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rokaryotes possess various defense

mechanisms  against  invading
DNA. Adaptive defense by CRISPR/
Cas relies on incorporation of invader
DNA sequences in the host genome. In
Escherichia coli, processed transcripts of
these incorporated sequences (crRNAs)
guide Cascade-mediated invader DNA
recognition.'”* Cascade is a multisubunit
ribonucleoprotein complex, consisting
of one ctRNA and five proteins: Csel,
Cse2, Cas7, Cas5 and Cas6e."* Cascade-
mediated DNA recognition requires a
conserved sequence adjacent to the target
(protospacer adjacent motif, PAM) and a
negatively supercoiled DNA topology.>*
While Csel carries out PAM recogni-
tion,’ the Cascade structure suggests that
Cse2 may interact with target DNA in
the PAM-distal end of the protospacer.®
Using Electrophoretic Mobility Shift
Assays, we here describe the function
of the Csel and Cse2 subunits in the
context of protospacer recognition on
negatively supercoiled DNA. While Csel
is required for nonspecific DNA bind-
ing, Cse2 appears to be important for
specific binding, presumably by medi-
ating stabilizing interactions with the
displaced strand, the R-loop, or both.
Furthermore, we performed Scanning
Force Microscopy using linearized DNA
molecules, which facilitates accurate
and reliable measurements of Cascade-
mediated bending. This analysis reveals
that Cascade binding induces flexibility
in the DNA target, most likely due to
single stranded DNA regions flanking
the R-loop.

Bacteria and archaea defend themselves
with the recently discovered CRISPR/
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Cas system against invading DNA such
as phages and conjugative plasmids
(reviewed in refs. 7-17). Nowadays ten
different subtypes of CRISPR/Cas sys-
tems are recognized, that belong to three
main types.”® The E. coli K12 Type I-E is
one of the most extensively studied systems
and consists of a CRISPR locus (Clustered
Regularly Interspaced Short Palindromic
Repeats) with type 2 repeat sequences”
and 8 CRISPR-associated (cas) genes (cas3,
csel, cse2, casy, cas5, casGe, casl, cas2). The
CRISPR locus is characterized by repeti-
tive sequences of 29 nt, that are separated
by 32 nt of invader-derived sequences,
known as spacers. During the adaptation
stage, new spacer sequences can be incor-
porated in the existing array through as
yet unknown mechanisms.?*?' During the
subsequent expression stage, the CRISPR
locus is transcribed into a precursor
CRISPR RNA (pre-ctRNA) molecule,
which is then cleaved by a dedicated Cas
protein." This protein, Cas6e, cleaves the
pre-ctRNA in the repeat sequence to gen-
erate 61 nt mature ctRNA.? These mature
ctRNA molecules form a key component
of Cascade, a ribonucleoprotein complex
consisting of crRNA and 5 different Cas
proteins: Csel, Cse2, Cas7, Cas5 and
Cas6e."> During the interference stage,
invader DNA with a sequence comple-
mentary to the ctRNA is recognized by
the Cascade complex through base pair-
ing between the crRNA and the target
DNA sequence (protospacer).>* Following
recognition, Cascade as well as the target
DNA undergo conformational changes.
246 Most notably, the positions and ori-
entations of the Csel, Cse2 and CasGe
subunits alter upon nucleic acid binding,®
and the target DNA is strongly bent at the
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site of Cascade binding.? Finally, Cas3 is
recruited and the invader DNA is degraded
by the joint nuclease and helicase activities
of the Cas3 HD-nuclease domain and the
Cas3 SF2 helicase domain.*

Interestingly, research over the last few
years has revealed that Cascade DNA rec-
ognition is constrained by several features
of the target DNA. First, the protospacer
needs to be flanked by a conserved motif,
known as the protospacer adjacent motif
(PAM).>22 At least four different PAM
sequences are allowed,® which are being
recognized by a loop structure of the Csel
subunit of the Cascade complex.” Second,
although mismatches between the crRNA
and the target DNA are allowed at some
positions, the 3" end of the protospacer
needs to be fully complementary at the
so-called seed region, corresponding to
positions 1 to 5 and positions 7 to 8 of
the protospacer.’ Third, the target DNA
needs to be negatively supercoiled (nSC).*
The nSC topology contributes half of the
energy required for strand separation of
the double stranded target DNA during
base pairing between the crRNA, con-
tained by Cascade, and the protospacer.*

The prime task of the Cascade sur-
veillance complex is to locate protospacer
sequences in alien DNA and to form an
R-loop at this target site through base
pairing between the ctRNA and the tar-
get DNA strand. The complex architec-
ture of Cascade, which has recently been
resolved by cryo-EM,°¢ reflects well the
complexity of this task (see Fig. 1A for
a schematic model of Cascade). Each of
the subunits plays a crucial role in this
process, as seen from the lack of in vivo
resistance when any single Cascade sub-
unit is absent.” The function of some of
the 5 different protein subunits has been
(partially) revealed during recent studies.
The Cas6e subunit cleaves the pre-ctRNA
and binds the 3' end of ctRNA to incor-
porate it in the Cascade complex.!?32
The Cas7 subunit plays a structural role,?
forming the backbone of the complex.®
Interestingly, Cas7 appears to make very
close contacts with the ctRNA and causes
disruption of the R-loop to yield 5 heli-
cal segments instead of a continuous
crRNA-DNA  heteroduplex.® The Csel
subunit has been shown to be involved in
PAM recognition.’ It has been possible to
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generate Cascade subcomplexes lacking
either Csel or both Csel and Cse2, which
enables the effects of the absence of these
proteins to be assessed.? Electrophoretic
Mobility Shift Assays using short linear
dsDNA of 85 bp show that CascadeACsel
loses its nonspecific DNA binding activ-
ity, in agreement with a role for Csel
in PAM recognition.’ This result is fur-
ther corroborated in the context of nega-
tively supercoiled DNA by the finding
that J3-CascadeACsel (CascadeACsel
loaded with the previously described ]J3
crRNA)? does not bind to pUC-A, a 3 kb
negatively supercoiled plasmid contain-
ing the J3 protospacer sequence (Fig. 1B).
Moreover, CascadeACsel loaded with
an unrelated non-targeting R44-crRNA
(R44-CascadeACsel) also does not show
any nonspecific interaction with pUC-\
(Fig. 1C).

The Cse2 subunit has basic patches and
may be involved in Cascade nucleic acid
contacts.”® Based on the cryo-EM struc-
ture, such interactions probably take place
in the non-seed area of the target DNA.®
To understand the role of the Cse2 subunit
in more detail, we made a subcomplex of
Cascade lacking only the Cse2 subunit.
This subcomplex has the same appar-
ent stoichiometry as the entire Cascade,
as estimated by SDS-PAGE (Fig. 1D).
Interestingly, J3-CascadeACse2 is able to
bind the pUC-\ target plasmid (Fig. 1E),
albeit with an almost 10-fold lower affin-
ity (K, = 119 + 24 nM) than J3-Cascade
(K, =13 + 1.4 nM) (Fig. 1G and ref. 4). In
addition, R44-CascadeACse? is also able
to interact nonspecifically with negatively
supercoiled plasmid DNA (Fig. 1F) with
roughly the same affinity (203 + 36 nM) as
Cascade (429 + 152 nM), indicating that
the nonspecific interaction is not affected
by the absence of Cse2 and hence may be
primarily mediated by the Csel subunit.
The lowered specific binding affinity of
CascadeACse2 strongly suggests that Cse2
plays an important role during R-loop for-
mation. The previously described basic
patches on the Cse2 surface,”® together
with the position of Cse2 near the non-
seed region of the crRNA,° make it tempt-
ing to speculate that Cse2 plays a role in
either stabilizing the base pairing between
the crRNA and the target DNA strand in
the non-seed region, or in stabilizing or
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positioning the displaced DNA strand, or
in both. As reported before, nearly half of
the energy for strand separation is derived
from the negatively supercoiled topology
of the target DNA.® The other half of
the energy may be derived from the base
pairing between crRNA and the target
DNA and from stabilizing interactions
of Cascade components with the R-loop,
such as Cse2-mediated stabilization of
the displaced strand or the non-seed base
pairing region. The Bsml site, which
is located within the J3 protospacer’
is, as expected, not protected by R44-
CascadeACse2 after binding to pUC-A
(Fig. 1H). Intriguingly, and in contrast to
J3-Cascade,* J3-CascadeACse2 also does
not protect the Bsml site (Fig. 1I). This
further suggests that Cse2 plays an impor-
tant role in stabilization of the R-loop
structure.

After binding of Cascade to negatively
supercoiled targets, Cascade is predomi-
nantly located at the apex of a supercoiled
loop, as demonstrated by scanning force
microscopy.® This indicates that Cascade
introduces strong bending or possibly
wrapping of the target DNA. To analyze
this in more detail, J3-Cascade binding
to pUC-\ was followed by the addition of
a probe complementary to the displaced
strand, which serves to stabilize the R-loop
(as described before in ref. 4). Unlike the
previous study in which we investigated
the structure of Cascade bound to super-
coiled plasmid DNA using scanning force
microscopy, we now linearized these com-
plexes using Ndel (which cleaves ~400 bp
upstream of the protospacer) before visu-
alization by scanning force microscopy (as
described in ref. 4). The linearization of
the Cascade-bound plasmid DNA facili-
tates reliable measurements of the length
of the DNA and the angles in the DNA at
the site where Cascade is bound, provid-
ing insight in the degree of bending and/
or wrapping by Cascade.

A total number of 136 Cascade-DNA
complexes and 185 bare DNA molecules
were imaged (Fig. 2). In the Cascade-
DNA complexes Cascade was consistently
bound at the same position: 123 + 9 nm
(or 367 + 27 bp) from one of the DNA
extremities, indicating specific binding
(the center of the protospacer is at a dis-

tance of 403 bp (or 134 nm) from the
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Figure 1. Csel and Cse2 subunits of Cascade are involved in nonspecific and specific binding to nSC plasmid DNA, respectively. (A) Schematic model
of Cascade, indicating the relative position of each of the 11 different Cascade subunits. (B) Gel-shift of nSC plasmid DNA with J3-CascadeACse1, con-
taining a targeting (J3) crRNA. pUC-\ was mixed with 2-fold increasing amounts of J3-CascadeACse1, from a pUC-\: Cascade molar ratio of 1: 0.5 up to
a 1: 256. The first lane contains only pUC-A. (C) Gel-shift as in (B) with R44-CascadeACse1 containing a non-targeting (R44) crRNA. (D) SDS PAGE of J3-
Cascade (lane 1) and J3-CascadeACse2 (lane 2). Asterisks indicate proteins containing an N-terminal Strepll purification tag. (E) Gel-shift as in (B) with
J3-CascadeACse2, with a pUC-\: Cascade molar ratio of 1: 0.5 up to a 1: 128 (F) Gel-shift as in (E) with R44-CascadeACse2 containing a non-targeting
(R44) crRNA. (G) K, determination of J3-CascadeACse2 DNA binding using a y = x/(a+x) fit with y = fraction bound plasmid, x = free Cascade concentra-
tion and a =K (H) Specific binding of R44-CascadeACse2 to the protospacer monitored by Bsml footprinting at a pUC-\: CascadeACse2 molar ratio of
32:1. Lane 1 contains only pUC- \. Lane 2 contain pUC- A mixed with CascadeACse2. Lane 3 contains pUC- A mixed with CascadeACse2 and subsequent
Bsml addition. Lane 4 contains pUC- A mixed with Bsml. Lin indicates linear plasmid. OC indicates plasmids with a relaxed open circular topology. (I)

Specific binding of J3-CascadeACse2 to the protospacer monitored as in (H).
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Figure 2. Cascade is bound specifically at the position of the protospacer. Scanning force micros-
copy images of pUC- \ (linearized by digestion with Ndel) with J3-Cascade containing a targeting
(J3) crRNA. pUC-\ was mixed with J3-Cascade at a pUC-A:Cascade ratio of 1:2. Each image shows a
750 x 750 nm surface area. White dots along the DNA correspond to Cascade.

extremity). Extensive wrapping of DNA
around Cascade would reduce the con-
tour length of Cascade-DNA complexes
compared with that of bare DNA mol-
ecules. Similar measurements have previ-
ously revealed DNA wrapping by E. coli
RNA polymerase and UvrB proteins.?”*
We measured the contour length of both
bare DNA molecules (960 + 24 nm) and
Cascade-DNA complexes (957 + 26 nm).
As these values are not significantly dif-
ferent, these experiments yield no direct
evidence for extensive wrapping of DNA
around Cascade. Subsequently, we inves-
tigated the bending at the position of the
bound Cascade using two complementary
approaches. First, we used an approach
that relies on measuring changes in dis-
tance between two defined points on a
DNA molecule (usually the two extremi-
ties).”” This distance (generally referred
to as the end-to-end distance, EED) is
a measure of DNA bending. As the lin-
ear DNA molecules used in these stud-
ies are relatively long (about 3 kb), we
adapted this approach to measure the
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distance between the extremity closest to
the bound Cascade and a second point on
the other DNA arm at the same distance
from the bound protein. The EED distri-
bution of Cascade-DNA complexes is dis-
tinctly different from that of bare DNA
molecules: it is shifted toward shorter
distances, indicating that Cascade bends
DNA (Fig. 3A). Next, we directly mea-
sured (as described in refs. 29 and 30) the
Cascade-induced bend and compared the
bending angle distribution of Cascade-
DNA complexes with that of bare DNA
(Fig. 3B). As expected, the bare DNA
has a bending angle distribution centered
around 0°. The bending angle distribution
of Cascade—-DNA complexes deviates in
width and in position from the distribu-
tion found for bare DNA. It exhibits no
preferential angle and the broad distribu-
tion of bending angles found suggests that
the flexibility of Cascade-DNA complexes
is significantly higher than that of bare
double stranded DNA. Similar observa-
tions have been reported for HU and
HMG-box proteins, which bend DNA

RNA Biology

and enhance its flexibility.’>* We attribute
the enhanced flexibility in the Cascade-
DNA complexes to helix unwinding or
DNA melting at the DNA ‘entry/exit’
points into Cascade. This explanation
is in agreement with a nuclease P1 foot-
print on Cascade-bound double stranded
target DNA, which shows that -5 nucleo-
tides located at the 3' end of the PAM are
highly sensitive to cleavage by this single
stranded DNA specific endonuclease.?

Altogether, the data presented here
corroborate, in the context of negatively
supercoiled DNA, that Csel is required
for nonspecific binding activity of
Cascade, in line with its recently described
role in PAM recognition’ In addition,
Cse2 appears to be important for R-loop
stabilization, possibly by interacting with
the displaced DNA strand of the double
stranded target, or by interacting with
the non-seed region of the crRNA-DNA
heteroduplex, or both. Finally, we show
that Cascade induces flexibility in the
DNA target, most likely due to unwind-
ing of the double stranded DNA adjacent
to the base pairing region. This enhanced
flexibility explains why plasmid-bound
Cascade is predominantly found at the
apex of a supercoiled loop,* since it facili-
tates the strong bending of the DNA at
this position.
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