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Abstract

CRISPR drives prokaryotic adaptation to invasive nucleic acids such as phages and plasmids using
an RNA-mediated interference mechanism. Interference in Type | CRISPR-Cas systems requires a
targeting Cascade complex and a degradation machine Cas3, which contains both nuclease and
helicase activities. Here we report the crystal structures of Cas3 bound to ss-DNA substrate and
show that it is an obligated 3’-to-5’ ss-DNase preferentially accepting substrate directly from the
helicase moiety. Conserved residues in the HD-type nuclease coordinate two irons for ss-DNA
cleavage. ATP coordination and conformational flexibility are revealed for the SF2-type helicase
moiety. Cas3 is specifically guided towards Cascade-bound target DNA with a correct PAM
sequence, through physical interactions to both the non-target substrate strand and the CasA
protein. The cascade of recognition events ensures a well-controlled DNA targeting and
degradation of alien DNA by Cascade and Cas3.
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Introduction

CRISPR (Clustered Regularly Interspaced Palindromic Repeats) drives adaptation to
invasive nucleic acids such as phages, conjugative plasmids, and transposable elements
using an RNA-mediated interference mechanism that has fundamental similarities to our
innate and adaptive immune responses 1~3. This RNA-based adaptive immunity system
involves a noncoding CRISPR array and a nearby cas (CRISPR-associated) operon*—. The
encoded Cas proteins are involved in three key molecular events: CRISPR (Clustered
Regularly Interspaced Palindromic Repeats)-Cas systems mediate three key molecular
events: (1) adaptation through the insertion of short segments of “spacer DNA” derived from
foreign genetic elements into the CRISPR array; (2) transcription of the CRISPR array and
the endoribonucleolytic processing of it into crRNA,; and (3) crRNA-guided degradation of
the foreign DNA7 containing spacer-complementary sequences'—3 (RNAs are targeted in
Type 111-B CRISPR systems, as exemplified in Sulfolobus solfataricus and Pyrococcus
furiosusd).

Based on the mutually exclusive presence of signature proteins Cas3, Cas9, and Cas10 in
cas operons, known CRISPR-Cas systems can be further divided into Type I, I1, and 111
classes, respectively, each achieve crRNA-guided nucleic acid degradation through a
distinct mechanism®. The three major types can be further divided into subtypes. For
example, the most wide-spread Type | system, accounting for 95% of all CRISPR systems,
can be classified into six different subtypes (I-A to I-F), each encoding a unique set of
subtype-specific Cas proteins®. Focusing on the most prevalent Type | systems, the
emerging theme is that crRNA-guided ds-DNA degradation requires a targeting complex,
the ~400 kDa Cascade (CRISPR associated complex for anti-viral defense), and a DNA
unwinding and degradation enzyme, the Cas3 proteinl0-11, The seahorse-shaped Cascade
promotes the invasion of crRNA into ds-DNA to selectively base-pair with the target strand
DNA while looping out the non-target strand, generating the “R-loop” structurel2-14,
Subsequently, Cas3 is recruited by Cascade to degrade the target DNA, preferentially from
the non-target strand12:14-16,

Being the signature gene and an essential factor in all Type | CRISPR systems, cas3
typically encodes an N-terminal HD nuclease and a C-terminal Type A (3/-to-5)
Superfamily 2 (SF2) helicase. Such nuclease/ribonuclease and helicase fusion proteins can
be found in DNA replication/repair and RNA processing or interference systems7-20,
Different modes of mechanistic coupling may exist depending on the architecture of the
fusion enzyme. The HD nuclease has been characterized as a metal-dependent exo- and/or
endo-nuclease, and the apo crystal structures revealed the presence of one or two divalent
metals chelated by the invariable HD-motif at the active site 15:16.21-23 The coordination
and function of these metal ions in DNA binding and catalysis was not convincingly defined
since the available structures lacked the bound DNA substrate. The Type A SF2 helicase in
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Cas3 was shown to consume ATP and unwind a DNA duplex by displacing the nicked
strand in a 3/-to-5’ direction?223, Studies further reveal that Cas3 is activated at the
Cascade-marked R-loop region, and it preferentially cleaves the non-target strand DNA ~12-
nt into the R-loop region, then moves 3’-to-5" driven by ATP hydrolysis, which is then
followed by a similar degradation action on the target strand-16. A recent study suggests
that recruitment of Cas3 involves interaction with the CasA component of the Cascade
complex?4,

To fully understand the Cascade-activated DNA unwinding and degradation mechanism, we
determined the crystal structure of the Cas3 protein bound to a ss-DNA substrate and
biochemically defined its physical interactions with the Cascade complex. The catalysis
mechanism of the HD nuclease was revealed with the snapshot of the ss-DNA substrate
coordinated by two catalytic irons in the active site. The SF2 helicase was captured at open
conformation, with and without an ATP molecule bound, providing hints about the ATP
hydrolysis driven conformational switching cycle. The functions of the Cas3-specific
structure features were revealed with the CRISPR interference assays and biochemical
reconstitutions. We showed that Cas3 was specifically guided towards Cascade-bound target
DNA in the presence of an optimal Protospacer Adjacent Motif (PAM) sequence, and
through physical interactions with the CasA component of the Cascade and the non-
complementary strand of the ds-DNA substrate. The stringent set of recognition events
ensures a well-controlled DNA targeting and degradation of alien DNA in the Type |
CRISPR-Cas system.

Overall structure of the ss-DNA bound T. fusca Cas3 at 2.65 A resolution

The crystal structure of the Cas3 protein in the Thermobifida fusca CRISPR-Cas Type I-E
system was determined at 2.65 A resolution, with a 12-nt endogenous ss-DNA substrate
bound (Fig. 1; Table 1). The structure provides a snapshot of Cas3 where two enzymatic
activities are combined to unwind and degrade its DNA substrate (Fig. 1a, b). The SF2
helicase has a classic arrangement of two juxtaposed RecA domains, followed by Cas3-
specific structure features, including a long linker helix and an accessory C-terminal domain
(CTD) spanning the top. The HD nuclease domain packs against the first RecA-like domain
(RecAl) of the helicase through a large, conserved ~4200 A2 hydrophobic interface. The
key interface residues, including W216, L217, and L260 from HD and W406, R412, L 415,
F441, and WA470 from RecAl, are highly conserved (Figs. 2a, S1). The RecAl and RecA2 at
the helicase core are separated by a cleft, where the ATP binding/hydrolysis induced
conformational changes are expected to take placel’2. Following RecA2, a horizontally
packed linker helix spans the entire helicase back to the HD domain. This is followed by a
flexible linker projecting towards CTD, wrapping one side of the DNA-binding platform.
The CTD contacts conserved surface loops in each of the RecA-like domains on the
opposite side of the platform (Fig. 2b), burying a total surface area of ~2020 A2, and leading
to the formation of a closed ss-DNA threading channel.
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The Path to degradation inside Cas3

A ss-DNA substrate spanning both enzymatic moieties is captured in the pre-cleavage state
in the crystal structure, providing insights about the concerted DNA unwinding and
degradation actions of Cas3. This substrate is endogenous DNA in origin, co-purified with
the Cas3 protein (Fig. S2a), and was likely further processed during crystallization. Electron
densities are visible for six nucleotides in the helicase region, three in the HD nuclease
region, and two can be inferred in between (Fig. 1c—e). The DNA substrate traverses the
most conserved surface regions in Cas3 (Fig. S3), and makes multiple sequence-nonspecific
contacts along the path (Fig. 1c). The 5’-end of the DNA substrate enters from RecA2 side
of Cas3. A short separation helix is inserted between nucleotide (nt-)1 and 2; the conserved
R729 and V734 may play a role in committing nt-2 and beyond into the tunnel. The putative
separation hairpin (aa715-727), conserved in many SF2 helicase to wedge into the ds-
DNA s disordered in our structure. The sugar-phosphate backbones of nts-2—-4 and 5-7
are contacted by RecA2 and RecAl, respectively, providing two anchoring points to enable
the expected inchworm movement in the SF2 helicase (Fig. 1d). Contacts from RecA2
include salt bridge and hydrogen (H)-bond interactions from R622 and Q660 to nt-2, S621
and T659 to nt-3, and R628 and Q664 to nt-4. RecA1-DNA contacts are from T337, M338,
and E424 to nt-5; S372, T422, and Q425 to nt-6; and M428 to nt-7. Emerging from the
helicase channel, the nucleoside portion of nt-7 and nt-8 is difficult to trace due to lack of
defined contacts, but density reappears towards the active site of the HD nuclease (nt-9~11
and phosphate of nt-12) after an ~90° twist at the sugar-phosphate backbone. Here, ss-DNA
binding is assisted by Lys411(nt-10), Trp216(nt-10) as well as active site residues and
catalytic metal ions (Fig. 1e). The electron density is poorly resolved beyond the labile
phosphate of nt-12 at the HD active site, residual electron density suggests that the leaving
nucleotide kinks 90° upward to avoid steric clashes (Fig. 1e). This sharp geometry distortion
may form the basis for the HD nuclease to disfavor ds-DNA substrates. Overall, the path of
ss-DNA substrate nicely demonstrates that Cas3 is an obligated 3’-to-5” ss-DNase,
preferentially accepting its substrate directly from the helicase moiety.

Metal coordination and catalysis mechanisms inside the HD nuclease

The HD nuclease has been characterized as a transition state metal-dependent single-
stranded exo- and/or endo-nuclease!®16:21-23 The metal coordination scheme differs
significantly among the published apo crystal structures 2123 (Fig. S4). This may be the
result of active site perturbation due to harsh purifications and/or the lack of ss-DNA
substrate?1-23, ss-DNase activity could be detected from T. fusca Cas3 with the supplement
of Mg?*, Mn2*, or Co?*, and the cleavage product contained a 5’-PO43~ and a 3/-OH (Fig.
S2hb-e). The substrate-bound Cas3 structure provides significantly more mechanistic insights
regarding the substrate coordination and catalysis mechanism. The labile 3’-P bond spanning
across the HD active site is trapped in the pre-cleavage state, and the two non-bridging
oxygen atoms interact strongly with the two irons (most likely in Fe!! state) in the HD active
site (Fig. 3a). The identity of the unexpected irons was subsequently verified using x-ray
absorption fine-structure (XAFS) analysis and an anomalous difference map collected at the
absorption edge of iron (Fig. S5). The strong affinity suggests that they are constitutive
cofactors. The metal ions are coordinated by a cluster of highly conserved active site
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residues, including the invariable residues HgzDg4 (HD motif), H37, H115, H149, H150,
and a less conserved residue D215. The soft nature of the iron chelating groups dictates the
binding of transition state metal ions rather than Mg2* in these two sites. A similar active
site configuration was observed in a recently deposited apo putative HD nuclease domain
structure (Fig. S4d), suggesting that the two-iron-architecture is likely conserved in a large
percentage of Cas3 proteins. The strategic position of these two irons suggests their
involvement in catalysis by i) coordinating a deprotonated water molecule between the two
irons for nucleophilic attack, and ii) to stabilizing the negative charge together with K87
during the transition state26. Other HD nucleases likely coordinate transition metals at
equivalent positions, although the exact configuration has not been fully resolved in the
published apo structures possibly due to harsh purification conditions, weaker binding
affinity, and/or the lack of ss-DNA substrate?1-23,

Define the function of HD active site residues using in vivo CRISPR interference assay

An invivo CRISPR interference assay was set up in E. coli to evaluate the function of HD
active site residues (Fig. 3b). Induction of T. fusca Cascade and Cas3 expression led to
efficient CRISPR interference when the target plasmid bears a protospacer adjacent to a
strong Protospacer Adjacent Motif (PAM) sequence (5’-WAK; 5-AAG being the most
potent); interference dropped to background level with a weak PAM present (Fig. 3c).
Knocking out either Cas3 HD nuclease or helicase activity by previously characterized
mutations (D84A and D451A, respectively, and the D84A/D451A double mutant) reduced
the crRNA-mediated plasmid degradation process to the background level, suggesting that
both enzymatic activities are essential in CRISPR interference (Figs. 3d, 4d). Based on the
new structural insight, HD residues involved in iron coordination (H37, H83, H115, and
H149/H150), or ss-DNA binding (K23) were subjected to alanine scanning mutagenesis, and
all resulted in dramatic loss-of-function phenotype similar to D84A mutant, confirming their
essential role in the HD nuclease (Fig. 3a). The conserved residues S219 is strategically
located to the 3’ leaving oxygen of the substrate and may be involved in its protonation.
S219A mutation led to a significant loss-of-function in the in vivo assay (Fig. 3c).

Essential features and ATP binding mode inside the Type A SF2 helicase of Cas3

Our crystal structure reveals that the nine of the twelve typical sequence commonly found in
SF2 helicases are well conserved in Cas3 motifs (I-VI, la-d, IVa, Q)172527 (Fig. 4a).
Binding of ss-DNA involves a subset of these motifs (la, 1b, 1d, I1I, IV, IVa, and V) (Fig.
S6a). Motif Ic is uniquely found in Cas3 and is essential in coordinating the HD and helicase
activities (see below). Other Cas3-specific structure features include a sideway parked linker
helix and the CTD domain that follow the helicase core, both were shown to be functionally
important for Cas3 function (see below).

ATP, its non-hydrolyzable analog AMPPNP, and ADP were soaked into the Cas3 crystals
and the resulting structures were determined at 3.1, 2.9, and 3.1 A resolutions, respectively
(Figs. 4b, S6b-d; Table 1). Their binding did not lead to full-scale conformational changes28
due to crystal lattice trapping (Fig. S6e—f). Recognition of the adenosine moiety is identical
among three structures (Figs. 4c¢, S6b—d): it involves bidentate H-bonds to the Hoogsteen
edge of adenosine from Q284 (Motif Q), base stacking from L277, and a H-bond to 2’-OH
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from E313. The first interaction disfavors binding of GTP to the same pocket, and the last
one disfavors the binding of dATP. A second stacking interaction to the bottom of the
adenine ring, observed in some helicase structures, is noticeably missing, likely from
uncompleted conformational changes?®. The triphosphate moiety is accommodated by a
hairpin loop in Motif | (Walker A) through multiple electrostatic mainchain contacts from
G308, E309, and G310. In the ATP-bound structure, the triphosphate moiety adopts an
extended conformation, pointing towards D451 and E452 in Motif 1| (DEAH, Walker B
motif). Mg2* was supplemented in substoichiometric amounts and was not observed near
the beta and gamma phosphates. However, residues responsible for positioning the Mg?*,
such as T312 and D451 in Motifs I and 11, as well as E452, the residue responsible for
coordinating the attacking water molecule, are well conserved in space, suggesting that Cas3
would function as a typical SF2 helicase.

Functional importance of the Cas3-specific helicase features

Since these SF2 motifs have been well-defined, we focus the mutagenesis on Cas3-specific
structure features. Motif Ic is uniquely found in Cas3 and its strategic position suggests an
involvement in coupling the helicase and nuclease activities. Indeed, R410A/K411A and
R410Y/K411F/R412A targeting Motif Ic both led to strong loss-of-function phenotype
similar to that of HD active site mutants (Fig. 4c). Replacing the linker helix (aa777-815)
with a Gly/Ser linker was also more detrimental than the helicase null mutant, suggesting an
essential function for this structure feature (Fig. 4c). Deletion of CTD (aa819-924) reduced
CRISPR interference to the helicase null mutant level (Fig. 4c).

Biochemical reconstitution of the Cascade-Cas3 interaction

A missing link in Type | CRISPR system is the definition of specific interactions that lead to
the Cas3 recruitment by a target DNA-bound Cascade. To address this, we reconstituted the
Cascade-Cas3 interaction using electrophoretic mobility shift assay (EMSA) for deeper
mechanistic dissections. Unlike the E. coli Cascade, the purified T. fusca Cascade mostly
dissociated into free CasA and a crRNA-containing CasB-E sub-complex in the absence of a
proper substrate (Figs. 5a—c); intact Cascade was only stable when bound to a protospacer
and PAM containing ds-DNA, a bubbled substrate, or a nicked substrate mimicking an R-
loop intermediate (Figs. 5d, 6a). The affinity of Cas3 alone for various DNA substrates was
rather weak, and the rate-limiting step appeared to be at the substrate binding/exchange step
(Fig. 64, right 3 lanes). The nicked R-loop mimic supported the most stable Cas3-Cascade
interaction, and Cas3 was specifically recruited to the Cascade when a series of conditions
are met: 1) an intact Cascade where CasA was stably bound, 2) an optimal PAM sequence in
the substrate; PAM substitution in either or both strands of the DNA substrate disrupted
binding, presumably due to CasA dissociation (Fig. 6a, lanes 10-18), and 3) a 3’-overhang
of at least 10-nt long in the non-target strand DNA; no Cas3 binding was detected when a 5-
nt overhang was used (Fig. 6a, lanes 1-9). The 10-nt overhang requirement is roughly
consist with the 11-nt ss-DNA inside our Cas3 crystal structure, suggesting that stable Cas3-
Cascade association likely requires the non-target DNA strand to thread through the helicase
to reach the HD active site in Cas3 (Fig. 1). Inclusion of AMPPNP or use of D451A helicase
mutant strengthened Cas3-Cascade interaction, whereas ATP incubation led to much weaker
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interaction, presumably because the elevated helicase activity allowed Cas3 to clear the
Cascade (Fig. 6b).

The function of the Cas3-specific structure features became apparent in the Cascade-Cas3
interaction assay (Fig. 6b). Cas3 lacking CTD (aal-818) exhibited weakened affinity for
Cascade. Complementing this truncation with CTD in trans restored its Cascade binding
affinity to the wild type level, which is consistent with our structure model suggesting that
the CTD domain regulates HD nuclease activity by functioning as a substrate filter. More
importantly, Cascade binding was completely lost when the linker region in Cas3 was
replaced by a flexible linker, pointing to a strong involvement of this region in Cascade
interaction. Finally, HD nuclease mutant H83A also exhibited weaker affinity for Cascade,
consistent with an accessory function of the HD domain in stabilizing the Cascade-Cas3
interaction by grabbing tighter to the substrate.

Discussion

The most wide-spread Type | CRISPR-Cas system can be further classified into six different
subtypes (I-A to I-F), each encoding a unique set of subtype-specific genes®. While the
composition of the target-searching Cascade complex varies significantly among these
subtypes, the effector gene cas3 is universally conserved in all Type | systems, underlining
its functional importance. The analysis of the Cas3 crystal structure in this study reveals the
special arrangement of the nuclease and helicase activities inside the ~100 kDa Cas3 protein,
sheds light into its DNA unwinding and degradation mechanism. The biochemical
reconstitutions further define the set of conditions leading to the Cas3 recruitment to the
Cascade-bound DNA substrate.

While the HD nuclease inside Cas3 was correctly defined as a transition state metal
dependent ss-DNase, its exact catalysis mechanism remained elusivel®1622-24 Oyr Cas3
structure reveals the coordination of two constitutively bound catalytic iron cofactors and
their interactions with the ss-DNA substrate. Questions remain about why the ss-DNA
substrate was not cleaved inside the Cas3 crystal. A possibility is that only Fe!l, but not its
oxidized Fell' form, is capable of supporting the HD nuclease activity, and that our T. fusca
Cas3 may have been slowly inactivated during purification and crystallization due to Fe'!
oxidation, leading to the observation of a trapped ss-DNA in its precursor form. Efforts are
underway to investigate this possibility, and to provide further snapshots of Cas3 in various
stages of the enzymatic cycle.

The structure features commonly found in SF2 helicases are well conserved in the Cas3
helicase region1’25.27 This suggests that Cas3 would function like a typical SF2 helicase to
unwind ds-DNA17:25.2717,25,2718,25,2717,2426 SE1 and SF2 monomeric helicases has been
shown to unwind ds-DNA using an inchworm mechanism7:2527, That is, binding of ATP to
RecAl would induce a rotation and closing movement in RecA2 to orient important residues
for ATP hydrolysis. This structure compression is then relieved after ATP hydrolysis and
dissociation. The ATP induced conformational change, coupled with alternate tight-loose
grip on ss-DNA from the two RecA-like domains, leading to the inchworm movement of the
helicase on one-strand of ds-DNA to unwind ds-DNA. The compression of the helicase

Nat Struct Mol Biol. Author manuscript; available in PMC 2015 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Huo et al.

Page 8

upon ATP binding was not captured in the Cas3 crystals presumably due to crystal lattice
trapping, however, hints of such movement is shown when we compare the four Cas3
molecules in the asymmetric unit of the crystal lattice, since they undergo different extent of
rigid-body movement in the crystal lattice (Fig. S6e). A hinge motion in the ATP-binding
cleft results in a closing-in motion in molecule D, such that its HD domain shifts as much as
3 A, causing the active site metal ions and ss-DNA substrate to move ~1.7 A (Fig. S6f).
Such movements give hints about the consequence of ATP binding/hydrolysis induced
conformational changes in the Cas3 helicase region, and point to a concerted mechanism to
couple the inchworm movement of the helicase with the substrate translocation in the HD
nuclease active site.

Taken together, the Cas3 crystal structure enabled us to resolve some of the most important
mechanistic questions in the Type | CRISPR-Cas system. The two enzymatic activities in
Cas3 work in a concerted fashion at several levels. Apart from unwinding and feeding the
substrate into the HD nuclease, the helicase moiety also initiates the recruitment of the latter
activity through physical interactions with the CasA component of the R-loop presenting
Cascade (Fig. 6b). Subsequently, the HD nuclease strengthens the Cascade-Cas3 interaction
with its strong ss-DNA binding affinity at the active site (Fig. 6b). Cascade-Cas3 interaction
only occurs when a cascade of conditions are met, reflecting an evolutionary pressure to
tightly regulate the activation of Cas3-mediated DNA degradation.

In consideration of the initial steps involving Cascade-mediated recruitment and activation
of Cas3 at the R-loop region, questions remain about how Cas3 is loaded to the non-target
strand in the R-loop structure prior to the first cleavage event, as threading a looped ss-DNA
without open 3’-end through the caged Cas3 helicase would be topologically challenging.
Although it is possible that the HD nuclease makes the first cut bypassing the helicase, the
existing data'®16 are more consistent with a model in which the CTD of Cas3 transiently
dissociates, possibly triggered by interaction with the Cascade, to allow ss-DNA placement
into the helicase. Such accessory domain movement is observed in other helicases, as
exemplified in UvrD28. Following CTD re-association, the HD nuclease makes the first cut
and converts Cas3 into the processive conformation observed in the crystal structure, and
ATP hydrolysis further drives 3’-to-5 unwinding and degradation. An alternative model to
resolve the topological challenge involves the retraction of the long flexible linker sequence
(aa 816-832) beyond the HD nuclease to expose the side of the ss-DNA recruitment channel
along Cas3. Single molecule fluorescent resonance energy transfer (FRET) experiment and
co-crystal structures of the Cas3 bound to the target presenting Cascade complex will be
required to distinguish these two competing models.

Online Methods

Expression, Purification, crystallization and Diffraction of Cas3 protein

The full-length T. fuaca cas3 (Accession N0.:Q47PJO, Gene name: Tfu_1593) fused to a N-
terminal Hisg-tag was cloned into the pET28-b expression vector between Ndel and Xhol
restriction sites. Escherichia coli BL21 (DE3) star cells containing the sequence-verified
Cas3 construct were grown in LB medium at 37 °C to O.D.ggg of 0.6, and the protein
expression was induced by the addition of 0.5 mM isopropyl b-D-1-thiogalactopyranoside
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(IPTG), and the further culturing at 18 °C for 16 hours. The harvested cells were disrupted
by sonication in buffer A (20 mM Tris-HCI pH 7.5, 300 mM NacCl, 10% glycerol, and 2 mM
B-mercaptoethanol). The supernatant after centrifugation was applied onto the Ni-NTA
column pre-equilibrated in Buffer A. Following 10-15 column volumes of wash in Buffer A
plus 5 mM imidazole, Cas3 protein was eluted with Buffer A plus 250 mM imidazole. After
dialysis into low-salt buffer, Cas3 was further purified on MonoS column, and the peak
fractions were concentrated and purified on Superdex 200 column. The peak fractions were
concentrated to 20 mg/ml and flash-frozen at 80 °C. A similar purification procedure was
followed to obtain Se-methionine derived proteins. Cas3 crystals were grown using hanging
drop vapor diffusion method by mixing 1 ul of protein solution with 1 pl of mother liquid
(100 mM MES, pH 6.0, and 24% PEG 4000) at 18 °C. ATP, AMPPNP, and ADP bound
structure was determined from crystals soaked in the well solution supplemented with 2 mM
of each compound and 1 mM MgCl, over night. Diffraction data were collected through
mail-in data collection service at beam lines in APS NECAT, processed using Program
HKL20002%, Mutant Cas3 plasmids were constructed by site-directed mutagenesis.

Cas3 mutants were constructed using site-directed mutagenesis. Proteins were purified using
Ni-NTA and MonoQ columns, concentrated to over 10 mg/ml, and stored at —20°C in 50%
Glycerol.

Phasing, model building and structure refinement

The initial experimental phases were determined by single-wavelength anomalous
dispersion (SAD) method using a data set collected at the tantalum L-111 absorption edge
from a crystal derivatized with TagBry cluster. The positions of 4 cluster sites were located
using SHELXC/D30. Low-resolution SAD phasing was carried out at 6.0 A using
Phenix.autosol3L, in which the four TagBr1, clusters were treated as superatoms. The
resulting phases were then improved and extended to 3.0A using Phenix.autobuild32 by
applying the noncrystallography symmetry (NCS) identified by Molrep33. The Ta cluster
phases allowed the placement of some alpha-helices and beta-sheets into the electron density
map. To reliably trace the entire Cas3 molecule, we switched to the 3.5 A Se-SAD data set,
where 51 different Se sites were identified from the anomalous difference electron density
map by combining the Se-SAD anomalous diffraction data set with the Ta phases. These
sites provided enough phasing power to generate a traceable electron density map and partial
models for all four copies of Cas3 molecules using the automated experimental phasing and
model building procedures in Phenix.autosol3! and Phenix.autobuild32. The phases were
further improved by density modification using DM34, and the model was manually rebuilt
into the electron density map using Coot32. The result model was refined using
REFMAC536 and Phenix.refine3”. The Ry Statistics of the final structure models are well
below 30%, with good r.m.s. deviations in bond length and bond angle. The backbone
conformations of ~93-96% of the protein residues are in the most favored region in the
Ramachandran plot, ~4—-7% in the allowed region, and none in the disallowed region. The
geometry of coordinates was validated by MOLPROBITY38. All figures were generated
using PyMOL (http://www.pymol.org).
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X-ray absorption fine-structure (XAFS) analysis for metal ion identity

Energy-dispersive X-ray spectroscopy (EDS) was carried out using a silicon drift detector
(model X-123SDD, Amptek Inc, USA) at NE-CAT 24I1D-C beam line. The built-in multi-
channel analyzer of X-123SDD was calibrated with known fluorescent emission lines of
several metals. The gain of the detector was set to 75%, corresponding to an energy range of
0-16.7keV. EDS experiments were carried out with incident X-ray energy of 12.66keV, just
above the K absorption edge of Selenium. First, EDS spectrum was recorded for 127.85
seconds with X-rays incident on the crystal in the cryo-loop (Fig. S5a). As a negative control
experiment, EDS was also recorded for 190.7 seconds on the cryo-loop, but away from the
crystal (Fig. S5b). To verify the presence of Iron in the crystal, near edge X-ray absorption
fine structure spectroscopy (XAFS) was further carried out on the crystal (Fig. S5c) and
away from the crystal (Fig. S5d) by tuning the incident X-ray energy close to K absorption
edge of Iron. The anomalous-scattering components, ' and f were derived from XAFS
spectrum using the program CHOOCH?3,

Expression and Purification of T. fusca Cascade complexes

T. fusca cascade operon encoding casA to CaskE genes (Tfu_1592 to Tfu_1588) was PCR
amplified from the genomic DNA and cloned into a pET expression vector. A Hisg tag was
inserted via mutagenesis into the N-terminus of casB for Ni-NTA purification. Co-
expression of Tfu_Cascade with pre-crRNA expression vector led to a stable crRNA-
containing CasB-E sub-complex, with CasA weakly associated. Subsequently, CasA was
removed from the expression operon and recombinantly expressed separately as a Hisg-
tagged protein, and purified into homogeneity using Ni-NTA and MonoQ columns. CasB-E
sub-complex lacking CasA was purified using Ni-NTA, MonoQ, and Superdex 200 columns
(Fig. 5). Even though the Superdex 200 SEC peak fractions contained CasB-E proteins at
the correct stoichiometry, the higher molecular weight half of the peak contained
contaminating nucleic acids, which resulted in various degree of aggregation as revealed by
the 6% native gel (Fig. 5b). The fractions lacking these contaminating nucleic acids were
pooled, concentrated to over 10 mg/ml, and flash-frozen in small aliquots in —80°C for
biochemical assays.

In vivo Assay for T. fusca Cascade and Cas3 mediated target plasmid loss

We modified the assay from a published protocol* to recombinantly express the T. fusca
Cascade and T. fusca Cas3 for target plasmid destruction in the E. coli BL21_Al cell ling,
which does not express the E. coli CRISPR and cas operons. The experimental design and
the list of plasmids used are detailed in Fig. 3b and Table S1, respectively. All Tfu_Cas3
constructs were pET28b (KanR) based. The Tfu_Cascade expression construct was
generated by inserting the T. fusca CasA-E fragment into a pBAD (ApR) vector. The pre-
crRNA expression cassette containing four identical CRISPR units under the control of T7
RNA polymerase promoter and terminator was synthesized by GenScript and cloned into the
pACYC-Duet-1 (CmR) vector. A 332 bp fragment of A phage genome containing a matching
protospacer and a 3-bp Protospacer Adjacent Motif (PAM) was cloned into the pCDFDuet-1
(SmR) vector to serve as the target DNA. All plasmids were sequence verified. The
pET28b_Cas3, pBAD_Cascade, pACYC_CRISPR and pCDF _target plasmids were
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transformed into BL21_Al competent cells, grown on LB plates containing kanamycin (50
ug/ml), ampicillin (100 pg/ml), streptomycin (50 pg/ml) and chloramphenicol (34 pg/ml).

In the PAM sequence evaluation assays, the four-plasmid-containing BL21 Al cells from a
single colony were cultured at 37 °C in non-selective LB media to O.D.gqg of 0.3, at which
point the expression of T. fusca Cascade, Cas3, and pre-crRNA was induced for 12 hour by
the addition of 0.5% L-arabinose and 2.5 mM IPTG. Cell culture was then divided into two
equal volumes and plated onto Kan+Ap+Cm LB plates (non-selective for pCDF _target) and
Kan+Ap+Cm+Sm plates (selective for the target plasmid) in series of dilutions. The number
of colonies on each plate was counted after overnight incubation at 37 °C. The CRISPR
interference efficiency was reflected in the ratio of colony forming units on the non-selective
versus selective plates. 10-fold titration series were routinely plated to capture the dynamic
range. Each experiment was repeated three times to calculate the standard deviations.

All Cas3 mutants were evaluated following a slightly different protocol. The target plasmid
contains the strongest PAM sequence, 5’-AAG. After induction of Cascade and Cas3
expression, the E. coli cells were incubated for 6 hours before plating, instead of 12 hours
used in the PAM sequence assays. The shorter induction time led to slightly reduced
dynamic range in CRISPR interference efficiency. However, the disadvantage is outweighed
by a significantly reduced error spread, making the mutagenesis data more reliable for
quantitative comparison.

in vitro reconstitution of Cas3-Cascade/R-loop interaction

DNA oligos (Table S1) were chemically synthesized and gel-purified. The non-target DNA
strand was 32P-labeled and annealed with the target strand at 1:2 molar ratio by incubating at
65 °C for 10 minutes followed by on-bench cooling. The Cascade/R-loop complex (or
mimics) were assembled by incubating the annealed DNA substrate with 40 nM CasB-E and
50 nM CasA at 25 °C for 20 minutes in a buffer containing 20 mM HEPES pH7.5, 100 mM
NaCl, 10 mM MgCly, 10 uM FeCl, 2 mM AMPPNP (or ATP), and 5% Glycerol. Wild-type
or mutant Cas3 protein were then introduced at two different concentrations (20 nM or 80
nM), and the reaction mixture was incubated at 37 °C for an additional 30 minutes. The
reaction mixtures were then electrophoretically separated on a 6% Tris/Borate/EDTA (TBE)
native PAGE in the cold room. The gel was exposed to a storage phosphor screen, and the
radiograph signals were recorded by a Typhoon 9200 machine. All controls were done in the
same buffer condition following the same incubation procedure.

Nuclease assay

Nucleic acid cleavage reactions were performed at 37 °C for 60 min in a buffer containing
10 mM Tris—HCI pH 8.0, 60 mM KCI, 10 mM MgCl,, 1mM dithiothreitol (DTT), where 0.1
UM 5’-Cy5-labeled ss-DNA was incubated with 1 pM of wild type or mutant Cas3 proteins.
Reactions were initiated by the addition of protein, and stopped by the addition of 3X stop
buffer [67.5 mM EDTA, 27% (v/v) glycerol, and 0.3% (w/v) SDS]. The reaction mixture
was separated by electrophoresis on 10% (w/v) 8 M urea polyacrylamide gel (PAGE), and
the Cy5 fluorescent signal was recorded using Typhoon 2900. The metal-dependency
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experiment was carried out in essentially the same condition, except the Mg2* was

Su

Supplement

bstituted with 10 mM other metal ions.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overall structure of ssDNA-bound T. fusca Cas3 protein
(a). Domain organization and (b) overall structure. HD, RecAl, RecA2, linker, and CTD

domains and the bound ss-DNA substrate are colored in silver, cyan, green, pink, magenta
and yellow, respectively. This coloring scheme is followed throughout figures. (c) DNA
recognition diagram. Contacts from Cas3 residues to base, ribose, or phosphate of ss-DNA
are illustrated in dashed lines. Two disordered nucleotides are shown in stripes. Views of the
Cas3-DNA interaction in the helicase (d) and HD nuclease (e) regions. 2Fo-Fc ss-DNA
electron densities (1.50) in light grey, protein in cartoon, and DNA-contacting side chains in
sticks.
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Figure 2. Domain interfacesinside Cas3
(a) Surface representation of Cas3 structure showing that CTD completely wraps the ss-

DNA inside the helicase. Domains are colors as in Figure 1. Left inset: Schematics of DNA
unwinding and degradation mechanism inside Cas3. The SF2 helicase feeds the 3’ DNA
strand directly to the HD nuclease active site for degradation. (b) Conserved hydrophobic
interactions at the HD-RecAl interface, viewed from the HD side into RecAl. The two
domains, HD in cartoon and RecAl in surface representations, are colored according to the
sequence conservation, dark red for the highly conserved residues, cyan for variable
residues. The key interface residues are highlighted in sticks, colored according to their
conservation. Carbon atoms from the HD and RecAl side chains are colored in white and
light green, respectively. (¢) CTD-ReaAl (in pink and cyan, respectively) and CTD-RecA2
(in pink and pale green) interfaces. Contacting residues are highlighted in sticks, colored
according to their conservation.
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Figure 3. Substrate recognition and catalysisin the Cas3 HD nuclease
(@) View of HD nuclease active site in the pre-cleavage state. Two irons are coordinated by

highly conserved HD residues and mediate inner sphere coordination to each of the non-
bridging phosphoryl oxygen atoms in the leaving nucleotide (nt-12). Cleavage site is marked
by a red arrow. (b) Schematics of the in vivo CRISPR interference assay. See online
methods for details of the procedure. (c) Evaluation of PAM sequences using in vivo
CRISPR interference assay. The consensus is 5-WAK, and the strongest PAM 5-AAG was
used in subsequent assays. Averages and Standard Deviations (s.d.) from independent
triplicates (n=3) are shown for data points here and in Fig. 3d and 4c. (d) HD active site
mutagenesis using the same assay with shorter Cascade+Cas3 induction time (see
supplemental methods for details).
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Figure 4. SF2 Helicase dissected
(a) Mapping of the common SF2 motifs and Cas3-specific motifs onto the ATP-bound Cas3

structure. (b) Close-up of the ATP-binding interactions. Motifs are shown in parenthesis.
More details are in Fig. S8. (c) Helicase region mutagenesis done using the same procedure
as in Fig. 2c.
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Figure 5. Reconstitution of Cas3-Cascade/R-loop interaction in vitro from purified components
(a) Cascade (CasA-E) purification. SDS-PAGE of the Size Exclusion Chromatography

(SEC) peak containing the co-expressed T. fusca Cascade. The protein identity in each band
was verified by mass spectrometry. The expected stoichiometry of CasA-E and crRNA is
1:2:6:1:1:1. CasA is significantly sub-stoichiometric. (b) CasB-E Cascade sub-complex
purification. Protein and RNA qualities were checked on the SEC elusion profile, 10% SDS-
PAGE, 6% native PAGE, and 10% urea-PAGE. Note that even though the subunit
stoichiometry was roughly the same across the SEC peak, the boxed half of the SEC peak
contained monomeric CasB-E/crRNA complex, whereas the front half of the peak contained
various aggregated forms. (c) Quality of CasA and Cas3 wild type and mutant proteins used
in the biochemical studies on SDS-PAGE. (d) Reconstitution of Cascade/ R-loop and Cas3/
Cascade/R-loop complexes. Substrate in the EMSA is either a perfectly base-paired ds-DNA
or a bubbled DNA substrate mimicking an R-loop opened at the spacer region. R-loop
formation with the former substrate requires CasA present. Cas3 interacts with the
programmed Cascade robustly only when CasA is present.
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Figure 6. Cascade-Cas3 interaction reconstituted in vitro
(a) 6% native PAGE showing stable Cas3-Cascade association. The bottom half of the gel is

12% to resolve free DNA. Substrates mimic a nicked R-loop structure. Non-target strand (in
black) is 5" 32P-labeled. Wrong PAM (red asterisk) in either or bother strands of DNA
dissociates CasA, and Cas3 binding is lost in turn. (b) Cas3-specific structure features
critically influence Cascade-Cas3 interaction. Sub_10T was used in all assays. Lanes 1-3:
Cas3-Cascade binding requires CasA present. Lanes 4-15: The linker helix deletion in Cas3
disrupts Cascade binding. CTD deletion and HD active site mutation weaken the interaction.
Lanes 16-19: ATP presence weakens Cas3-Cascade interaction, helicase null D451A
restores the effect.
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