysis,
the proteins were co-expressed along with a native CRISPR
array containing twelve spacer-repeat units. SDS-PAGE analysis
of the complex isolated from this expression system revealed all
four proteins were present (Figure 1E).

Initial negative stain and cryo-EM analysis of this sample re-
vealed heterogeneity in the size of particles and the presence
of long threads that we presumed to be DNA (Figure S1A). These
features precluded high-resolution analysis. Consequently, a
clean-up step, involving DNase | treatment followed by gel filtra-
tion, was implemented prior to image analysis (Figure S1B). This
treatment allowed the isolation of a homogeneous fraction
eluting from gel filtration at the point expected for a complex of
400-500 kDa while removing a large mixture of digested DNA
fragments, some subcomplexes, as well as higher molecular
weight assemblies and/or aggregates. This sample was then
used for the collection of a high-resolution cryo-EM dataset
(see STAR Methods and Table 1). Processing of the images
revealed that the majority of the particles related either to vary-
ing assemblies of Cas1-Cas2-Csn2 on double-stranded DNA
(dsDNA) or free complexes of Cas9 with crRNA:tracrRNA duplex
but with no complexes between the two (Figures S1C and S1D).

Architecture of the Cas13-Cas2,-Csn2g Complex

The majority of the particles were of a complex with a stoichiom-
etry of Cas1g-Cas2,4-Csn2g, and a 3.2-A resolution density map
was obtained from a homogeneous set of 306,470 of these par-
ticles after applying D2 symmetry (Figures S2 and S3). We refer
to this as the “monomer” structure hereafter. The monomer
complex forms an open, extended structure flanked on two sides
by a Csn2 tetramer (Figures 2A and 2B; Video S1). The Cas1-
Cas2 proteins assemble as essentially two dimers of Cas1,4-
Cas2,, as seen in previous structures (Nufiez et al., 2014), albeit
with a different conformation (see below), that bridge the Csn2



Table 1. Cryo-EM Statistics for Data Collection and Model Refinement

Cas1-Cas2-Csn2 Monomer
(EMD-4668; PDB: 6QXF)

Cas1-Cas2-Csn2 Dimer
(EMD-4670; PDB: 6QXT)

Cas1-Cas2-Csn2 Filament
(EMD-4671; PDB: 6QY3)

Data Collection

Microscope Titan Krios [Titan Krios Titan Krios
Camera FEI Falcon Il (integrating) FEI Falcon Il (integrating) FEI Falcon lll (integrating)
Voltage (kV) 300 300 300
Magnification 75,000 75,000 75,000
Pixel size (A) 1.085 1.085 1.085
Electron dose (e /A?) 92.8 92.8 92.8

Dose rate (e /pixel/s) 109.2 109.2 109.2
Defocus range (um) —1.3t0 -2.8 —1.3t0 -2.8 —1.3t0 —-2.8
Final particles (no.) 306,389 3,109 66,576
Symmetry imposed C1 C1 C1

Map resolution (A) 3.6 8.9 9.1

Map sharpening B-factor (Az) —80 —250 —300
Model Composition

Nonhydrogen atoms 34,693 59,686 54,986
Protein residues 4,138 11,688 10,6647
DNA bases 50 108 132

Ca?* ligands 8 16 16
Refinement

Initial PDB templates PDB: 3V7F; PDB: 5XVN PDB: 5ZYF; PDB: 6QXF PDB: 6QXF
FSC (entire box) 0.90 0.85 0.80

FSC (around atoms) 0.87 0.71 0.66

RMS Deviations

Bond lengths @A) 0.002 0.001 0.001
Bond angles (°) 0.41 0.42 0.37
Validation

Clashscore 6.9 0.9% 1.1%

Poor rotamers (%) 0.7 NA* NA*
Ramachandran Plot

Favored (%) 97.7 97.6 97.6
Allowed (%) 2.2 2.3 2.3
Disallowed (%) 0.1 0.1 0.1

FSC, Fourier shell correlation; RMS, root mean square

?Residues clipped at the C o positions

tetramers. The simple stoichiometry of the monomer is consis-
tent with that proposed previously (Ka et al., 2018) but with a
multiplicity of two. A channel runs through the complex that in-
cludes the central cavity within the Csn2 tetramers, and density
for a DNA duplex is observed running along this channel (Figures
2 and S4). Each Csn2 tetramer is a dimer of dimers with two con-
formations (Csn2, and Csn2g) that form two interwoven sets of
head and leg domains (Figures 2C and S4), as described previ-
ously in crystal structures (Ellinger et al., 2012; Lee et al., 2012;
Nam et al., 2011). The tetramers are also inverted with respect
to one another so that each concave side faces inward, resulting
in D2 symmetry of the protein components.

As suggested by atomic force microscopy (AFM) analysis of
S. agalactiae Csn2 (Arslan et al., 2013), dsDNA threads through
the central hole of successive Csn2 tetramers. This channel is

25-30 A in diameter and ~90 A in length that spans ~25 bp of
DNA, although an additional couple of base pairs are observed
protruding from each end of the channel. A surface charge rep-
resentation shows a string of positive charges lining this channel
(Figure S4). There appears to be only a limited number of protein
contacts with the bound DNA, involving the conserved basic res-
idues R55, K77, K131, and K160 of the Csn2 subunits (Figure S4).
All the contacts appear to be electrostatic with the phosphate
backbone of the DNA rather than sequence-specific DNA inter-
actions. These characteristics are more akin to those of a DNA
sliding clamp, such as PCNA (Moldovan et al., 2007), than to a
specific DNA interaction. Although the majority of the particles
contain bound duplex DNA, some particles are empty yet fully
assembled (Figure S1E). This shows that assembly of the com-
plex is not dependent upon DNA for stability, suggesting this
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Cas1;
Cas2,
Csn2g

Figure 2. Structure of Casi1g-Cas2,-Csn2g
Monomer

(A) Perpendicular views of the 3.2-A-resolution
cryo-EM map of the monomer complex. Density for
the Cas2 dimers is shown but was not of sufficient
quality for the subunits to be positioned uniquely.
(B) Cartoon of the final model colored as in (A). For
Cas2, only the C-terminal Cas1-interacting region is
shown.

(C) The 4-fold repeat unit of Cas1,-Cas24-Csn2; is
colored to highlight distinct conformations of the
components.

Cas1-Cas2-Csn2 complex via interactions

might be the form that threads onto DNA ends rather than the
complex assembling around DNA.

To determine whether there was any sequence preference
for the bound DNA, we analyzed DNA sequences that co-pu-
rified with the complex by deep sequencing. The length distri-
bution of sequencing reads closely matched results from
cryo-EM, with free nucleic acid of lengths >100 bp almost
completely gone after the DNase | treatment and with DNA
fragments of predominantly 28-32 bp in length being signifi-
cantly enriched (Figure S5). We mapped fragments onto the
E. coli genome and plasmids and found that sources of the
DNA inside the complex closely matched the likely relative
DNA concentrations in the E. coli cells (Figure S5), but we
were unable to identify any enrichment of sequences from
the vicinity of PAM sequences. As a result, the DNA compo-
nent has been modeled from a rigid body fit of idealized
B-form linear dsDNA, but the sequence is one chosen at
random so should not be inferred as representing that present
in the structure. It is noteworthy that we prepared the samples
recombinantly from E. coli and the purification included a
sonication step that will have produced DNA fragments with
ends suitable for loading of Cas1-Cas2-Csn2 complexes,
and these non-specific DNA fragments may obscure any pref-
erence for PAM-derived sequences.

A Pair of Cas1-Cas2 Complexes Bridges the Csn2
Tetramers

The free Cas1-Cas2 complex comprises a Cas2 dimer flanked
by a pair of Cas1 dimers (Nufez et al., 2014). A pair of these
Cas14-Cas2, complexes bridges the two Csn2 tetramers in the
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between the Cas1 dimers and the head
domains of each Csn2 tetramer (Figures
2C and 3A). However, the interaction is
not symmetric, so each Cas1 subunit of
the dimer interacts with a different surface
of the Csn2 proteins (Figures 3B-3D). This
asymmetry accommodates two different
conformations for the Cas1 monomers
in the dimer. The conformation of the
dimer is most similar to that reported for
EfCas1Cas2:DNA complexes (Xiao et al.,
2017; Figure 3C), even though the Cas1
and Cas2 subunits are not contacting
DNA in our structure. The complex is, therefore, stabilized by a
series of interactions across multiple interfaces.

Csn2 Blocks Access of Cas1 and Cas2 to the Bound DNA
Despite being from different CRISPR-Cas systems, Cas2 in all
structures to date is dimeric, and the dimer tethers two Cas1
dimers in an elongated butterfly-like shape (Nufiez et al., 2014,
2015b; Wang et al., 2015; Xiao et al., 2017; Figure 4A). In our
type II-A structure, Cas2 plays a similar role within the full com-
plex. However, the Cas2 dimer is rather mobile and density is
weaker than for other components in the complex. This is not
due to reduced occupancy of Cas2 because the C-terminal
region that contacts the Cas1 subunits is well resolved with
strong density at high resolution (Figure S2E). This interaction
involves a B strand from the C terminus of Cas2 adding to a B
sheet in the N-terminal domain of Cas1, as observed in struc-
tures of EfCas1-Cas2 (Xiao et al., 2017) that is conserved in
our S. thermophilus structure (Figure 3C). The interaction inter-
face between S. pyogenes Cas1 and Cas2 has been shown to
be contained within the C terminus of Cas2 (residues 92-113;
Ka et al., 2018). Unfortunately, the limited resolution of the map
around Cas2 prevented unambiguous docking and/or modeling
of the N-terminal domains of the dimers (Figures 4B and S2C).
Nonetheless, the two blocks of density can each accommodate
a Cas2 dimer, sitting opposite one another on the equatorial
plane of the structure, held between two pairs of Cas1 dimers.
In the context of the full complex, Cas2 is positioned over a
hole between the leg domains of adjacent Csn2 tetramers (Fig-
ure 4C). In this position, Cas2 blocks direct access to the central
channel and the bound duplex DNA. The Cas2 dimers are 12 A



Figure 3. Interactions between Casi1-Cas2
and Csn2 Proteins within the Complex

(A) Cartoon showing the interactions between the
subunits.

(B) More-detailed view of the top of the complex
(A, right) showing how the Cas1 dimer interacts
specifically with just the Csn2g protomer of each
Csn2 head domain. The model is shown as a
cartoon with the respective interacting chains out-
lined by a transparent molecular surface filtered to
20-A resolution.

(C) An overlay of the EfCas1 dimer and Cas2 C
terminus from the spacer-bound crystal structure

(Xiao et al., 2017; PDB: 5XVN) with a Cas1 dimer
from the monomer complex. Both the asymmetry of
the Cas1 C-terminal domains (CTDs) and the inter-

action between the C-terminal strand of Cas2 and
the Cas1g N-terminal domain are conserved.

(D) Close up of the Cas1-Csn2 interface. Different
residues on a single Csn2 protein interact with
the symmetrical surface of the Cas1 N-terminal
domains (NTDs).

complexes and the other was filamentous
(Figure S1D). A structure for the larger

away from the DNA at the closest point, so Cas2 may play a gate-
keeping role in this state of the complex, controlling or simply
blocking access to the otherwise protected DNA duplex. In addi-
tion to being separated from Cas2, the DNA in the center of the
complex is 90° rotated relative to the Cas1 active sites located
on the outer edges of the complex (Figure 4B). It is therefore
evident that this state does not reflect the active spacer integra-
tion states captured in other structures in the absence of Csn2
(Wright et al., 2017; Xiao et al., 2017).

This situation is indirectly supported by the fact that we have
failed to detect direct spacer integration by the Cas1-Cas2-
Csn2 complex using standard integration assays (Wright and
Doudna, 2016; Xiao et al., 2017). To monitor spacer integration,
we used a synthetic linear oligodeoxynucleotide substrate con-
taining the last 14 nt of the leader sequence, a full repeat, and
24 nt of the first endogenous spacer (Figure S5D). If half-site
integration occurred into the top strand at the leader-repeat
junction, we would expect to observe a 14-nt fragment on a
denaturing gel if the 5’ end were labeled and a >74-nt fragment
if the 3’ end were labeled. Cas1-Cas2 subcomplex, but not
Cas9-Cas1-Cas2-Csn2 complex, was able to integrate pre-
spacers at the leader-repeat junction, resulting in either a 14-nt
5'-labeled fragment (Figure S5E) or elongation of the 3'-labeled
strand (Figure S5F).

Cas1-Cas2-Csn2 Forms Larger Complex Assemblies

on DNA

In addition to the monomer particles, we observed several other
types of particles. Small particles were Cas9 protein (Fig-
ure S1D). In addition to the monomer complexes, a fraction of
the Cas1-Cas2-Csn2 particles formed larger complexes: one
formed discrete particles that were larger than the monomer

discrete particles was obtained at 7.2-A
resolution (Figures 5 and S3; Video S2).
These particles contain two sets of the Cas1g-Cas24-Csn2g min-
imal complex bridged by a pair of Cas14-Cas2, subcomplexes,
with the protein components again related by D2 symmetry (Fig-
ures 5A-5C). For simplicity, we refer to this particle hereafter as
the “dimeric” state.

In the dimeric state, the additional Cas1 dimers dock at a site
at the hinge between the Csn2 head and tail domains that is very
different to the sites bound by the Cas1 subunits in the monomer
(Figures 5 and 6). The same region of both Cas1 N-terminal
domains (NTDs) in the dimer is located at the binding site but
with a different site on Csn2. Together with the distinct Cas1-
Csn2 interaction sites found in the monomer, this makes a total
of four different interaction surfaces between Cas1 and Csn2.
The alternate binding mode in the dimeric form does not induce
any significant conformational changes within the monomer
complexes, which, at this resolution, are unchanged relative to
the free monomer. Duplex DNA is bound along a central channel
but with two sections of DNA, each of ~30 bp, bound within the
two monomers. Unlike the Cas2 dimers in the monomer, the
additional pair of Cas2 dimers is not blocked from accessing
the bound DNA by Csn2 and instead contacts the ends of the
duplexes at the center of the dimer (Figures 5 and S3; Video S2).

Although the filaments were few in number, of variable in
length, and less well ordered, some preliminary analysis was
possible. A structure for the basic unit of the filaments,
comprising two monomers and an interface between them, was
obtained at 7.7-A resolution. This filament repeat structure shows
differences to the free dimers. First, the DNA running through the
complex is a single continuous duplex that spans ~70 bp (Figures
5 and S7; Video S3). Second, the interface between monomers
contains a pair of Cas14-Cas2, dimers but in a different configu-
ration to the dimer. Attempts to morph between the two dimer

Molecular Cell 75, 90-101, July 11, 2019 95

CellPress




Cell’ress

Integration
Site

complexes, to model the conformational changes required to
interchange between them, revealed that the changes required
were too extensive to be a simple, one-step conversion between
these forms. It is therefore unclear whether the filaments can
transition in some way to release dimers or whether monomers
are released that then reassemble into dimers.

DISCUSSION

A necessary but poorly understood stage prior to Cas1-Cas2-
directed spacer integration is the acquisition (capture) of
specific-length prespacer DNA substrates from the viral DNA
adjacent to the PAM sites. In type | CRISPR systems, such as
in E. coli, a complex of Cas1-Cas2 alone is sufficient to integrate
new spacers into the CRISPR array (Nufez et al., 2015a; Yosef
et al.,, 2012). By contrast, in type II-A CRISPR systems, Cas1
proteins are unable to recognize the PAM sequence and so
depend on the PAM-recognition function of Cas9 to generate
new spacers (Heler et al., 2015; Wei et al., 2015). Surprisingly,
spacer acquisition also requires the tetrameric dsDNA-binding
protein Csn2 (Wei et al., 2015), whose role in the process is
less clear. It has been shown that, once a correctly processed
protospacer is generated, the Cas1-Cas2 subcomplex alone is
sufficient to carry out the integration stage into the host CRISPR
array (Wright and Doudna, 2016).

Although it has been shown that Cas1, Cas2, Csn2, and Cas9
are all required for spacer acquisition in type II-A CRISPR-Cas
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Figure 4. Conformational Analysis of the
Cas1-Cas2 Proteins

(A) The structure of the EfCas1-Cas2 integration
complex (Xiao et al., 2017; PDB: 5XVP).

(B) The Cas1-Cas2-Csn2 monomer model with
Csn2 (gray) highlighting the positions of Cas1 and
Cas?2 relative to the bound DNA. The box denotes a
single Cas14-Cas2, complex equivalent to the
EfCas1-Cas2 structure in (A). The density corre-
sponding to Cas2 sits between a pair of Casl
dimers in a similar fashion to the EfCas1-Cas2
structures. However, the bound DNA is separate
from Cas2 and rotated by 90° compared to the
EfCas1-Cas2 integration structure.

(C) View from the side of the monomer complex with
the Cas2 density shown as a transparent surface
(green). Cas2 covers a pore between Csn2 tail
domains of the adjacent tetramers, thereby block-
ing access to the bound DNA.

systems (Heler et al., 2015; Wei et al,
2015), the details of how prespacers are
produced from viral DNA by these proteins
remains unclear. Our biochemical analysis
of the complex in cell extracts shows that
the Cas1, Cas2, Csn2, and Cas9 proteins
interact and co-purify with one another
(Figures 1C and 1D). The Cas1g-Cas24-
Csn2g (monomer) complex structure we
present here shows how these three pro-
teins interact to form a large multi-subunit
complex. Furthermore, the presence of double-stranded DNA
running along the central channel of the complex suggests a pro-
tective role for the complex. The length of occluded DNA is
approximately 30 bp, very similar to the length of the prespacer
fragments produced as substrates for integration by Cas1-Cas2
complex (Wright and Doudna, 2016). Although, at this stage,
several questions remain regarding how these fragments are
produced, one function for the complex is evident. Bacteria
contain RecBCD and/or AddAB nuclease-helicase complexes
whose role, in addition to DNA repair, is digestion of invading
bacteriophage DNA (Dillingham and Kowalczykowski, 2008).
These enzyme complexes are highly effective DNA-degrading
machines, as evidenced by the fact that several bacteriophages
produce specific protein inhibitors of RecBCD and/or AddAB to
prevent degradation of their genomes after infection (Poteete
et al., 1988). The formation of free prespacers would be suscep-
tible to degradation by RecBCD and/or AddAB, so a protective
role for the Cas1g-Cas24-Csn2g complex we present here could
be beneficial. Interestingly, RecBCD has already been impli-
cated as providing short spacers for integration into CRISPR
arrays in E. coli, although the mechanism of this process remains
unclear (Levy et al., 2015) and E. coli does not encode Csn2
within its CRISPR-Cas systems. Thus, it seems likely that there
is a balance between the degradation of viral DNA by RecBCD
and/or AddAB and requirements for spacer capture, which
may relate to the differences in PAM recognition and prespacer
processing observed for different systems.
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Figure 5. Comparison of the Dimer and Filament Complex Assemblies

(A) The 7.2-A resolution dimer cryo-EM map colored by subunit.

(B) The dimer and filament complexes are split into three sections and rotated 90° relative to (A) and (C). Both assemblies share similar components but with
different conformational arrangements. In the filament form, the monomer Cas1-Cas2-Csn2 unit shows a further rotation of the Csn2 tetramers relative to each

other compared to both the dimer and monomer forms.

(C) The 7.7-A resolution minimal unit masked filament cryo-EM map colored by subunit with a similar view to that of the dimer complex shown in (A).

(D) The dimer model is shown colored by subunit with transparent molecular surfaces calculated at 18-A resolution shown to highlight the middle pair of
Cas1-Cas2 subcomplexes. The Cas2 dimers cap the ends of two bound DNA fragments.

(E) The minimal filament model is shown colored by subunit with transparent molecular surfaces calculated at 18-A resolution shown to highlight the middle pair of

Cas1-Cas2 subcomplexes.

When presented with correctly processed spacers, Cas1-
Cas2 complexes alone can successfully integrate substrates
into CRISPR arrays (Nunez et al., 2014, 2015b; Wang et al.,
2015; Wright and Doudna, 2016), and several structures relating
to the various intermediate stages have been determined (Wright
etal., 2017; Xiao et al., 2017). Csn2 has a marked preference for
DNA ends (Arslan et al., 2013; Koo et al., 2012; Nam et al., 2011),
suggesting an active, if not catalytic, role in the stage of
capturing spacers. Recent studies of a type II-A CRISPR-Cas
system from S. pyogenes has suggested that Csn2 inhibits the
integration reaction by Cas1-Cas2 (Wright and Doudna, 2016).
Taken together, these data suggest that Csn2 pre-binding to
the DNA ends eliminates Cas1-Cas2 binding to the prespacer,
so our Casl1g-Cas24-Csn2g complex may represent an early

stage of spacer capture, providing a link between the potential
spacer capture and integration complexes involving just Cas1-
Cas2. If, in our structure, the flanking Csn2 tetramers were to
dissociate and slide along the DNA, the Cas1-Cas2 units would
be free to swing down to interact with the DNA to form the spacer
substrate bound state. The Cas2 subunits are located appropri-
ately to direct this process by engaging the DNA directly and
then allowing the Cas1 dimers to engage the DNA substrate
once the Csn2 tetramers have left.

The larger Cas1-Cas2-Csn2 “dimer” assembly shows that
additional Cas1-Cas2 subcomplexes can dock between a
pair of the Caslg-Cas2,4,-Csn2g complexes and are able to
access the ends of the centrally bound DNA via the Cas2 dimers
(Figures 5 and S3; Video S2). The first structure of a Cas2 protein
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Figure 6. The Different Cas1 Docking Sites Dictate the Different Cas1-Cas2-Csn2 Assemblies
(A) Molecular surfaces calculated at 15 A of the three Cas1-Cas2-Csn2 complexes colored by subunit as in previous figures. One Csn2 head domain with in-

teracting Cas1 dimers is highlighted.

(B) Close-up view of the models with just the labeled regions in (A) shown for clarity and colored by protein. The transparent molecular surface calculated at 15-A
resolution is shown only for interacting regions. The three observed binding sites are labeled in each case.

from Sulfolobus solfataricus revealed a ferredoxin-like fold with
RNase activity preferentially for single-stranded RNA (ssRNA)
(Beloglazova et al., 2008). Numerous Cas2 structures have fol-
lowed from different CRISPR systems (Jung et al., 2016; Ka
et al., 2014, 2017; Samai et al., 2010), and the potential nucleo-
lytic activity has been reported with differing specificities (Babu
et al., 2011). In one SpCas2 structure, where ssRNase activity
was reported (Ka et al., 2014), the conserved catalytic aspartate
residues are 6.5 A apart, leading to the proposal of one active site
per Cas2 dimer with potential Mg2+ and water coordination to
instigate a nucleophilic attack for scissile bond cleavage. More
recently, the structure of a dimer of the N-terminal domains of
another SpCas2 shows even closer approach of these acidic
residues (3.6 A; Ka et al., 2018). The conformations in other
Cas2 structures from different organisms show separations
greater than 10 A and without conclusive demonstration of
nucleolytic activity. Interestingly, these aspartate residues in
the Cas2 subunits are shown to coordinate magnesium ions to
the phosphodiester backbone of the DNA in the Cas1-Cas2 inte-
gration complex (even though no Cas2 nuclease activity is
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required for integration), and a function for these bound magne-
sium ions remains unclear (Xiao et al., 2017). Despite the medium
resolution of the dimeric Cas1-Cas2-Csn2 structure, it is clear
that the conformation of the middle Cas2 dimers in our structure
is more similar to that in SpCas2 (Ka et al., 2018) but differs to
that in other Cas2 structures and in the Cas1-Cas2 integration
complexes. Such a conformational difference might relate to
some form of regulation of nucleolytic activity because it is
unlikely that both conformations would show the same activity
on nucleic acid substrates, given the differences in metal ion
separation distances.

The Cas9, Cas1, Cas2, and Csn2 proteins of type II-A systems
are all required for the adaptation step in vivo (Heler et al., 2015;
Wei et al., 2015), implying possible interactions between these
proteins. Indeed, recent in vitro studies revealed direct interac-
tions between these proteins in type II-A system from
S. pyogenes (Ka et al., 2018). Here, using a Strepll-tagged
version of the Cas1 protein, we pulled down the Cas9-Cas1-
Cas2-Csn2 complex of type II-A system from S. thermophilus
when expressed in the heterologous host. We aimed to solve
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the cryo-EM structure of this complex and to reduce sample het-
erogenicity by treatment with DNase I. In the resulting structures,
the Cas9 protein (that was part of the pull-down complex) is
missing. The cryo-EM structure of the major species revealed
an unexpected arrangement of the Cas1, Cas2, and Csn2 pro-
teins, forming a complex with a channel that is occupied by
~30-bp DNA duplex. However, we were also able to identify par-
ticles that contained stand-alone Cas9 protein bound to DNA.
We assume that, in the Cas9-Cas1-Cas2-Csn2 complex that
we pulled down, Cas9 was tethered to the complex via a DNA
molecule and subsequent DNase treatment broke the tether
to release the Cas9-DNA and Cas1-Cas2-Csn2 subcomplexes.
In the major Cas1-Cas2-Csn2 subcomplex, two Cas1,-Cas2,
dimers encircle DNA and are capped by the Csn2 tetramers on
each end. Cas9 is not required for an assembly of such a com-
plex because we were able to isolate the Cas1-Cas2-Csn2
subcomplex from the host lacking the cas9 gene. Given the
Cas1-Cas2-Csn2 complex structure and the affinity of Csn2 for
DNA ends (Ellinger et al., 2012; Lee et al., 2012; Nam et al.,
2011), we propose a speculative model for spacer capture (Fig-
ure 7). Due to the high DNA end affinity of the Csn2 protein, the
Cas1-Cas2-Csn2 complex engages free DNA ends in the cell
and encircles DNA within the complex. An alternative model in
which Csn2 could bind DNA ends first followed by assembly of
the Cas1-Cas2-Csn2 components around this complex can
probably be excluded because we observe some fully formed
Cas1-Cas2-Csn2 complexes that lack DNA (see above and Fig-
ure S1E). The Cas1-Cas2-Csn2 complex could then slide on the
DNA until it encounters Cas9 protein that is bound to a PAM

The minimal complex fully dissociates
leaving a Cas1Cas2 subcomplex in an
integration compatible conformation.

Figure 7. Proposed Scheme for Spacer
Acquisition

A suggested scheme for the acquisition of spacers
based on the monomer Cas1-Cas2-Csn2 structure.

Cas1-Cas2-Csn2
minimal complex
engages free DNA

end and slides

sequence. At that point, the DNA could
be cleaved (by an as yet unidentified
cellular nuclease), releasing Cas9 and the
Cas1-Cas2-Csn2 complex, encapsulating
a ~30-bp DNA fragment as a new spacer
ready for integration. Integration of the
spacer would require dissociation of the
complex to release the Cas1-Cas2 com-
plex in a conformation compatible with
spacer integration.

Taken together, our cryo-EM structures
reveal an unexpectedly complex arrange-
ment of the Cas1, Cas2, and Csn2 proteins
of a type II-A CRISPR-Cas system and
suggest a role for this complex in either
spacer capture, processing, and/or acquisi-
tion that is much more complicated than
current understanding suggests from previ-
ous studies of much smaller stand-alone
Cas1-Cas2 complexes. These structures
imply that, although the spacer integration
step is conserved across the different
CRISPR-Cas types and requires a conserved Cas1-Cas2 com-
plex, spacer adaptation complexes may have quite different
architectures. Recent studies of Cas4-dependent type | adaption
complexes imply a complex variant that involves Cas4 protein
together with a Cas1-Cas?2 protein complex (Lee et al., 2018; Shii-
mori et al., 2018). The structures we present here shed light on the
initial stages of spacer capture and reveal an unprecedented
higher order assembly of Cas1-Cas2-Csn2 proteins that appears
toplay aroleinthis process. Nonetheless, itis also clear that further
work will be required to elucidate details of how DNA captured in
these structures becomes incorporated into CRISPR arrays.
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Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
® CONTACT FOR REAGENT AND RESOURCE SHARING
o METHOD DETAILS
O lIsolation of Cas9-Cas1-Cas2-Csn2 and its derivative
complexes
O DNase | treatment prior to electron microscopy
O Cryo-electron microscopy grid preparation and data

collection

O Data processing — Cas1-Cas2-Csn2-DNA monomer
complex

O Model Building — Cas1-Cas2-Csn2-DNA monomer
complex
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O Data processing — Cas1-Cas2-Csn2-DNA dimer
complex
O Model
complex
O Data processing - Cas1-Cas2-Csn2-DNA filament
complexes
O Model Building - Cas1-Cas2-Csn2-DNA filament com-
plexes
O Sample library preparation for deep sequencing
analysis
O Integration reactions into linear substrates
o DATA AND SOFTWARE AVAILABILITY

Building - Cas1-Cas2-Csn2-DNA dimer
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

E. coli BL21(DE3) Novagen 69450

Chemicals, Peptides, and Recombinant Proteins

Recombinant DNasel (RNase free) Roche 03539121103

T4 PNK ThermoFisher EKO0031

Graphene Oxide Sigma-Aldrich 763705-25ML

IPTG ThermoFisher R0392

Critical Commercial Assays

NEBNext Ultra Il DNA Library Prep Kit for llumina NEB E7645S

Deposited Data

Cas1Cas2Csn2 single complex bound to DNA This work PDB: 6QXF, EMD: 4668
Cas1Cas2Csn2 dimer complex bound to DNA This work PDB: 6QXT, EMD: 4670
Cas1Cas2Csn2 filament complex bound to DNA This work PDB: 6QY3, EMD: 4671

Oligonucleotides

acgaggagctattggcacaacttaca (prospacer Macrogen N/A
duplex forward)

agttgtgccaatagctcctcgtcatt (prospacer Metabion N/A
duplex reverse)

agatatcctacgaggttttagagctgtgttgtticgaatg Metabion N/A
gttccaaaacaaattctaaacgctaaagaggaag

(CRISPRS3 Leader-Repeat-Spacer duplex

for in vitro integration reaction forward)

cttcctetttagegtttagaatttgttttggaaccattcgaaa Metabion N/A
caacacagctctaaaacctcgtaggatatct (CRISPR3

Leader-Repeat-Spacer duplex for in vitro

integration reaction forward reverse)

Recombinant DNA

pPCRISPRS3 (expressing full S. thermophilus Sapranauskas et al.,, 2011 N/A
CRISPRS3 loci)

pCas9- (Cas9 deletion, containing the rest of Sapranauskas et al.,, 2011 N/A
the CRISPRS loci)

pCas2- (Cas2 deletion, containing the rest of Sapranauskas et al., 2011 N/A
the CRISPRS loci)

pCsn2- (Csn2 deletion, containing the rest of Sapranauskas et al.,, 2011 N/A
the CRISPRS loci)

pCas1Strep (expressing C-Term This work N/A
Strep-tagged Cas1)

PCR3ACRISPR (CRISPR region deletion, This work N/A

containing the rest
of CRISPRS3 loci)

pCR3Atracr (tracrBNA deletion, contain the Karvelis et al., 2013 N/A
rest of CRISPR3 locus)

Software and Algorithms

Phyre2 webserver Kelley et al., 2015 http://www.sbg.bio.ic.ac.uk/~phyre2/html/page.cgi?id=index
Chimera Goddard et al., 2007 https://www.cgl.ucsf.edu/chimera/

COOT Emsley et al., 2010 https://www2.mrc-Imb.cam.ac.uk/personal/pemsley/coot/
Refmac jelly-body refinement script Murshudov et al., 1997 https://www2.mrc-Imb.cam.ac.uk/groups/murshudov/

content/em_fitting/em_fitting.html
(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

PHENIX real space refine

Afonine et al., 2018

https://www.phenix-online.org/documentation/reference/
real_space_refine.html

Motioncorr Lietal., 2013 https://cryoem.ucsf.edu/software/driftcorr.html

Motioncor2 Zheng et al., 2017 https://msg.ucsf.edu/em/software/motioncor2.html

Gctf Zhang, 2016 https://www.mrc-Imb.cam.ac.uk/kzhang/

Gautomatch N/A https://www.mrc-Imb.cam.ac.uk/kzhang/

IMAGIC van Heel and https://download.imagescience.de/index.html
Keegstra, 1981

RELION3 Zivanov et al., 2018 https://www3.mrc-Imb.cam.ac.uk/relion/index.php?

title=Main_Page
cryoSPARC Punjani et al., 2017 https://guide.cryosparc.com/install.html

GraphPad Prism 8

N/A

https://www.graphpad.com/scientific-software/prism/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information regarding the EM data should be directed to the Lead Contact, Dale Wigley (d.wigley@imperial.ac.uk). All other
information and requests for resources and reagents should be directed to and will be fulfilled by the corresponding author, Virginijus
Siksnys (siksnys@ibt.lt).

METHOD DETAILS

Isolation of Cas9-Cas1-Cas2-Csn2 and its derivative complexes

For purification of the Cas9-Cas1-Cas2-Csn2 complex, a Strep-tagged version of the Cas1 protein was cloned into pETDUET-1
vector using conventional restriction enzyme cloning and expressed in the E. coli BL21 (DE3) strain, bearing the pCas1— plasmid
(Sapranauskas et al., 2011). Cells bearing both plasmids were innoculated in 4 mL of LB media and were grown at 37°C overnight
in a shaking incubator. In the morning, 10mL of overnight culture was transferred to 400 mL of fresh LB media containing ampicillin
(100 pg/mL), chloramphenicol (30 pg/mL). Cells were grown at 37°C to an ODggg of ~0.5-0.8. Then shaking was stopped and the
temperature reduced to 16°C. Upon cooling, expression was induced by adding 1 mM of IPTG and shaking resumed. Cell growth
was continued for 20 h.

Cells were harvested by centrifugation at 4000 g for 10 min at 4°C. Cell pellets were resuspended in lysis buffer (10 mM Tris—HCI
(pH 7.5), 300 MM KCI, 1 mM EDTA, 1 mM DTT, 0.5 mM PMSF) and disrupted by sonication for 20 min with 30 s pulses. Sonications
were performed in an ice bath. Cell debis was removed by centrifugation at 15000 g at 4°C. The supernatant was decanted into a
separate vessel cooled on ice and loaded onto a 1 mL Strep-Trap HP column (GE Healthcare). Column was then washed with 10
column volumes of lysis buffer and subsequently eluted with 2.5 mM desthiobiotin. Elution fractions were pooled and loaded
onto Superdex S200 size exclusion chromatography (prep grade XK 16/60; GE Healthcare). Eluted fractions were analyzed by
SDS-PAGE. Fractions containing all four Cas proteins were pooled and dialysed against storage buffer (10 mM Tris—HCI (pH 7.5),
300 mM KCI, 1 mM EDTA, 1 mM DTT, 50% (v/v) glycerol) at 4°C overnight and stored at —20°C. Concentration of the complex
was estimated by the Pierce 660nm Protein Assay (Thermo Scientific) using bovine serum albumin (BSA) as a reference.

For derivatives of CRISPR3-Cas complex lacking different components such as Cas9, Csn2, Cas2, tracrRNA or crRNA, we
co-transformed E. coli BL21 (DE3) strain with pET-Cas1-Strep and different pCas1- plasmids, which were lacking one additional
component. Everything hence followed exactly the same procedure.

DNase | treatment prior to electron microscopy

Cas9-Cas1-Cas2-Csn2 complex was mixed with 100 U of DNasel (recombinant RNase-free, Roche) and supplemented to a total vol-
ume of 350 pL with digestion buffer: 25 mM Tris pH 7.5, 100 mM NaCl, 5 mM MgCl,, 0.5 mM CalCl,, 1 mM TCEP. The reaction was
dialysed against 1 L of the same buffer in 3 KDa molecular weight cut-off (MWCO) dialysis cassettes (ThermoFisher) for 4 h at 4°C. The
dialysed reaction was concentrated to < 50 uL (Vivaspin 500, 30 KDa MWCO, Sartorius) prior to size-exclusion chromatography (Super-
ose 6 increase 5/150 GL) to separate out free DNA, DNasel and aggregates (Figures S1A and S1B). The size-exclusion buffer contained:
25 mM Tris pH 7.5, 150 mM NaCl, 1 mM TCEP. Peak fractions eluting with a predicted molecular weight of 400-800 kDa were pooled
and further concentrated to approximately 0.05 mg/mL and used immediately to prepare grids for cryo-electron microscopy.

Cryo-electron microscopy grid preparation and data collection

The sample was applied to C-flat 2x1 um holey carbon grids (400 mesh) coated with graphene oxide sheets (full details of graphene
oxide coating method to be published at a later date). Grids were frozen in liquid ethane using a FEI Vitrobot Mark IV, with 4 pL of
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sample applied to the graphene oxide coated side of the grid followed by a 15 s wait time and 1 s blot time. The Vitrobot chamber was
maintained at close to 100% humidity and 4°C. Data were collected on a Titan Krios microscope operated at 300 KV with a FEI Falcon
Il detector (eBIC facility, Diamond Light Source). Images were collected in integrating mode, with a nominal defocus range of —1.3 to
—2.8 um and at a nominal magnification of 75,000, which yielded a calibrated pixel size of 1.085 A. A dose rate of 109.2 e /pixel/s was
applied over a 1 s exposure, resulting in a total accumulated dose of 93 e /A2 Atotal of 5048 images were collected, each collected
as a movie stack of 39 frames.

Data processing - Cas1-Cas2-Csn2-DNA monomer complex

Movie frames were aligned and summed using Motioncor2 (Zheng et al., 2017). Template-free particle picking in Gautomatch, using a
circular diameter of 240 A, was initially used to pick particles for the generation of templates for reference-based autopicking.
Contrast transfer (CTF) parameters were estimated for individual particles on each micrograph using Gctf (Zhang, 2016).
Micrographs with crystalline ice, and those with incomplete graphene oxide coverage, were excluded to leave 4908 images for
further processing. Initially, a total of 853,391 particles were extracted 4x binned for two rounds of 2D classification in cryoSPARC
(Punjani et al., 2017) to remove obvious artifacts and filamentous particles. This resulted in 516,595 Cas1-Cas2-Csn2 particles for 3D
classification in RELION3 (Zivanov et al., 2018) with global searches and no mask applied. From this, 341,031 particles from classes
showing full occupancy of all of the protein components were selected and re-extracted unbinned (Figure S2A). The starting template
used for the first refinement was an ab initio map, generated from the data using cryoSPARC and all subsequent refinements
used starting models low-pass filtered to at least 30 A resolution with soft masks based on 12-15 A low-pass filtered maps
extended by 5-10 pixels. With D2 symmetry applied, the particles refined to a resolution of 4.0 A in RELIONS, as estimated by the
‘gold-standard’ 0.143 Fourier Shell Correlation (FSC) cut-off. After Bayesian polishing in RELION3 (frames 1-25, 60 e/A2 total
dose), 3D refinement gave maps at 3.6 A and 3.3 A resolution (0.143 FSC cutoff) with C1 and D2 symmetry respectively.

Regions of the map corresponding to the Cas1 and particularly the Cas2 dimers had weaker density highlighting heterogeneity in
the dataset. Therefore, 3D classification without alignment was used to separate out different states of the complex (Figure S2B). This
revealed slight rotations of the protruding Cas1 dimers relative to the core of the complex, however, refining separate classes showed
no difference in the complexes apart from the Cas1 dimer flexibility. Therefore, 306,470 particles, from five of the classes containing
complete density for the complex, were pooled to obtain a higher resolution overall map. The final 3D refinement in RELION3 gave a
map for deposition at 3.6 A resolution with C1 symmetry and at 3.2 A resolution (0.143 FSC cutoff) with D2 symmetry (Figure S2C).
Both maps were used for figure making and sharpened with a B-factor of —80 A% The D2-symmetrised map was used to aid model
building for the protein (Figures S2E and S2F) and is deposited as a supplementary map. Even without symmetry applied, the
orientations of the bound DNA are mixed as the redundant protein symmetry overshadowed the much smaller DNA signal during
image alignment.

Model Building - Cas1-Cas2-Csn2-DNA monomer complex

The Phyre2 server (Kelley et al., 2015) was used to generate a homology model of StCsn2 based on the structure of SpCsn2 (PDB
3V7F). The model was rigid-body fitted into the density, followed by iterations of jelly-body refinement with Refmac (Murshudov et al.,
1997) and manual rebuilding in Coot (Emsley et al., 2010). This was repeated for the corresponding adjacent chain to cover the two
different StCsn2 conformations within a single dimeric unit. The previously identified Ca%*-binding regions were compared to the
various Csn2 crystal structures. One site per chain, occupied in all current Csn2 structures, had clear strong density that could
accommodate a Ca®* ion in the canonical binding position. Once complete, the two chains were copied and rigid-body-fitted into
the map to generate the four symmetry-related Csn2 dimers in the complex. A similar process was used to build the two conforma-
tions of StCas1 by starting with one of the four dimers within the complex. Again, the initial template was a homology model gener-
ated by the Phyre2 server, this time from the crystal structure of EfCas1 (PDB 5XVN). After combining the eight Csn2 and eight Cas1
chains, further iterations of real space refinement with PHENIX (Afonine et al., 2018) were carried out using the D2 map before finally
switching to the non-symmetrised 3.6 A map. At this stage, 25 bp of idealized B-form linear dsDNA was rigid-body fitted into the same
map. DNA sequencing revealed no sequence preference within the sample (Figures S5C), so one strand was randomly assigned as
poly-dT and the other poly-dA. After a final round of real-space refinement against the 3.6 A map (Figure S2D), the final model
statistics were generated (Table 1).

Data processing - Cas1-Cas2-Csn2-DNA dimer complex

Initial 2D and 3D classification runs revealed a small population of particles corresponding to larger assemblies of Cas1-Cas2-Csn2,
which were distinct from the filamentous particles observed inimages of the sample (Figures S1C and S1D). After re-extracting these
particles with a larger box size, cryoSPARC was used to generate an initial ab initio model. From this, 30 A low-pass filtered repro-
jections were generated with IMAGIC (van Heel and Keegstra, 1981) for template-based autopicking with Gautomatch (Zhang, 2016).
The new set of larger particles was 4x binned and then cleaned using 2D classification (cryoSPARC) to remove contamination,
filamentous particles, and obvious monomer complexes until 38,473 particles remained. Following 3D refinement in RELIONS,
with 2x binned re-extracted particles, 3D classification without alignment isolated a homogeneous subset of particles with complete
density for the complex (Figure S3A). These 9,010 particles were re-extracted unbinned and regrouped. 3D refinement in RELION3
yielded resolutions of 8.9 A and 7.9 A with C1 and D2 symmetry respectively (0.143 FSC cutoff). Following Bayesian polishing, the
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resolution improved to 8.1 Aand 7.0 A respectively. To improve the heterogeneous density at the middle Cas2-DNA interface, a
focused 3D classification without alignment was run using a low-pass filtered mask around just the two middle Cas1Cas2 subcom-
plexes, the neighboring Csn2 tetramers and the DNA (Figure S3B). A homogeneous class containing 3,109 particles was selected
with significantly stronger density in the masked region. A final 3D refinement in RELION3 gave the deposited map with a resolution
of8.9A (0.143 FSC cutoff) with C1 symmetry and a global sharpening B-factor of -250 A2 (Figure S3C). As with the monomer unit, the
protein components were symmetrically related so a map at 7.2 A (0.143 FSC cutoff) resolution was generated with D2 symmetry to
aid model fitting and interpretation (Figure S3E).

Model Building - Cas1-Cas2-Csn2-DNA dimer complex

The coordinates of the monomeric Cas1g-Cas2,4-Csn2g complex were rigid-body fitted (Coot) at each end of the D2-symmetrised
map to give a dimeric assembly on DNA. Between each set of coordinates there was also additional density that could accommo-
date an additional two sets of Cas1,Cas2, subcomplexes; four Cas1 dimers and two Cas2 dimers. The coordinates for each
additional Cas1 dimer, complexed with the C-terminal B strand of Cas2, were taken from the monomeric Cas1-Cas2-Csn2 model
and rigid-body fitted into density. The density for the dimeric, globular Cas2 N-termini was sufficiently ordered to dock Cas2 for
the first time in the context of these complexes (Figures S3B and S3E). A homology model was generated for a Cas2 monomer
using Phyre2, based on the crystal structure of SpCas2 (PDB 5ZYF), duplicated and each chain was rigid-body fitted into the
map. This dimer was then duplicated, rigid-body fitted into the second free position, and could also be docked into the Cas2
positions within the monomeric Cas1-Cas2-Csn2 units within the dimer complex. The two fragments of idealized, linear dsDNA
within each Cas1-Cas2-Csn2 unit were rigid-body fitted and extended by two residues toward the middle Cas2 dimers. At this
resolution, it is not clear what happens to the DNA at this interface, but it is certain that the path of the two dsDNA ends would
be obstructed by the two interacting Cas2 dimers. Due to the limited resolution all residues were clipped at the C, position.
REFMAC jelly-body and then PHENIX rigid-body refinement was performed against the C1 map to generate final model statistics
(Figure S3D) (Table 1).

Data processing - Cas1-Cas2-Csn2-DNA filament complexes

Filament particle classes from initial 2D runs were used as templates in Gautomatch to pick a particle set with a size aiming to
pick units of the filaments with similar length to the Cas1-Cas2-Csn2 dimer complex. A total of 349,849 particles were extracted,
2x binned and cleaned with multiple rounds of 2D classification in cryoSPARC. Different orientations were classified separately to
filter out distinct Cas1-Cas2-Csn2 monomer and dimer particles to leave a combined particle set of 66,576 particles. An ab initio
3D model was generated from the particles and then 3D refined to a resolution of 9.1 A (0.143 FSC cutoff) with C1 symmetry,
both in cryoSPARC. From this, unmasked 3D classification in RELION3 without alignment produced related filament classes of
different lengths, the minimum unit corresponding to a similar size as the Cas1-Cas2-Csn2 dimer complex (Figure S7A). All particles
were unbinned and Bayesian polished (RELION3). 3D refinement (RELION3) with a mask around the minimal filament unit gave a map
at 7.7 A with D2 symmetry respectively (Figure S7B). This map was used to aid model docking and for figures comparing the
arrangement of the complex with that of the Cas1-Cas2-Csn2 dimer complex (Figures 5 and 6). A final map for deposition, at
9.1 A resolution with C1 symmetry, was generated from a 3D refinement (RELION3) with an extended mask (Figure S7B).

Model Building - Cas1-Cas2-Csn2-DNA filament complexes

The Cas1-Cas2-Csn2 filament model was generated in a similar way to that of the dimer complex with the minimal unit masked map
used to initially rigid body fit components. Only the coordinates for the minimal observed filament unit were docked and comprised
the same relative numbers of the subunits as the dimeric complex but arranged in a different assembly. For this complex, the Cas2
dimers were as well ordered as in the dimer complex and there was not sufficient resolution to unequivocally dock their position. As a
result, Cas2 dimers were excluded from the deposited model but were docked in the best fitting orientation for figure making for
comparing their relative position to those in the dimer complex (Figures 5 and 6). Also, in contrast to the dimer structure, the dsDNA
density was clearly continuous throughout the entire length of the filament (Figure S7D) and so linear idealized dsDNA was rigid-body
fitted based on the position assigned in the monomeric structure. The DNA density was observed to bend slightly so REFMAC
jelly-body refinement was carried out for just the DNA chains. All residues were clipped at the C,, position and refinement was
limited to rigid body-fitting of structural groups in Phenix against the deposited 9.1 A map to generate final model statistics (Fig-
ure S7C) (Table 1).

Sample library preparation for deep sequencing analysis

Cas9-Cas1-Cas2-Csn2 complexes before and after Dnasel treatment were mixed with equal volume of Phenol:Chloroform:lsoamyl
alcohol mixture (Roth) and thoroughly mixed and briefly centrifuged. Upper fraction was carefully removed and transferred to a new
tube. To this DNA containing fraction, 3 M Sodium acetate was added to a final concentration of 300 mM, 1 ul of 24% w/v PEG 6000
and 2.5 volumes of 95% ethanol chilled to 4°C. Contents were thoroughly mixed by pipetting up and down and left to precipitated
overnight at 4°C. Precipitation mixture was centrifuged at 4°C for 1 h on a microcentrifuge at ~14000 g. The liquid was decanted and
the remainder was removed carefully with a pipette without disturbing the pellet. Pellet was then gently washed with ice cold 70%
ethanol and centrifuged at 4°C for 30 min on a microcentrifuge at ~14000 g. The ethanol was removed carefully and the pellet was
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then air-dried for 15 min and subsequently resuspended in 50 pl of TE buffer (10 mM Tris-HCI pH 8, 1 mM EDTA). Concentration was
determined using a NanoDrop device (Thermo Fisher Scientific).

Samples for deep sequencing were prepared using NEBNext Ultra Il DNA Library Prep Kit for lllumina (NEB) according to manu-
facturer’s instructions. Briefly, DNA ends were prepared for adaptor ligation using NEBNext Ultra Il End Prep Enzyme Mix. Afterward,
adapters were ligated using NEBNext Ultra Il Ligation Master Mix and opened up using USER enzyme. DNA was gel purified and then
barcoded and amplified via PCR.

PCR products were again gel purified. Concentrations were determined using both NanoDrop and Qubit (Thermo Fisher Scientific).
Samples were sent for MiSeq sequencing and analysis (Figures S5A-S5C).

Integration reactions into linear substrates

75 nM of Cas9-Cas1-Cas2-Csn2, Cas1-Cas2-Csn2 or Cas1-Cas2 protein complexes were incubated with 50 nM of a synthetic linear
oligoduplex imitating part of the CRISPR region (Figure S5D) and 250 nM pre-spacer oligoduplex (in the case of Cas1-Cas2 complex)
in the integration buffer (20 mM HEPES-NaOH, pH 7.5, 25 mM KCI, 10 mM MgCl,, 1 mM DTT, 10% V/V DMSO). Reactions were
stopped by adding an equal volume of a phenol:chlorophorm:isoamyl alcohol mixture. Samples were thoroughly mixed and briefly
centrifuged. The aqueous phase was carefully removed to a separate tube and mixed with denaturing dye solution (100% formamide,
0.025% bromphenol blue). Samples were then heated for 5 min at 95°C and upon cooling, loaded onto a denaturing polyacrylamide
gel containing 8 M urea (Figures S5E and S5F). After electrophoresis, the gel was dried and exposed to a phosphorescent screen
(FujiFilm). Radioactive bands were visualized on a FujiFilm FLA-5100 scanner.

Linear partial CRISPR region substrate was prepared by annealing the following oligonucleotides (Metabion):

agatatcctacgaggttttagagctgtgttgtitcgaatggttccaaaacaaattctaaacgctaaagaggaag
cttcctctttagegtttagaatttgtittggaaccattcgaaacaacacagctctaaaacctcgtaggatatct

Pre-spacer oligoduplex was made by annealing following oligonucleotides (Metabion):

acgaggagctattggcacaacttaca
agttgtgccaatagctcctegtcatt

Linear CRISPR region substrates were prepared as follows. Oligonucleotides were radioactivelly labeled on the 5’-end with y32ATP
(Perkin Elmer) by using standard Polynucleotide Kinase (Thermo Fisher Scientific) reaction. On the 3’-end, labeling was performed
using Terminal Deoxynucleotidyl Transferase (Thermo Fisher Scientific) and «>2Cordycepin triphosphate (Perkin Elmer). Substrates
labeled on the 3’ end were purified by phenol:chlorophorm:isoamyl alcohol extraction and ethanol precipitation, because TdT reac-
tion buffers contain Co?* ions, which may interfere with the downstream reaction. Only one oligonucleotide of the pair was labeled at
a time. Afterward, labeled and non-labeled oligonucleotides were mixed together and annealed by heating to 95°C in a water bath
and then cooling to room temperature.

DATA AND SOFTWARE AVAILABILITY
The accession numbers for the deposited coordinates and maps from this work are:

PDB 6QXF and EMD-4668 (Cas1-Cas2-Csn2-DNA monomer complex), PDB 6QXT and EMD-4670 (Cas1-Cas2-Csn2-DNA dimer
complex), PDB 6QY3 and EMD-4671 (Cas1-Cas2-Csn2-DNA filament complex).
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