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SUMMARY

The multi-subunit type I CRISPR-Cas surveillance
complex Cascade uses its crRNA to recognize
dsDNA targets. Recognition involves DNA unwinding
and base-pairing between the crRNA spacer region
and a complementary DNA strand, resulting in forma-
tion of an R-loop structure. The modular Cascade ar-
chitecture allows assembly of complexes containing
crRNAs with altered spacer lengths that promise
increased target specificity in emerging biotechno-
logical applications. Here we produce type I-E
Cascade complexes containing crRNAs with up to
57-nt-long spacers. We show that these complexes
form R-loops corresponding to the designed target
length, even for the longest spacers tested. Further-
more, the complexes can bind their targets with
much higher affinity compared with the wild-type
form. However, target recognition and the subse-
quent Cas3-mediated DNA cleavage do not require
extended R-loops but already occur for wild-type-
sized R-loops. These findings set important limits
for specificity improvements of type I CRISPR-Cas
systems.

INTRODUCTION

CRISPR and Cas genes constitute adaptive immune systems

against foreign nucleic acid elements in �50% of bacteria and

�90% of archaea (Grissa et al., 2007). Defense against invaders

is promoted by effector complexes that are guided by CRISPR

RNA (crRNA) to recognize complementary protospacer se-

quences within the foreign invader nucleic acids (Barrangou

et al., 2007; Brouns et al., 2008; Jore et al., 2011; Sinkunas

et al., 2011, 2013; Westra et al., 2012). Successful base-pairing

along the spacer region of the crRNA triggers a conformational

checkpoint, followedbycleavageof the invader element (Redding

et al., 2015; Sternberg et al., 2015; Szczelkun et al., 2014).

The fact that sequence specificity is mostly determined by

the spacer sequence of the crRNA promoted wide-spread
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application of CRISPR-Cas systems as convenient and cost-

effective molecular tools (Hatoum-Aslan, 2018; Kiro et al.,

2014; Luo et al., 2015). Most applications are currently based

on class 2 CRISPR systems, in particular the effector complexes

Cas9 and Cas12a, because they only comprise a single protein

subunit. Successful applications include gene activation, gene

silencing, gene knockdown and knockin, base editing, epige-

netic editing, and others (Hilton et al., 2015; Roy et al., 2018; Tha-

kore et al., 2015;Shimatani et al., 2017; for a recent review, see

Adli, 2018). However, the use of CRISPR-Cas systems also

has significant challenges. Because of the limited length of the

crRNA spacers, recognition of off-targets remains problematic

in applications requiring high on-target specificity, despite

elegant engineering approaches (Lee et al., 2018; Slaymaker

et al., 2016; Tsai and Joung, 2016). Furthermore, the additional

requirement for a short protospacer-adjacent motif (PAM) that

is recognized by a protein domain of the effector complex limits

the available sequence space (Gleditzsch et al., 2019; Karvelis

et al., 2017; Nishimasu et al., 2018).

A promising alternative to class 2 systems in biotechnological

applicationsmay be theCascade surveillance complexes of type

I CRISPR-Cas systems (Hatoum-Aslan 2018; Kiro et al., 2014).

They form large multimeric complexes of Cas proteins of

different composition. For example, the subunit stoichiometry

of the type I-E Cascade complexes from Escherichia coli

(EcCascade) and Streptococcus thermophilus (StCascade) is

Cse11Cse22Cas76Cas51Cas6e1, in which the hexameric Cas7

forms a central filament that positions the single 61-nt crRNA

(Jackson et al., 2014;Mulepati et al., 2014; Zhao et al., 2014; Sin-

kunas et al., 2013). These complexes recognize their double-

stranded DNA targets by searching for a suitable PAM (Hayes

et al., 2016; Sinkunas et al., 2013; Westra et al., 2012, 2013).

PAM binding nucleates PAM-adjacent base-pairing between

the crRNA and the DNA target strand while expelling the non-

target strand, forming a so-called R-loop (Szczelkun et al.,

2014). Driven by thermal fluctuations, this unstable triple-strand

structure can expand farther toward the PAM-distal end of the

protospacer (Rutkauskas et al., 2015), as also seen for class 2

systems (Josephs et al., 2015; Lim et al., 2016; Singh et al.,

2018a, 2018b). When the R-loop extends up to the final 5 bp

from the PAM-distal spacer end, a conformational change of

the Cse1-Cse2 filament of Cascade ‘‘locks’’ the R-loop in a
s 28, 3157–3166, September 17, 2019 ª 2019 The Author(s). 3157
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stable conformation (van Erp et al., 2015; Szczelkun et al., 2014).

This causes bulge formation of the non-target DNA strand, which

triggers recruitment of the helicase-nuclease Cas3, which

carries out DNA degradation (Xiao et al., 2017, 2018). Thus,

R-loop locking represents the molecular decision after which a

target is considered to be recognized (Rutkauskas et al., 2015).

Type I CRISPR systems have recently been used in various

biotechnological applications, including gene silencing, pro-

grammed DNA degradation, regulation of metabolic pathways,

and engineering of phage genomes (Chang et al., 2016; Kiro

et al., 2014; Li et al., 2016; Rath et al., 2015; Yosef et al.,

2015). Most recently, a natural Cascade transposon system

has been employed for highly specific, genome-wide DNA inte-

gration that obviates the requirement for double-stranded

breaks (Klompe et al., 2019). Advantages of using multimeric

Cascade complexes compared with monomeric class 2 effector

complexes are (1) an extended range of available PAM sequence

motifs (Jung et al., 2017; Karvelis et al., 2017; Leenay et al., 2016)

that can be limited to only a single A/T nucleotide (e.g., in the

case of StCascade; Sinkunas et al., 2013) and (2) significantly

longer spacer sequences compared with class 2 systems that

may allow improved specificity.

Remarkably, engineered Cascade complexes that harbor

crRNAs with even longer spacers promise further increased

sequence specificity. Such complexes with shortened or

elongated crRNA spacers have been reported for the type I-F

Cascade from Shewanella putrefaciens (Gleditzsch et al., 2016)

(with spacer length changes between �18 nt and +18 nt) and

the type I-E EcCascade (with spacer length changes between

�18 to +24 nt) (Kuznedelov et al., 2016; Luo et al., 2016). Mass

spectrometry analysis showed that crRNAs with altered length

were incorporated by a modular alteration of the Cas7 back-

bone, with one Cas7 subunit included or omitted for every 6 nt

of altered crRNA length (Kuznedelov et al., 2016; Luo et al.,

2016). The number of Cse2 subunits increased or decreased

by one when the spacer length changed by 12 nt (Luo et al.,

2016). Cascades with altered spacer lengths partially retained

their ability for DNA cleavage when the spacers were elongated

but not shortened by 6 bp or more (Kuznedelov et al., 2016).

In vivo, in some cases, EcCascade complexes with elongated

crRNAs exhibited improved gene silencing ability (Luo et al.,

2016). However, the molecular details of this altered perfor-

mance remain unclear.

Here we explore the mechanistic consequences of the

remarkable structural plasticity of the Cascade complex. In

particular, we investigate target recognition by StCascade com-

plexes harboring crRNA spacers ranging from 15–57 nt. Using

single-molecule magnetic tweezers and bulk solution experi-

ments, we show that the produced complexes can formR-loops,

as dictated by their spacer length. Target recognition (R-loop

locking) does, however, not require fully formed R-loops, but it

already occurs for R-loop lengths at which the wild-type (WT)

complex undergoes locking. When locked, Cas3-mediated

target degradation occurs at similar rates independent of the

formed R-loop length. Direct mechanical measurements reveal

that locked StCascade complexes with extended spacers can

have considerably increased affinities for DNA. Altogether, our

measurements provide detailed mechanistic insight into target
3158 Cell Reports 28, 3157–3166, September 17, 2019
recognition and decision-making by StCascade complexes

with modified spacer lengths and reveal the limits and possibil-

ities of specificity improvements using these systems.

RESULTS

The Composition and Stability of StCascade Depend on
the Spacer Length
The WT StCascade complex is assembled along a crRNA back-

bone composed of a 33-nt spacer flanked by 7-nt 50 and 21-nt 30

repeat handles (Sinkunas et al., 2013). To evaluate whether

StCascade could accommodate crRNAs of altered length, we

co-expressed its Cas proteins together with crRNAs whose

spacer length was either decreased or increased in steps of

6 nt compared with the WT spacer so that the periodicity of

the Cas7 filament was matched. Spacer length modifications

of the crRNA included �18, �12, �6, +6, +12, +18, and +24 nt

(hereafter used to denote the corresponding StCascade com-

plex). The total crRNA guide spacer lengths thus ranged from

15–57 nt (Figure 1A). SDS-PAGE analysis of isolated complexes

confirmed the presence of all expected Cas proteins for all pro-

duced complexes (Figure 1B). Denaturing urea-PAGE revealed

the presence of a crRNA of the expected length for each com-

plex (Figure 1B). Additionally, an RNA originating from the pre-

crRNA 50 end was detected to various extents (Figure S1) that

was likely part of a non-functional pre-complex containing

Cas7, Cse1, and Cas5 (Sinkunas et al., 2013).

Given the periodicity of Cas7 in the EcCascade filament (Mu-

lepati et al., 2014; Zhao et al., 2014), one would expect that the

number of Cas7 subunits changes by one for every spacer length

alteration of ± 6 nt (Kuznedelov et al., 2016; Luo et al., 2016). In

contrast, an added or removed Cse2 subunit would be expected

when the spacer length is altered by ± 12 nt. To test this, the

intact StCascade complexes were analyzed using mass spec-

trometry modified for transmission of high-mass complexes

(also called ‘‘native’’ mass spectrometry) (Figure 1D). Measured

masses of the dominant species of the �12, +12, and +24 com-

plexes confirmed the expected changes in stoichiometry (Fig-

ures 1D and 1E; see Table S1 for molecular weights); i.e.,

the +24 complex could indeed incorporate four additional

Cas7 and two additional Cse2 subunits. In contrast, the largest

detectable species for the �18, �6, +6, and +18 complexes

were considerably smaller than expected (see black dots in Fig-

ure 1E). The mass spectra for these complexes revealed the

presence of different alternative species (Figure S2).We attribute

this to severe assembly defects of these complexes, where the

periodicity of the extending Cse2 filament no longer matches

the complex length.

Additionally, we probed the overall architecture of the WT

and +12 complexes using small angle X-ray scattering (SAXS)

(Figures 1C and S3; Table S2). For WT StCascade, the shape

of the particle obtained from SAXS data modeling was very

similar to the crystal structure of EcCascade (van Erp et al.,

2015; Figure S3). The shape of the +12 complex was found to

be considerably elongated compared with WT StCascade. This

agrees with incorporation of two additional Cas7 and one addi-

tional Cse2 subunit found by mass spectrometry (Figure 1C;

Figure S3).
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Figure 1. Composition and Structure of

StCascade Complexes with crRNA Spacer

Lengths Ranging from �18 to +24 nt

Compared with the WT

(A) Scheme of Cascade complexes containing a

WT spacer (center), a 12-nt shortened spacer

(left), and a 24-nt elongated spacer (right). Incor-

poration of spacers with altered length is accom-

plished by adapting the number of Cas7 and Cse2

subunits (proposed additional subunits are shown

with dashed borders).

(B) PAGE analysis of the RNA (left) and protein

(right) content of the different purified complexes.

As size markers, RNAs of known length from the

type III S. thermophilus Csm complex (Tamulaitis

et al., 2014) and a previously purified StCascade

complex (WT**) (Sinkunas et al., 2013) were used.

The samples contained a crRNA of the expected

length (labeled with red dots) and an additional

RNA (asterisk; see Figure S1). All complexes

contained the expected Cas proteins.

(C) GASBOR model obtained from SAXS analysis

of the WT and the +12 Cascade complex, shown

as small red and transparent green spheres,

respectively.

(D) Native mass spectra for the �12, WT, +12,

and +24 complexes. The charge state (z) of the

largest peak of each complex (marked with a

diamond) is given. Schemes show the most

probable composition of the complexes and the

mass of the most abundant and largest species.

(E) Mass of the largest detected species of the

different protein samples. Black dots connected

by black dashed lines show the expected mass when two Cas7 and one Cse2 subunits are added or omitted for every spacer length alteration of 12 nt. The two

dots for altered spacer lengths of odd multiples of 6 nt reflect the ambiguity in the Cse2 stoichiometry of these complexes. The largest detectable species in

theses samples were found to be significantly smaller than predicted.
Dependence of R-loop Size and Stability on Spacer
Length
We next probed whether the StCascade complexes containing

spacers of altered length were able to form R-loops. For this pur-

pose, we employed a magnetic tweezer assay that can monitor

the formation and extent of the actual R-loop structure on single

DNA molecules (Rutkauskas et al., 2017). 2.1-kbp-long DNA

molecules containing a single target sequence were bound at

one end to a magnetic bead and on the other end to the surface

of the fluidic cell of the setup (Figure 2A, left panel). A pair ofmag-

nets was used to generate a pulling force onto the beads and to

stretch the DNA with a defined tension. Video microscopy was

used to monitor the bead position and, thus, the DNA lengths

(Huhle et al., 2015). Rotation of themagnets allowed introduction

of DNA supercoiling. At sufficiently low forces, this leads to a

reduction of the DNA length for both negative and positive super-

coiling because the DNA is writhing so that a so-called plectone-

mic superhelix is formed (Figure 2A, left panel; Brutzer et al.,

2010). When StCascade binds to the target and forms a stable

R-loop, the DNA is locally unwound; i.e., negative supercoils

are absorbed by the R-loop structure. Therefore, the character-

istic supercoiling curve becomes shifted toward negative super-

coiling by the helical turns that were unwound by the R-loop

(Figure 2A, right panel; Rutkauskas et al., 2017). Locked R-loops

of StCascade are stable under moderate positive supercoiling

(Szczelkun et al., 2014). Therefore, the supercoiling curve
appears to be shifted on both the left and the right side toward

negative turns. Unlocked R-loops can still form and are stabilized

with the help of negative supercoiling (Rutkauskas et al., 2015).

As soon as supercoiling vanishes or positive supercoiling is

applied, unlocked R-loops readily dissociate so that the corre-

sponding supercoiling curves are only shifted on the left but

not on the right side (Figure 2B).

Using a target that was fully complementary to the crRNA even

for the complex with the longest spacer, R-loopswere formed for

the different complexes at negative supercoiling, and supercoil-

ing curves were recorded by positively twisting the DNA. R-loop

formation was observed for all complexes (Figure 2B). However,

for the �18, �6, +6, and +18 complexes, an �100-fold higher

concentration compared with the other samples was required

to obtain R-loop formation on a 1-min timescale. This indicated

that these samples contained only a minor fraction of functional

(i.e., fully assembled) complexes, in agreement with the mass

spectrometry data (Figure S2; Table S1). StCascade complexes

with shorter spacers than the WT (�6, �12, and �18) only

formed unlocked R-loops that dissociated immediately after

positive torsion was applied (Figure 2B). WT StCascade and

StCascades with elongated spacers formed exclusively locked

R-loops (Figures 2B and 2C).

The DNA untwisting caused by the R-loops was obtained from

the shift of the left side of the supercoiling curve andwas found to

be strongly correlated with spacer length (Figure 2C, green
Cell Reports 28, 3157–3166, September 17, 2019 3159
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Figure 2. R-loop Formation and Locking on

Fully Matching Targets

(A) Scheme of the magnetic tweezer assay, in

which amagnetic-bead-tethered DNA is stretched

and twisted using the magnetic field of a magnet

pair (left). DNA twisting leads to length reduction

because of formation of a DNA superhelix so that a

typical bell-shaped supercoiling curve is observed

(gray curve on the right). R-loop formation causes

local helix unwinding and, thus, global over-

winding (positive supercoiling) of the entire mole-

cule. In the presence of an R-loop, the supercoiling

curve (green curve on the right) is therefore shifted

leftward by the number of untwisted helical turns in

the R-loop structure.

(B) Supercoiling curves obtained for the com-

plexes containing spacers of different lengths at a

force of 0.4 pN. Gray lines represent supercoiling

curves in the absence of an R-loop. Green (locked

R-loop) and red (unlocked R-loop) lines represent

rotation curves in the presence of an R-loop.

Curve recording was carried out from negative to

positive turns. A shift of the left side of the rotation

curve indicates the presence of an R-loop at

negative supercoiling, and a shift on the right side,

correspondingly, the presence of a stable, i.e.

locked, R-loop that resists positive supercoiling.

R-loops formed at negative supercoiling for all

complexes. Only R-loops for StCascades with

WT, +6, +12, +18, and +24 spacers were found to

be locked (indicated by closed versus open lock

symbols).

(C) R-loop-mediated DNA unwinding as a function

of spacer length. The unwound DNA turns were

determined from the shift of the supercoiling curve

either on the left side (green circles) or the right

side (gray triangles). The green solid line shows the

expected untwisting in the case of a proportional

dependence on spacer length, using the WT

spacer data as a reference.

(D) Mean dissociation times of R-loops recorded

at defined positive supercoiling (torque of +22.7

pN nm, F = 3 pN) for complexes exhibiting R-loop

locking. The asterisk for the +18 spacer indicates

that no R-loop dissociation was obtained within

the measurement time of 1,800 s.

All single-molecule experiments for a particular

target sequence were performed on at least two

different DNA molecules during different days.

Error bars of all correspond to SEM.
circles; r = 0.98). The DNA untwisting measured for the engi-

neered complexesmatched the expectation when proportionally

extrapolating the untwisting of the WT StCascade over the

spacer length (green line in Figure 2B). Thus, these complexes

can promote the formation of R-loops that extend over the whole

crRNA spacer; i.e., up to 57-nt length. The shift of the right side of

the supercoiling curves provided the DNA untwisting when

locked R-loops were challenged with moderate positive super-

coiling. For all complexes with elongated spacers, the untwisting

at positive supercoiling was significantly smaller than at negative

supercoiling (p < 0.05), whereas, for the WT complex, equal
3160 Cell Reports 28, 3157–3166, September 17, 2019
values were obtained (Figure 2C, gray triangles). This suggests

that, in case of extended spacers, the PAM-distal end of the

R-loop is not fully stabilized by locking.

Locked R-loops can be dissociated with positive supercoiling

and elevated stretching force (Figure S4A) that translates into

increased torsion (Maffeo et al., 2010; Szczelkun et al., 2014).

Quantifying the mean dissociation time at a given torsion (Fig-

ure S4) provides a measure of R-loop stability. R-loops for

the +18 complex could not be dissociated at the given torsion of

22.7 pNnmover the timescale of the experiment of approximately

30 min. Similar strong locking has been observed previously for
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Figure 3. R-loop Formation and Locking at

Partially Matching Targets

(A and D) Supercoiling curves for the +12 and +24

complexes recorded using the WT target and the

T6 target. Gray curves were taken in the absence

of an R-loop and green and red curves in the

presence of an R-loop from negative to positive

turns. For curves marked in green, the right curve

side was shifted, indicating stable R-loop locking,

whereas for the curves shown in red, no shift was

seen, indicating the absence of locking. For the T6

target, supercoiling curves of unlocked complexes

(shown in red) exhibited reduced untwisting at

negative supercoiling compared with supercoiling

curves of locked complexes (shown in green). The

percentage of the fraction of locked R-loops is

indicated below the lock symbol. The WT target

wasmatching over the length of theWT spacer but

was mismatched at the extended spacer part

(scheme and cartoons in A). The T6 target was

mismatched over 6 nt at the PAM-distal end of the

WT spacer part (red part in scheme in D).

(B and E) R-loop-mediated DNA unwinding as a

function of spacer length for the WT target (B) and

the T6 target (E). DNA unwinding was obtained

both from the shift of the left (circles) and the right

(squares) side of the supercoiling curve. Data

points shown in green were obtained for locked

R-loops, whereas data points shown in red were

obtained for unlocked R-loops.

(C and F) R-loop dissociation times measured at

defined positive supercoiling (torque of 22.7 pN

nm) for the WT target (C) and the T6 target (F). For

the T6 target, the corresponding dissociation

times measured on the fully matching target are

shown for comparison (gray bars).

All single-molecule experiments for a particular

target sequence were performed on at least two

different DNA molecules during different days.

Error bars of all correspond to SEM.
EcCascade (Krivoy et al., 2018). For all other StCascade com-

plexes with elongated spacers, the R-loops were also found to

be significantly more stable than those of the WT (p < 0.05) but

lacked any obvious correlation with spacer length (Figure 2D).

R-loop Locking RequiresWT-Sized R-loops Independent
of Spacer Length
Six or more mismatches at the PAM-distal end abolish locking

for the WT StCascade complex (Krivoy et al., 2018; Szczelkun

et al., 2014); i.e., a minimum R-loop length of 28 bp is required
Cell Reports
to support locking. In agreement with

this, all complexes with shortened

spacers (�6, �12, and �18) did not sup-

port R-loop locking (Figure 2B). To obtain

a minimum R-loop length for the

StCascade complexes with elongated

spacers, we first tested whether locking

occurred for R-loops of the WT length.

For this purpose, a target was used that

allowed base-pairing over the length of
the WT spacer but not with the extended part of the spacer.

Similar to the WT complex (Figure 2B), all StCascade complexes

with an extended spacer could form stably locked R-loops

(supercoiling curves for the +12 and+24 complexes in Figure 3A).

In contrast to the WT complex, 13% to 20% of the R-loops

formed by extended spacers remained unlocked and dissoci-

ated at positive supercoiling. Experimentally, this was observed

by a corresponding fraction of supercoiling curves (red curve in

Figure 3A) that lacked a shift on the right side of the curve (see

above). This indicated either slower R-loop locking or structural
28, 3157–3166, September 17, 2019 3161
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Figure 4. DNA Cleavage Mediated by StCascade Complexes with Altered Spacer Lengths
(A) Cleavage of supercoiled plasmid DNA by Cas3 containing either a fully matching, a 33-bp (WT), or a T6 target. Cleavage was tested after allowing the

StCascade complexes to pre-bind the targets, and then themixture was incubated for 20min at 37�C. DNA cleavage was seen as the disappearance of the initial

supercoiled species (sc) and the appearance of nicked (nc) and linear (lin) intermediates as well as of short degradation products, visible as fuzzy bands at low

molecular weight. The fully matching target and theWT-sized target are efficiently degraded by complexes with WT, +12, and +24 spacers and less efficiently by

complexes with +6 and +18 spacers. The control sample (�Cas3) contained DNA and Cascade but no Cas3, whereas the (+Cas3) control contained DNA and

Cas3 but no Cascade.

(B) DNA cleavage rates of linearized plasmid DNA by the WT, +12, and +24 complexes, measured for the fully matching, WT-sized, and T6 target. Error bars

correspond to SD of the mean from at least three repeated measurements.
heterogeneity between individual StCascade complexes. The

measured DNA untwisting from R-loop formation (STAR

Methods) was, within error, equal to theWT complex for negative

and positive supercoiling (Figure 3B). Thus, the complexes with

extended spacers formed R-loops of approximately 33-bp

length on this target. Locking of WT-sized R-loops was addition-

ally confirmed by an electrophoretic mobility shift assay (EMSA)

that revealed similar high affinities of StCascade complexes with

extended spacers on targets that either support or restrict base-

pairing with the extended part of the spacer (Figure S5A).

The WT-sized R-loops that were formed by the complexes

with elongated spacers also exhibited significantly increased

stability when challengedwith high positive torsion (p < 0.05; Fig-

ure 3C). There was no obvious correlation between the stability

of these R-loops and spacer length.

R-loop Locking Involves Contacts at the Extended
Spacer Part
To further define the minimum R-loop length that is required for

locking by the StCascade complexes with elongated spacers,

we carried out R-loop formation experiments using a target con-

taining mismatches from base pair position 28–33 (with respect

to the PAM) but no mismatches in the extended spacer part

(called T6 target) (Figure 3D). Such a target is known to abolish

R-loop locking for theWT complex (Krivoy et al., 2018; Szczelkun

et al., 2014) because the R-loop cannot form over more than

27 bp. For the WT complex, the corresponding DNA untwisting

was 2.2 ± 0.1 turns (Figure 3E), in agreement with an R-loop of

27-bp length. When testing the +12 and +24 complexes on this

substrate, two different populations of formed R-loops were

observed. The majority of R-loops (78% and 56% for the +12

and +24 complex, respectively) were found to be unlocked (Fig-

ure 3D, red supercoiling curve without a shift on its right side) so
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that they dissociated immediately when positive supercoiling

was applied. The untwisting for these R-loops was �2.6 ± 0.1

turns (Figure 3E), in agreement with a length of 27 bp as found

for the WT complex on this target. Additionally, locked R-loops

were detected for the +12 and +24 complexes. The correspond-

ing DNA untwisting at negative supercoiling was 4.1 ± 0.1 turns

and 5.2 ± 0.1 turns, equaling, within error, the untwisting on the

full-length targets (Figure 2B). This indicates that the locked

R-loops extended over the full spacer length; i.e., that they

were able to bypass 5 consecutive mismatches. As seen before

on the full-length targets, the untwisting was lower when the

R-loops were subjected to positive supercoiling (Figure 3E).

The presence of a fraction of locked R-loops for the +12

and +24 complexes is in agreement with EMSA experiments

that revealed, for the T6 target, an intermediate affinity between

the non-specific and full-length target (Figure S5A).

The locked R-loops found on the T6 target were considerably

less stable than the R-loops formed by the +12 and +24 com-

plexes on the fully matching and the WT-sized target (p < 0.05;

Figures 2D and 3F). Their stability was even lower than for

R-loops formed by the WT complex on a fully matching target

(see Figure 2D for comparison). This indicates that base-pairing

between the target strand and crRNA at base pair positions

28–33 is a major determinant for R-loop locking. However, addi-

tional contacts made to the crRNA-target-strand hybrid in the

extended spacer region also contribute to locking in the case

of engineered complexes with an extended crRNA guide.

DNA Cleavage Occurs at WT-like Rates Independent of
Spacer Length
R-loop locking is considered to be a pre-requisite for Cascade-

mediated target cleavage by Cas3 (van Erp et al., 2015; Rutkaus-

kas et al., 2015). To test whether StCascade complexes with
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altered spacer length support the degradation of bound targets,

we carried out DNA cleavage experiments. To this end,

StCascade complexes were allowed to pre-bind to supercoiled

or linearized DNA substrates carrying a single target site.

Subsequently, Cas3 was added. None of the complexes with

shortened spacers (�18,�12, and�6) supported DNA cleavage

of any of the targets used in this study (Figure 4A). This is in

agreement with the inability of these complexes to form locked

R-loops (Figure 2B). The WT, +12, and +24 complexes exhibited

efficient DNA cleavage. Less efficient cleavage was seen for

the +6 and +18 complexes, in agreement with a reduced fraction

of functional complexes in these samples (Figure 4A; Table S1).

Additionally, we recorded the cleavage kinetics of linearized

target substrates for theWT, +12, and +24 complexes (Figure 4B;

Figure S5B). The complexes cleaved the fully matching and

the WT-sized target at comparable rates of 0.20 min�1,

0.20min�1, and 0.15min�1 for theWT, +12, and +24 complexes,

respectively. The cleavage rate of the T6 target was 5-fold lower

(0.04min�1) forWT StCascade compared with the fully matching

target and 1.6- and 1.7-fold lower for the +12 (0.13 min�1)

and +24 (0.09 min�1) complexes, respectively. This additionally

confirmed that only part of the complexes with elongated

spacers could undergo locking on this substrate (Figure 4B; Fig-

ure S5B). Altogether, these data confirm that DNA cleavage is

obtained for all of the engineered complexes as soon as the

targets support R-loop locking.

DISCUSSION

In this work, we produced StCascade complexes containing

crRNA spacers of altered length ranging from 15–57 nt. These

complexes could successfully form R-loops that extended over

the full spacer, representing a more than 70% increase in

R-loop length for the longest tested spacer. Complexes for

which the spacer length differed by even multiples of 6 nt from

the WT (i.e.,�12, +12, and +24) were found to be stable and ho-

mogeneous (Figure 1D; Table S1). In contrast to reports for

EcCascade (Kuznedelov et al., 2016; Luo et al., 2016), com-

plexes for which the spacer length differed by odd multiples of

6 nt (i.e., �18, �6, +6, and +18) were found to be unstable,

with the dominating population being of significantly reduced

molecular weight (Table S1). The different complex stabilities

and, thus, activities need to be considered in applications for
these proteins. Stability differences can be explained by the pe-

riodicities of the Cas7 backbone and the Cse2 filament with

respect to the crRNA (Jackson et al., 2014; Mulepati

et al.,2014; Zhao et al., 2014). Cas7 exhibits a periodicity of

6 nt so that each alteration of the spacer length by 6 nt changes

the number of Cas7 units by one. Cse2 exhibits a periodicity of

12 nt so that its number changes by one for every spacer length

alteration of 12 nt, in agreement with themass spectrometry data

(Figure 1E; Jackson et al., 2014; Mulepati et al., 2014; Zhao et al.,

2014). In this case, the ends of the Cas7 backbone (including

Cas6) and the Cse2 filaments remain approximately aligned

and can most likely establish protein-protein contacts as in the

WT complex. This differs when the spacer length changes by

an odd multiple of 6 nt. Then the ends of the Cas7 backbone

and the Cse2 filament are misaligned by approximately half the

length of a Cse2 subunit. Missing protein-protein contacts

(e.g., between Cse2 and the Cas6 or Cas7 subunits; Zhao

et al., 2014) can thus destabilize the final complex sufficiently

so that predominantly subcomplexes are observed (Table S1).

Nonetheless, these types of complexes could form R-loops (Fig-

ure 2B) that covered the whole length of the spacer. Most likely,

these R-loops originate from aminority fraction of full complexes

that were not observed by native mass spectrometry.

The central result of this study was to elucidate the decision-

making by these complexes. Uniformly, R-loop locking occurred

when an R-loop could extend over more than 27 bp independent

of the spacer length of the complex (Figure 5). Consistently, the

same R-loop length was sufficient to trigger Cas3-mediated

DNA cleavage. This sets considerable limits for potential speci-

ficity improvements by the elongated complexes with respect

to off-targeting. In fact, we do not expect greatly improved spec-

ificity with respect to DNA binding and interference by Cas3,

which, however, needs to be more thoroughly tested by assess-

ing the effect of mismatches and other target alterations. An

exception may be applications that require precise positioning

of functional domains, such as transcriptional activators, dime-

rizing DNA nucleases, or base-editing enzymes (Guilinger

et al., 2014; Tang and Fu, 2018; Shimatani et al., 2017). When

fused to the PAM-distal end of Cascade, the required positioning

of the domain with respect to the DNA should only be achieved

for R-loops that extend over the full spacer. For locked R-loops

that are not fully extending on elongated spacers, the DNAwould

exit the Cascade complex at a significant distance from the com-

plex end so that the positioning would be lost.

Despite the common minimum R-loop length that triggered

locking for all complexes, R-loop stability was found to be

considerably increased for elongated spacers compared with

theWT spacer (Figures 2D and 3C). This is in agreement with ob-

servations in vivo that extended spacers can improve Cascade-

mediated gene silencing (Luo et al., 2016). However, no clear

correlation of R-loop stability with the R-loop or the spacer length

was observed. Unlocked R-loops dissociated immediately after

low positive torsion was applied, independent of R-loop length.

This provides evidence that RNA:DNA base-pairing is not the

major determinant of R-loop stabilization. Rather, stabilization

is achieved by the contacts of the protein complex to the

R-loop. Possibly, interactions at the exit point of the DNA from

the complex influence stability, which would explain the absent
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correlation with R-loop length. An influence of the DNA exit point

on R-loop stability may also be responsible for the considerable

effect of mismatches in the extended spacer region on transcrip-

tional regulation and explain the much lower effect of these mis-

matches on plasmid interference (Luo et al., 2016). In this case,

the apparent increased specificity of the complexes with elon-

gated spacers would arise from the different capacities of the

complexes to form a road block against transcription.

Interestingly, a minor population of the complexes with elon-

gated spacers supported R-loop locking even in the case of

mismatches in the ‘‘locking-sensitive’’ region from positions

28–33 bp. The tight interactions between the R-loop and the

Cas7-Cse2 filament in this region may help the R-loop to propa-

gate through the mismatched region. Furthermore, this finding

demonstrates that not only contacts between the R-loop and

the Cse2 filament in this region but also in the extended spacer

region are important for locking. The combination of these inter-

actions should cause the increased stability of the R-loops for

the engineered Cascade variants.

Overall, our data reveal that the WT StCascade complex is

optimally adapted to recognize a protospacer length of 33 bp

despite its modular architecture, which may explain why longer

spacers would not be preferred naturally. Elongated spacers

neither increase the specificity nor the efficiency of target recog-

nition. This optimization may be the result of coevolution of

Cascade alongside the evolution of spacer selection by Cas1

and Cas2 (Koonin and Makarova 2017). Extending the recogni-

tion region for Cascades with elongated spacers to the whole

spacer region will therefore most likely require significant protein

engineering efforts.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and Virus Strains

Escherichia coli BL21 (DE3) New England Biolabs #C2527

Escherichia coli DH5a Thermo Fisher Scientific #18265017

Chemicals, Peptides, and Recombinant Proteins

SYBR Gold Nucleic Acid Gel Strain Thermo Fisher Scientific S11494

[g33P]-adenosine-50-triphospate Hartmann Analytic FF-10130

[g32P]-adenosine-50-triphospate Hartmann Analytic FP-1013

T4 polynucleotide kinase Thermo Fisher Scientific EK0031

FastDigest SapI Thermo Fisher Scientific FD1934

FastDigest Eco31I Thermo Fisher Scientific FD0293

XmaI Thermo Fisher Scientific ER0171

FastDigest PstI Thermo Fisher Scientific FD0614

Ribolock RNase inhibitor Thermo Fisher Scientific EO0382

Cascade complex (wt) Sinkunas et al., 2013 N/A

Csm complex Tamulaitis et al., 2014 N/A

Cas3 Sinkunas et al., 2013 N/A

Critical Commercial Assays

TranscriptAid T7 High Yield Transcription Kit Thermo Fisher Scientific K0441

GeneJET Plasmid Miniprep Kit Thermo Fisher Scientific K0502

GeneJET PCR Purification Kit Thermo Fisher Scientific K0701

Oligonucleotides

Probe 1 50-ccccgcgtgtgcgggaaaaacactaaaag Metabion N/A

Probe 2 50-gcgtgggaggccattgatataggtatagg Metabion N/A

Probe 3 50-gcagcctaggttaatatatgacctaaatttgt
aggatcac

Metabion N/A

Recombinant DNA

pCDF-Cascade Sinkunas et al., 2013 N/A

pBAD-Cas7-C-His Sinkunas et al., 2013 N/A

pACYC-Duet1 Merck #71147

pACYC-minCR (from �12 to +24) This manuscript N/A

pACYC-minCR-Eco31I/SapI This manuscript N/A

pUC19 New England Biolabs N3041

pUC-T6-target This manuscript N/A

pUC-wt-target This manuscript N/A

pUC-TS132/133 Sinkunas et al., 2013 N/A

pUC-TS140/141 Sinkunas et al., 2013 N/A

Software and Algorithms

MassLynx v4.0 Waters Inc. https://www.waters.com/waters/en_US/

MassLynx-Mass-Spectrometry-Software-/

Massign Morgner and Robinson, 2012 http://massign.chem.ox.ac.uk/

Kyplot 2.0 Yoshioka, 2002 https://kyplot.software.informer.com/2.0/

OptiQuant v.3 PerkinElmer N/A

ATSAS Franke et al., 2017 https://www.embl-hamburg.de/biosaxs/software.

html

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GNOM 5.0 Svergun, 1992 https://www.embl-hamburg.de/biosaxs/gnom.

html

GASBOR Svergun et al., 2001 https://www.embl-hamburg.de/biosaxs/gasbor.

html

DAMAVER Volkov and Svergun, 2003 https://www.embl-hamburg.de/biosaxs/damaver.

html

CRYSOL Svergun et al., 1995 https://www.embl-hamburg.de/biosaxs/crysol.

html

SUPCOMB Kozin and Svergun, 2001 https://www.embl-hamburg.de/biosaxs/

supcomb.html

Other

Dynabeads MyOne Streptavidin C1 Thermo Fisher Scientific 65001
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Ralf

Seidel (ralf.seidel@physik.uni-leipzig.de). Reagents (such as plasmids or proteins) generated in the study are freely available under

material transfer agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

StCascade complexes with altered spacer lengths were expressed in E.coli BL21 (DE3) cells at 37�C in LB broth (‘‘Thermo Fisher’’)

using the pACYC-minCR derivatives (CmR). 1/20 volume of overnight culture were inoculated in fresh LBmedium supplemented with

25 mg/ml streptomycin, 25 mg/ml ampicillin, 30 mg/ml chloramphenicol. The expression was induced at mid-log phase (OD600nm

0.5-0.8) by adding 1 mM IPTG and 0.2% L(+)-arabinose and the cells were further incubated at 37�C for 3–4 h, proteins were purified

as described (Sinkunas et al., 2013). E. coliDH5a strain was used for cloning and plasmid amplification, it was grown at 37�Con liquid

LB borth or LB agar (‘‘Thermo Fisher’’).

METHOD DETAILS

DNA and proteins
For the production of crRNAs with different spacer lengths a sequence containing two repeats with a SapI cleavage site after the first

repeat and an Eco31I cleavage site before the second repeat was cloned into the pACYC-Duet1 vector (resulting vector pACYC-

minCR-Eco31I/SapI). All spacer variants were introduced into the produced vector through the SapI and Eco31I sites using synthetic

oligonucleotides with corresponding single stranded overhangs (Table S5). The chosen spacer sequences were based on spacer 1 of

the CRISPR4 Cascade system from strain DGCC7710. StCascade complexes with altered spacer lengths were expressed in E.coli

BL21 (DE3) cells and purified as described (Sinkunas et al., 2013) using the pACYC-minCR derivatives (CmR) instead of pACYC

plasmid with homogenious CRISPR region pCRh. Cas3 protein was purified as previously described (Sinkunas et al., 2011). DNA

substrates for single-molecule and bulk cleavage experiments were derived from vector pUC19 by cloning desired target sequences

with a permissive AA dinucleotide PAM as blunt ended synthetic DNA duplexes into the XmaI site of the vector (Rutkauskas et al.,

2015; Szczelkun et al., 2014; Table S3 for target sequences).

Native mass spectrometry
For native mass spectrometry approximately 2 ml containing�5 mMStCascade complexes were used per experiment. First, the stor-

age buffer was exchanged to 200mM ammonium acetate, pH 7.0 using size exclusion spin columns (Micro Bio-Spin 6 columns, Bio-

Rad). Spectra were then acquired on an Ultima quadrupole time-of-flight (Q-ToF) mass spectrometer modified for transmission of

high masses (Sobott et al., 2002) using in-house prepared gold coated glass capillaries (Hernández and Robinson, 2007). Typical

instrument conditions were: capillary voltage, 1.50 kV; cone voltage, 80 V; RF lens 1 energy, 80 V; collision energy, 20 V; aperture

3, 13.6 V. At least 100 scans of each complex were acquired and combined. Spectra were analyzed using MassLynx v4.0 and Mas-

sign (Morgner and Robinson, 2012) software.

Theoretical and experimentally determined molecular weights of the complexes are listed in Table S1.
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Small angle X-ray scattering experiments
The scattering data for the wt StCascade complex was collected at the X33 EMBL beamline on the DORIS storage ring and the data

for the +12 complex was collected at the P12 EMBL beamline at the PETRA III storage ring (Blanchet et al., 2015) (DESY, Hamburg,

Germany).

The complexes were transferred into buffer containing 20 mM Tris-HCl pH 7.0, 0.5 M NaCl, 0.1 mM EDTA and 0.1 mM DTT. Con-

centrations were measured spectrophotometrically using absorption of 1 mg/ml solution (wt: 1.14 and +12: 1.6 AU280). Proteins

were concentrated before measurements by ultrafiltration and 5-15 min centrifuged at the maximum speed before transferring

into the sample changer. Data collection parameters and main structural parameters of complexes are given in Table S2. Scattering

data (Figure S3) were analyzed using ATSAS software (Franke et al., 2017).The indirect Fourier transform and pair distance distribu-

tion functions were calculated by GNOM (Version 5.0) (Svergun, 1992). The complex shapes in solution were reconstituted out of

SAXS data as pseudo-chain of dummy atoms using GASBOR (Svergun et al., 2001). The individual runs of the modeling were

compared and averaged by DAMAVER (Volkov and Svergun, 2003). The theoretical scattering intensity of the EcCascade complex

(PDB ID: 5CD4) (van Erp et al., 2015) was calculated and compared with the experimental SAXS data of the wt StCascade complex

using CRYSOL (Svergun et al., 1995). Models were superimposed using SUPCOMB (Kozin and Svergun, 2001).

Single-molecule experiments
R-loop formation experiments were carried out in 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.1 mg/ml BSA at a StCascade concentra-

tion of 150 pM (wt and complexes with spacers alterations by even multiples of 6 nt) or 1-15 nM (complexes with spacers alterations

by odd multiples of 6 nt) using a home-built magnetic tweezers set-up (Huhle et al., 2015; Rutkauskas et al., 2017). The protein con-

centration was adapted such that clearly discernable R-loop formation events occurred in average �10 s after the DNA became

negatively supercoiled. Target-sequence containing DNA molecules were bound to 1 mm magnetic beads (MyOne, Invitrogen) on

one end and to the flow cell on the other end. After lowering the magnets to stretch tethered molecules, DNA length measurements

were started. Videomicroscopy was used to track the height of the DNA-tethered bead and a surface-bound reference particle (Huhle

et al., 2015). The DNA length was calculated from the difference between the two bead positions. Applied rotations (in turns) of the

magnet pair above the fluidic cell allowed to introduce DNA supercoiling. Data were recorded at an acquisition frequency of 120 Hz

and smoothed to 2 Hz using a sliding average filter (only smoothed data are presented). After initial DNA characterization, proteins

were added and changes in DNA length observed as a function of applied DNA twist.

The experiments were carried out in consecutive R-loop association-dissociation cycles, i.e., the DNAwas held at negative super-

coiling until an R-loop formed. Subsequently, the R-loop was challenged by applying positive supercoiling (Szczelkun et al., 2014).

R-loops that dissociated as soon as positive supercoiling was applied (no visible shift of supercoiling curve at right side) were consid-

ered to be unlocked, stable R-loops with clearly discernable dissociation events were considered to be locked. Mean R-loop disso-

ciation times were determined from exponential fits to cumulative distributions of the data (Figure S4B). Each mean-time was

calculated from > 25 events. Average supercoiling curves were obtained from raw traces of at least 30 individual curves that were

grouped into different categories (no-R-loop, unlocked R-loop and locked R-loop). Supercoiling changes that were associated to

DNA untwisting during R-loop formation were analyzed by measuring the shift of either the left or the right side of the supercoiling

curve as described before (Szczelkun et al., 2014). All single molecule experiments for a particular target sequence were performed

on at least two different DNAmolecules during different days. Error bars of all data shown correspond to standard errors of themean.

Statistical significances (p values) were calculated using a two sample t-Test.

EMSA experiments
222 bp PCR products (Table S5) bearing a single target sequence were obtained from the pUC19 based target plasmids pUC-fully-

matching (also called pUC-TS132/133), pUC-wt-target, pUC-TS140/141 (non-specific target), pUC-T6-target (Table S4) and oligo-

nucleotides pUC-dir, pUC-rev labeled at their 50 ends using T4 polynucleotide kinase (Thermo Scientific) and [g33P]ATP (Hartmann

Analytic). Labeled PCR products (0.1 nM) was incubated at 37�C for 10 min with increasing concentrations of the StCascade com-

plexes in binding buffer 40 mM Tris, 20 mM acetic acid, 1 mM EDTA (pH 8.0), 150 mMNaCl, 0.1 mg/ml BSA, 10% glycerol. The sam-

ples were analyzed using 8% (w/v) polyacrylamide gels at 5 V/cm and visualized using a FLA-5100 phosphorimager (Fujilm).

Cas3-mediated DNA cleavage experiments
Cleavage reactions were performed with linear and supercoiled pUC plasmids, containing fully matching, wt, T6 and non-specific

targets (Table S4). Reactions were carried out at 37�C in buffer containing 10 mM Tris–HCl (pH 8.0), 100 mM NaCl, 50 mM KCl,

5% (v/v) glycerol, 1.5 mM MgCl2, 0.1 mM NiCl2, 2 mM ATP and 0.1 mg/ml BSA. First, 2 nM supercoiled or PstI-linearized target

plasmid was pre-incubated for 5 min with saturating concentrations of StCascade that were estimated based on EMSA experiments

for StCascade complexes in absence of MgCl2, NiCl2 and ATP to allow the binding of the complexes to the targets. Subsequently,

100 nMCas3 together with MgCl2, NiCl2 and ATP were added. The control reactions contained reaction buffer instead of the missing

components. Reactions were stopped at different time points by adding 1/3 of the reaction volume of stop solution containing

67.5 mM EDTA, 27% (v/v) glycerol, 0.3% (w/v) SDS and 0.1% w/v Orange G. Reaction products were analyzed using 0.8% agarose

gels and a voltage of 3 V/cm followed by visualization using ethidium bromide staining. The fraction of uncleaved plasmid as function

of time was quantified from the gel images using OptiQuant (Perkin Elmer). The first order DNA cleavage rates of the reactions were
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determined by fitting a single exponential decay to the data using KyPlot. Error bars provided in Figure 4B correspond to standard

deviation (SD) of the mean from at least three repeated-measurements.

Northern blot hybridization assays
Northern blot analysis was performed as described previously (Gasiunas et al., 2012). RNA from the different StCascade complexes

was purified using phenol/chloroform extraction. The RNA was detected using 32P-labeled oligodeoxynucleotide probes (Table S4).

An RNA used as a positive control was prepared by in vitro transcription with T7 polymerase (Thermo Fisher Scientific) using 336 bp

PCR product of the pACYC-minCR-wt plasmid that included the wt-sized target site. This RNA represents the pre-crRNA that is

formed in E.coli cells in vivo prior to crRNA maturation. The T7 promoter and the termination sequence were present in PCR product

to check hybridization of the probe.

QUANTIFICATION AND STATISTICAL ANALYSIS

For statistical analysis of single molecule experimental data Origin software was used. Statistical details of experiments can be found

in the main text of the publication and in the uploaded file ‘‘Single molecule data’’ in Mendeley data https://doi.org/10.17632/

479324n2d5.1. All single molecule experiments for a particular target sequence were performed on at least two different DNA mol-

ecules during different days. Error bars of all data shown correspond to standard errors of the mean. Statistical significances (p

values) were calculated using a two-sample t-Test. For DNA cleavage experiments the fraction of uncleaved plasmid as function

of time was quantified from the gel images using OptiQuant software (Perkin Elmer). The first order DNA cleavage rates of the reac-

tions were determined by fitting a single exponential decay to the data using KyPlot. Error bars provided in Figure 4B correspond to

SD of the mean from at least three repeated-measurements.

DATA AND CODE AVAILABILITY

Original single molecule, SAXS and quantification data of plasmid cleavage is available in Mendeley data https://doi.org/10.17632/

479324n2d5.1
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