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Abstract

Endonucleolytic double-strand DNA break production requires separate strand cleavage events.
Although catalytic mechanisms for simple dimeric endonucleases are available, there are many
complex nuclease machines which are poorly understood in comparison. Here we studied the
single polypeptide Type ISP restriction-modification (RM) enzymes, which cleave random DNA
between distant target sites when two enzymes collide following convergent ATP-driven
translocation. We report the 2.7 Angstroms resolution X-ray crystal structure of a Type ISP
enzyme-DNA complex, revealing that both the helicase-like ATPase and nuclease are
unexpectedly located upstream of the direction of translocation, inconsistent with simple nuclease
domain-dimerization. Using single-molecule and biochemical techniques, we demonstrate that
each ATPase remodels its DNA-protein complex and translocates along DNA without looping it,
leading to a collision complex where the nuclease domains are distal. Sequencing of single
cleavage events suggests a previously undescribed endonuclease model, where multiple, stochastic
strand nicking events combine to produce DNA scission.

Introduction

The prokaryotic ATP-dependent restriction-modification (RM) enzymes provide a potent
defence against infection by foreign and bacteriophage DNA, and accordingly have a
widespread distribution.:2 Whilst recognition of specific sequences (targets) in the foreign
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DNA leads to nucleolytic cleavage (restriction), cleavage of self-DNA is prevented by the
methylation (modification) of the target by the same enzyme/enzyme complex. Since the
isolation of the first such enzymes in 1968,34 which helped launch the molecular biology
revolution, many ATP-dependent RM enzymes have been characterized, including the
classical heteropentameric Type | systems® and the closely related but monomeric Single
Polypeptide Type ISP systems.>6 These enzymes are a paradigm for understanding modular,
multifunctional protein machines,’ particularly in formulating concepts of protein-DNA
recognition, DNA methylation and base flipping, nuclease activity,58 dsSDNA translocation
by superfamily 2 (SF2) helicases,®10 and long-range communication by enzymes.11.12 The
first insights into the molecular organisation of ATP-dependent enzymes came from
structural analysis of the Type | RM enzymes EcoKI and EcoR1241 using a combination of
negative stain electron microscopy, neutron scattering and structural modelling.12 However,
despite over 40 years of research, the molecular details of their actions are unclear due to the
lack of high-resolution structures.

To address the lack of high-resolution structural data, we have undertaken structure-function
studies of Type ISP enzymes LlaGl and LlaBIll from Lactococcus lactis. The Type ISP
enzymes perform the disparate functions of restriction and modification by coordinating four
functional domains within a single polypeptide: a target recognition domain (TRD) that
recognises a 6 or 7 bp asymmetric sequence (Supplementary Results, Supplementary Fig.
1a); an N6-adenine methyltransferase (M Tase) which modifies one strand of the sequence
using S-adenosyl methionine (AdoMet) stimulated by ATP; an SF2 helicase-like ATPase
motor; and a nuclease.® Unlike the well-studied SF1 and SF2 helicases that translocate
ssDNA and ssRNA, much less is known about the mechanism of dsDNA translocation by
SF2 ATPases which is important in many biological phenomena such as nucleosome
remodelling, removal of stalled RNA polymerases, or modulation of gene
expression.1415.16.17 A structure-function analysis of Type ISP enzymes would further our
understanding of dsDNA translocation, particularly in the context of a fully functioning
molecular machine.

We also sought to understand how the Type ISP nuclease domains interact to produce a
dsDNA break. Previous biochemical analysis pointed to a loop translocation mechanism
leading to DNA cleavage, most similar to classical Type | RM enzymes (Supplementary Fig.
1b).6:18.19.20 Following Type ISP target recognition, extensive ATP hydrolysis (~1-2 ATP
per bp) produces unidirectional DNA translocation downstream of the target.1819.20 Because
of the directional motion, DNA cleavage only occurs when there is at least one pair of head-
to-head targets on the same DNA — DNA with isolated sites, or pairs of sites in other
orientations are, at best, only nicked.® dsDNA breaks are produced at non-specific loci
between the head-to-head targets consistent with convergent enzyme translocation and
collision.18.19.20

The prevailing Type ISP model predicts that the ATPase domain will be sited downstream of
the MTase-TRD and that, despite the complexity of communication, cleavage will result
from direct dimerization of nuclease domains within a collision complex. However, the
structure presented here shows that the nuclease-ATPase domains of the Type ISP enzymes
are located upstream of the MTase-TRD domains relative to the bound directional target
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sequence. This unexpected arrangement has important implications for both DNA
translocation and cleavage. Guided by the structure and based on single-molecule
biophysical and biochemical studies, we propose a model for dSDNA break production
resulting from multiple, random strand nicks.

Architecture of Type ISP RM enzymes

X-ray crystallographic studies initiated using full-length LlaGI yielded crystals that
diffracted X-rays poorly. As an alternate strategy, studies were carried out on the close
homologue LIaBIll which shares a very high sequence identity of ~80% (the first 1020
amino acids have ~98% sequence identity, while the remainder have 48% identity).
Correspondingly, the two proteins can functionally cooperate to cleave DNA.20 The
structure of full-length LIaBIll bound to a 28 bp DNA substrate mimic (Supplementary Fig.
2) was determined to a resolution of 2.7 A (Supplementary Table 1).

The asymmetric unit contained two LlaBIII-DNA molecules related by a two-fold rotational
symmetry resulting in a pseudo-continuous DNA of 56 bp (Supplementary Fig. 3a). This
assembly appeared to be a result of crystal packing and may not be functionally relevant as
the targets are oriented tail-to-tail (which does not support cleavage). The remaining crystal
contacts arose from protein-protein and protein-DNA interactions between symmetry-related
molecules (Supplementary Fig. 3b). Characterisation by size-exclusion chromatography
(SEC) coupled to multi-angle light scattering (MALS) confirmed that the protein is
monomeric (Supplementary Fig. 3c).

The structure revealed six structural domains with an unexpected arrangement: the N-
terminal Mrr-family nuclease followed by the N-core and C-core RecA folds of the ATPase
located upstream of the target; and an all a-helical domain (referred hereafter as the coupler)
that links the ATPase to the MTase and the C-terminal TRD (Fig. 1a, Supplementary Fig. 4).
The DNA interacted extensively with the TRD and MTase, while making fewer contacts
with the ATPase as the DNA length limited the interaction to only a part of the N-core
(Supplementary Fig. 2, Fig. 1a ). Amongst the six domains, quality of electron density for
the nuclease was comparatively poor, possibly due to intra- and inter-domain conformational
mobility.

Comparison of the LIaBI1I-DNA molecules in the asymmetric unit highlighted inter-domain
conformational plasticity (Fig. 1b; Supplementary Table 2). In particular, the nuclease-
ATPase domains moved as a unit with respect to the coupler about a hinge-like interface
formed by two laterally packed a-helices, one from the C-core of the ATPase (E649-N656)
and one from the coupler (P823-1835) (Fig. 1b, Supplementary Fig. 5). Interestingly, the
HsdM subunit of classical Type | enzymes (PDB code: 2AR0, 3UFB2) and the multi-
domain Type 11G enzyme BpuSI22 contain a similar all a-helical domain of unknown
function N-terminal to the MTase domain. The domain has been postulated to be involved in
switching between different conformational and functional states.2?
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Target recognition and adenine base flipping

The target was clamped by the MTase and TRD (Fig. 2a). The MTase of LlaBlIl had a
structural fold similar to the prototype y-class N6-adenine MTase, M. 7ag1,23 and also to the
MTase domains of the classical Type | enzymes (PDB ID: 2ARO0, 2Y7C,13 3UFB?2) and the
Type 11G enzyme BpuSI.22 The core region of the C-terminal TRD of LlaBIll was
structurally homologous to the TRD of M. 7agl,23 TRD1 and TRD2 of a Type | HsdS
subunit,2425 and the TRD of BpuSI.22

The MTase-TRD clamp deformed the DNA leading to altered geometrical parameters at the
target (Supplementary Fig. 6). The grip bent the DNA (Fig. 2b) and increased the width and
decreased the depth of the major and minor grooves (Fig. 2b,c,d, Supplementary Fig. 6). The
changes in the groove geometry facilitated sequence specific protein-DNA interactions. The
MTase read the sequence via the minor groove (Fig. 2c), while the TRD read it via the major
groove (Fig. 2d). Despite the absence of AdoMet in the crystals, the target adenine for
methylation (position +1, Supplementary Fig. 2) was flipped out into the MTase catalytic
pocket (Fig. 2e). The adenine stacked against Y1021 and hydrogen bonded with the catalytic
N1018. F1134 made an energetically favourable T-shaped aromatic-aromatic interaction
with the adenine and would sterically block a guanine from entering the pocket. The
intercalating R1119 and M1137 plugged the resulting DNA cavity (Fig. 2e).

Mechanism of dsDNA translocation

Sequence specific target binding by the MTase-TRD is essential for initiation of DNA
translocation.18:19 The structure revealed that upon target recognition, the MTase-TRD
steered the upstream DNA towards the ATPase thereby engaging the N-core and C-core
(Fig. 1a, 3a, 3b), illustrating a mechanism of coupling of target recognition and DNA
translocation, mediated by DNA conformational change. Structural comparison with other
SF1 and SF2 ATPases revealed that the disposition of the RecA cores bound to dsDNA (Fig.
3a) was similar to that seen amongst ssDNA-bound helicases oriented to bind
ATP26.27,28,29.30 and to the apo structure of the Swi2/Snf2 ATPase from zebrafish Rad5414
(Supplementary Fig. 7). In contrast, the orientation of the cores in the only other structure of
a helicase-like ATPase bound to dsDNA, i.e. the Swi2/Snf2 ATPase from Sulfolobus
solfataricus, differs by almost 180°.31 The relevance of this conformation is unclear.%31

The Type ISP N-core-DNA interaction was mediated by a B-hairpin loop (S383-D390) that
interacted with the major groove and griped the 3’-terminated strand. The main chain amides
of K389 and D390 interacted with phosphate —11, whilst in one of the monomers of LlaBIll,
K385 inserted into the major groove and contacted base —13 (Fig. 3a). In the other
monomer, the lysine side chain was disordered, suggesting that the interactions involving the
main chain atoms were the primary contributors to the grip between the DNA and the
hairpin loop. It is, however, likely that new interactions are formed between the hairpin loop
and the DNA in other conformational states that may occur during a complete ATPase cycle.
Assuming 3’-5’ motion, the LIaBIIl ATPase will thus move downstream, consistent with the
requirement for head-to-head targets for cleavage (Supplementary Fig. 1). A model of a
longer DNA bound to the enzyme, suggested that the ATPase becomes fully engaged when
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the DNA extends to —22 (Fig. 3b). Accordingly, effective downstream DNA translocation
(Fig. 3c) and cleavage (Supplementary Fig. 8) required at least 23 bp upstream of the target.

The structure revealed an enzyme that was competent to carry out either methylation or
translocation/cleavage in the presence of the appropriate co-factor — AdoMet or ATP. It
appears that the tussle between the two activities is avoided by the apparent rate of
methylation being slower than ATP hydrolysis (Supplementary Fig. 9). Consequently,
ATPase activity would more often initiate translocation on unmodified foreign DNA, leading
to cleavage rather than methylation. On the host DNA, the absolute requirement for two
unmodified head-to-head targets for cleavage®-19-20 ensures that the newly-replicated host
DNA, with one strand methylated and the other unmethylated, would not be cleaved.
Following multiple redundant translocation events, maintenance methylation would
eventually occur.

Mechanism of long-range communication along DNA

In contrast to expectations of the prevailing model, the location of the Type ISP ATPase
upstream of the MTase-TRD-target complex appeared completely inconsistent with Type I-
like loop translocation, since downstream ATPase motion would push the MTase-TRD off
the target (Supplementary Fig. 10a). In addition, collision of two converging Type ISP
enzymes at the MTase-TRD interface will leave the upstream nucleases at locations
apparently too distant to either interact directly or produce a dsDNA break (Supplementary
Fig. 10a).

Magnetic tweezers microscope (MTM) assays have been used to distinguish between loop-
dependent and —independent translocation models for ATP-dependent RM enzymes.32:33 We
utilised a similar approach here, in which cleavage of DNA with two head-to-head Type ISP
targets would be observed as loss of magnetic bead tracking, whilst loop translocation would
be observed as a uniform downward bead movement (Supplementary Fig. 10b). Cleavage
occurred rapidly following addition of LI1aGI and ATP, independent of the DNA stretching
force and without any evidence for DNA shortening and hence loop formation (Fig. 4a,b,c).
The cleavage rate was nonetheless dependent on ATP concentration (Fig. 4d,e), consistent
with translocation-driven communication and cleavage. Above the previously measured
Ki,app Values for ATP hydrolysis and translocation, 18 the cleavage rate was invariant, most
likely because events after collision (e.g. nuclease activity) are rate-limiting. Below the

K ,app Values, the cleavage rate decreased rapidly, most likely due to a combination of
slower translocation, and a concurrent decrease in processivity (as the translocation rate
approaches the DNA dissociation rate), which would necessitate multiple translocation
events before successful collision.

Evidence for changes in DNA topology during translocation

The previous suggestion that these enzymes translocate DNA loops was based on an indirect
topoisomerase assay that measured changes in DNA topology during translocation of a
nuclease mutant.18 Wild type enzyme could not be used as it would have rapidly cleaved the
DNA substrate. The principal of the assay is that a motor complex that forms a DNA loop
and translocates around the DNA helical pitch will trap changes in DNA supercoiling; the

Nat Chem Biol. Author manuscript; available in PMC 2016 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chand et al.

Page 6

twin domain supercoiling model.11:34 The upstream DNA loop expands in size and has
reduced twist (leading to negative supercoiling) whilst the downstream DNA has increased
twist (leading to positive supercoiling). Using a one-site DNA, a LlaGI nuclease mutant and
E. colitopoisomerase |, we were able to convert a relaxed DNA to a positively-supercoiled
one, consistent with twin domain supercoiling.18

We re-examined the effect of translocation by a LIaGl nuclease mutant on DNA topology
using the MTM assay (Supplementary Fig. 11a). On negatively-supercoiled one-site DNA at
low force, we observed transient increases in DNA height consistent with loop translocation
(the plectonemes being released by the increased twist downstream of the motor). In theory,
upon reaching relaxed DNA the motor could continue to translocate leading to positive
supercoil formation and a reduction in bead height. However, we never observed reductions
in bead position below the resting height of the negatively-supercoiled DNA. This suggests
that upon reaching relaxed DNA (or soon before or after), the loop is released allowing re-
equilibration to negatively-supercoiled DNA. On positively-supercoiled DNA at low force
the bead height transiently reduced, also consistent with loop translocation (the increased
twist producing additional plectonemes). However, the events were longer lived and more
frequent.

If loop translocation on a negatively-supercoiled DNA produced relaxed DNA, the
difference in bead height compared to relaxed DNA in the absence of looping would indicate
the length of DNA trapped in the loop.3® The differences we observed were larger than
expected given a model where the motor initiates looping immediately next to the target
(Supplementary Fig. 1). In Supplementary Fig. 11b, relaxed DNA should have formed after
translocation of ~168 bp (+16 turns assuming 10.5 bp per turn), corresponding to a height
difference of ~57 nm. The larger difference observed (e.g. 136 nm) could be explained if
LlaGl trapped a larger loop initially. However, we cannot explicitly state that the relaxed
DNA state had been reached (i.e. looping may be short-lived and always collapse before
reaching 168 bp).

On topologically-unconstrained one-site DNA, neither the nuclease mutant nor wild type
LlaGI produced loop translocation events (Supplementary Fig. 11c,d and 12a). Wild type
LlaGlI produced a much lower frequency of loop translocation events on positively-
supercoiled DNA (Supplementary Fig. 11d). Using the wild type enzyme we also tested
DNA cleavage on two-site DNA (Supplementary Fig. 11e). Individual strand cleavage events
were observed; the first event relaxed the supercoils, lengthening the DNA, before a
subsequent event generated a dsDNA break. However, reductions in bead height consistent
with twin-domain supercoiling were not observed. Therefore it seems that although LlaGl
can occasionally trap loops during translocation, these are not pre-requisites for cleavage of
either supercoiled (Supplementary Fig. 11e) or relaxed DNA (Fig. 4a,b).

We suggest an alternative model to account for supercoiling changes observed here and
previously® (Supplementary Fig. 11f). An individual enzyme cannot trap a DNA loop.
However, where a translocating motor interacts with a static motor, continued translocation
leads to twin domain supercoiling. These interactions are promoted and maintained by DNA
supercoils, particularly positive DNA nodes. However, they are facile and are not necessary
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for DNA translocation or cleavage. The higher event frequency observed with nuclease
mutants may reflect changes in motor properties; for the classical Type | RM enzymes,
nuclease domain mutations caused decreased translocation and ATPase rates, enzyme
population heterogeneity, failure to initiate and altered turnover dynamics.38

Evidence for release of the target during translocation

Molecular motors have a finite chance of dissociating during each ATP-dependent step along
DNA. The forward stepping rate divided by the sum of the stepping rate and the dissociation
rate defines the processivity. During loop-independent translocation, the enzyme must leave
its target site and subsequent dissociation will release the complete enzyme. This contrasts
with translocation termination by the classical Type | RM enzymes where the motor
dissociates from the core MTase which remains at the site.33 Translocation termination can
be quantified using a triplex displacement assay. We initiated translocation by mixing ATP
with a pre-formed LIaGI-DNA triplex complex in a stopped flow fluorimeter. The
termination pathway was probed by including “traps” along with the ATP (Supplementary
Fig. 12b). We trapped dissociated enzymes using an excess of DNA carrying the target
sequence or, as a control, a random, non-specific DNA (Supplementary Fig. 12c).
Alternatively, we blocked the exposed DNA target by adding a helicase mutant (LIaGl
K210A) which can bind the site but not translocate.20

Both traps caused a reduction in the amplitude of triplex displacement which scaled with the
translocation distance (Supplementary Fig. 12d). The burst amplitude represented the
proportion of pre-bound LlaGlI proteins which initiated translocation and reached the triplex
without being trapped. The specific DNA was an efficient trap over short time scales, but
protein dissociation from the trap allowed re-association with the triplex substrate, leading to
a background triplex displacement rate. The non-specific oligoduplex had a minor trapping
effect but turnover was more rapid. The helicase mutant was more efficient in sequestering
the site and preventing re-association by dissociated enzymes (i.e. the background turnover
rate was slower). But for technical reasons we could only add an equimolar concentration of
mutant to wild type protein. Therefore some wild type protein could rebind the site and the
apparent amplitude was higher than that seen with the DNA trap. Nonetheless, the distance-
dependent changes in displacement amplitude seen by trapping either the site or the
dissociated enzyme are consistent with release of the target during loop-independent
translocation.

Regulation of the nuclease activity

DNA cleavage does not occur during translocation, but is activated upon convergent protein
collision.6:18.19.20 The key catalytic residues of the Mrr-family nuclease3’ were clustered
into a putative active site cleft (Fig. 5a), which pointed away from the DNA path (Fig. 1a).
The loop containing the essential D7437 was unstructured (Fig. 5a), suggesting a
catalytically impaired conformation that becomes activated on engaging with the DNA upon
collision. The loop could also be unstructured due to the absence of divalent cation in the
buffer, which is thought to interact with the catalytic triad of D74, D78 and K94.37 We note
that the side chains of D78 and K94 were also disordered in the structure.
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Nuclease activation, along with structuring of the D74 loop, may additionally arise due to
ATP-dependent or ATP-independent nucleoprotein rearrangements that engage the active
site with the DNA. A simple modelling based on the structures of the SF2 helicase NS3
from hepatitis virus C bound to ssSDNA and an ATP analogue3° suggested that ATP-induced
domain closure would move the nuclease closer to the DNA path. However, in this
orientation the nuclease active site still pointed away from the DNA, and the active
orientation is possibly only attained upon collision. In addition, pivoting of the nuclease-
ATPase unit about the hinge between the ATPase and the coupler (Fig. 1b, Supplementary
Fig.5) could help engage the nuclease with the DNA. Activation of the upstream nuclease
effected by interdomain plasticity was supported by the mapping of a slow ATP-independent
nicking activity, which exclusively targeted the bottom 3’-5’ strand at =30 (Supplementary
Fig. 13a, b).

Mechanism of dsDNA break formation

Although activation must occur upon collision, the enzyme architecture suggested that the
nuclease domains in a collision complex will be located too far apart to interact directly and,
additionally, that the DNA nicks introduced would be too far apart to form a dsDNA break
(Supplementary Fig. 10a). To investigate the locations of the strand breaks resulting from
stochastic translocation and randomised collision, we mapped single DNA cleavage events
at different time points during the reaction using a DNA with two head-to-head sites spaced
97 bp apart (Fig. 5b). The assay (Supplementary Fig. 14) reports either on the outermost
cleavage loci for 3/ overhangs or the innermost cleavage loci for 5’ overhangs. The majority
(>98%) of collision events produced 3’ overhangs, with an average centroid of collision
midway between the sites, as predicted!8 (Fig. 5b). The Mrr-family nuclease had an
unexpected dinucleotide preference (Supplementary Fig.13c), although this did not influence
the distributions observed on the DNA used here.

Early (10s) cleavage events clustered between the sites and in the immediate upstream
regions (as defined by Fig. 5b). The 3/-3’ distances between the outermost nicks on the two
strands revealed a distinct minimum of 30 bp but also a wide range of longer values up to
120 bp, with a median value of 57 bp (Fig. 5¢,d). The minimum represents the closest
approach of two nuclease-ATPase units during collision. The wide range of values observed
supports a distant arrangement of nuclease domains. As the reaction progressed, the 3’-3’
distance increased, consistent with DNA end processing as observed in gel assays®
(Supplementary Fig. 8), raising the median value to ~68 bp. In addition, cleavage events
began to be observed further upstream than —30, consistent with an ability of the collision
complex to move from its primary location.

Discussion

The data presented here indicates that the upstream ATPase of a Type ISP enzyme remodels
its downstream MTase-TRD-target complex to allow target release (Fig. 6). Upon binding of
ATP, Type ISP domain movement and ensuing rearrangements in the ATPase-DNA
interactions, including those involving the B-hairpin loop, would pull the DNA in an
upstream direction leading to movement downstream of the complete enzyme without a
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necessity for DNA loop formation. This model is quite distinct to that of the classical Type |
RM enzymes. We suggest that the coupler will play a key role in transferring conformational
strain during initiation. The flipped base seen in the MTase active site would also act as an
“anchor” to prevent target release; this must be returned to its base-paired location in the
DNA before initiation can proceed and this may be accelerated by ATP-induced strain
relayed by the DNA and/or coupler.

Remodelling of the MTase-TRD must involve loss of target interactions. However, the
remodelled MTase-TRD may remain associated with the DNA to act as a sliding clamp,
enhancing processivity. Alternatively, the clamp may open fully, allowing the coupler-
MTase-TRD units to swing completely off the DNA. This motion may help explain the ~30
bp closest approach of the nuclease domains (Fig. 5¢,d).

The Type ISP remodelling activity is somewhat similar to the role of the ATPase subunit of
the Type 111 RM enzymes.12 However, whilst those enzymes use a burst of ATPase activity
to break the MTase-target interactions, subsequent bidirectional movement along DNA is
thermally-driven without the need for ATP hydrolysis. In contrast, the Type ISP enzymes
continue to consume ATP during unidirectional translocation.18 It remains to be seen
whether the Type 111 enzymes also move towards their cognate MTase subunits, “pushing”
them off the target as in the Type ISP scheme (Fig. 6), or move in the opposite direction to
“pull” the MTase subunits off the target.

The Type ISP structure also provides a simple, single polypeptide framework to understand
other remodelling processes that may involve active disruption of protein-nucleic acid
complexes by an ATPase motor, such as the DExH/D RNA helicase,38 SF1 DNA helicase
PcrA,3940 the Swi2/Snf2 family ATPase Mot1,1517 or nucleosome remodellers.15:16 The
above structural comparison suggests that the ATPase cycle proposed for bona fide
helicases, involving domain closure and opening of N- and C-cores upon ATP binding and
hydrolysis26:27:29.30 js conserved in dsSDNA translocating ATPases. In turn, the Type ISP
ATPase would therefore use an equivalent inchworm mechanism for both remodelling and
translocation. Interestingly, the p-hairpin loop is unique to Type ISP ATPases
(Supplementary Fig. 7), indicating variation in the translocation mechanisms amongst SF2
ATPases despite conservation of canonical motifs and overall structures.

The wide spacing of the DNA strand breaks produced (Fig. 5) is consistent with the
upstream locations of the nuclease domains as predicted in a head-on collision complex
(Supplementary Fig. 10a). Since the nucleases cannot interact directly, activation upon
collision is most likely due to conformational strain from the ATPases transferred via the
couplers. Nonetheless, additional remodelling and movement of the collision complex must
be required to further process the DNA to produce a dsDNA break. We propose a “DNA
Shredder” model in which cumulative nicking events eventually result in a dSDNA break
(Fig. 6). This contrasts with the precise DNA cleavage produced by two closely-spaced
nucleases as suggested for Type I and 11l enzymes (Supplementary Fig. 1) and observed in a
great many other, simpler nucleases.
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The collision complex would initially result in formation of one or two strand breaks. The
location of this initial cleavage will be random, dictated by the preceding stochastic
translocation events. Rearrangements of the complex due to interdomain plasticity together
with the nuclease’s sequence preference (Supplementary Fig. 13c), can result in varied loci
of cleavage and hence a range of initial 3’-3’ spacings. The observed 30 bp minimum could
reflect a collision complex where both coupler-MTase-TRD units have swung off the DNA,
allowing the closest approach of two helicase-nuclease units that still allows for stress-
activation. Continued ATPase activity can then remodel the collision complex, leading to
further up- and downstream movement and nicking events, causing compound damage
culminating in a dSDNA break (Fig. 6). The increases in the median and skewness values
(Fig. 5) are thus due to the longer incubation times during which collision complex mation
leads to further cleavage events at other sites. Notably, post-collision mobility can also
account for cleavage further upstream than =30 and for rare 5" overhangs (Fig. 5b), where
presumably the collision complex nicks one strand and immediately moves in a 3’ direction
before nicking the opposite strand.

The loading of multiple translocating enzymes on the DNA that is a potential consequence
of target release could result in a pile-up of enzymes on both sides of the primary collision
complex. If these enzymes were activated they could cause a time-dependent increase in
3’-3’ cleavage distance. However, post-collision mobility can more readily account for
cleavage events upstream of —30 and the 5’ overhangs. Nonetheless, rear-end collisions may
play a supplementary role in DNA processing. We discounted an alternative model where
strand nicking by multiple, separate collision events at random sites generates the widely-
spaced overhangs since this would generate 5’ overhangs with equal frequency and would
not show a time-dependent increase in distance.

We speculate that, depending on the cellular host, broken DNA with variable 3’-overhangs
produced by Type ISP enzymes would not be a substrate for the corresponding dsDNA
break repair enzymes (RecBCD or AddAB), which have a preference for blunt ends.41:42:43
Consequently, even if the foreign DNA were to have the regulatory sequences required for
homologous recombination, they would not enter that repair pathway. dsDNA break
formation by multiple nicking events would additionally prevent simple religation of the
DNA ends. Where the cell also encodes a CRISPR-Cas system, the small DNA fragments
generated during cleavage by Type ISP enzymes (or during post-cleavage processing by
classical Type | enzymes#4) may feed into the spacer acquisition pathway (adaptation), as
suggested for the DNA fragments generated by RecBCD.4°

In conclusion, the distinct nucleolytic activity of the Type ISP enzymes contrasts with
mechanisms employed by dimeric nucleases and further illustrates yet another strategy
evolved towards resistance in the perpetual bacteriophage-host arms race.2

Online Methods

Generation of a LIaGIAN mutant

pRSFLIaGI8 was used as template in PCR protocol using Phusion polymerase (Finnzymes
Oy, Finland) as per manufacturer’s guidelines. The phosphorylated primers 5’-
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CATGGTATATCTCCTTATTAAAGT-3" and 5-CGTCCAGAAAATGTAGTCGT-3' were
designed to delete the region of the gene corresponding to amino acids 2-165. Template
DNA was removed by digestion with Dpnl and clones selected and sequenced following
transformation of Escherichia coli Top10 cells (Invitrogen).

Purification of LlaGl, LIaGIAN and LlaBlll for crystallisation

LlaGl, LIaGIAN, selenomethionine containing LIaGIAN (LIaGIANSE) and LlaBIII were
purified using the same strategy. The protein was overexpressed in 10L of Escherichia coli
BL21 (DE3) from recombinant clones of the genes in pRSF vector. LIaGIANSE was
overexpressed in Escherichia coli B834 (DE3) grown in LeMaster media.#® A higher amount
of soluble protein in the crude lysate was observed upon inducing the culture at 25°C with
0.5 mM IPTG at ODggg = 0.6. The incubation temperature was lowered from 37°C to 25°C
before addition of IPTG. Induced cells were harvested after 5 hours further incubation. To
minimise proteolytic degradation of the protein, protease inhibitors (Roche) were added to
the lysis buffer (50 mM Tris-HCI pH 8.0, 150 mM NaCl, 10 mM MgCl,, ImM EDTA and 1
mM DTT), all the steps of purification were carried out at 4°C, and the protein was purified
to homogeneity within 24 hours of lysis. The cells were lysed by sonication. The protein was
salted-out using 70% w/v ammonium sulphate. The re-suspended protein pellet was further
purified using heparin and MonoQ columns (GE Healthcare), respectively. Finally, size
exclusion chromatography using Superdex 200 10/300 (GE Healthcare) ensured
homogenous monomeric protein. Purified LIaGl and LIaGIAN were stored in a buffer
containing 10 mM Tris-HCI pH 7.4, 100 mM NaCl and 1 mM DTT, and LIaBIII was stored
in 10 mM Tris-HCI pH 7.4, 100 mM KCl and 1 mM DTT. Purified samples stored at —80°C
remained intact and could be thawed and used for crystallisation later.

Purification of DNA substrates for crystallisation

The dsDNA substrates used for co-crystallisation were obtained by annealing two
chemically synthesized, PAGE-purified, complementary ssDNA purchased from Integrated
DNA Technologies, USA. The dsDNA was purified to remove ssDNA using a MonoQ
column. The pure duplex DNA was concentrated and stored in sterile water at —20°C.

Crystallisation of LlaBIII-DNA and data collection

LlaBII1-DNA complex was crystallised in 200 nanolitre drops (1:1 of protein : reservoir
buffer) by vapour diffusion at 291 K using sitting-drop method (Supplementary Fig. 15).
The reservoir buffer contained 200 mM KCI and 20% w/v PEG 3350. This crystal diffracted
to 2.7 A at 100 K with ethylene glycol as a cryoprotectant. Data was collected at the 102
beamline, Diamond Light Source, at a wavelength of 0.9793 A. The data collection statistics
are provided in Supplementary Table 1.

Crystallisation of LIaGIANSe-DNA and data collection

A complex of the purified protein and DNA was formed by mixing the two in 1:1.3 molar
ratio at 4°C. A protein concentration of 5 mg/ml and a crystallisation drop size of 200 nL
were used for all the initial crystallisation trials by sitting drop vapour diffusion method.
Conditions of varying buffers, additives, precipitants, DNA substrates and temperatures were

Nat Chem Biol. Author manuscript; available in PMC 2016 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chand et al.

Page 12

screened for crystallisation of LIaGI-DNA and LIaGIAN-DNA complex. Crystals of LlaGl-
DNA diffracted poorly. However, a crystal form of LIaGIAN bound to a DNA substrate
mimic (Supplementary Fig. 15) grown in 4 uL (1:1 of protein : reservoir buffer) hanging
drops at 291 K by the vapour diffusion method diffracted better. The reservoir buffer
contained 100 mM Tris-HCI pH 7.4, 20% w/v PEG 20,000, 4% w/v PEG 550 MME, and
150 to 250 mM sodium acetate. This condition was used to grow crystals of LlaGIANSe-
DNA. A 3.2 A multi-wavelength anomalous data set was collected from one of these crystals
at 100 K. The data was collected at 103 beamline, Diamond Light Source.

Structure solution of LIaGIANSe-DNA

The data set was processed using XDS*’ and the intensities were scaled and merged using
XSCALE,*#" and converted to structure factors using TRUNCATE#8 (Supplementary Table
2). LIaGIANSe-DNA crystallised in the space group P2; and Matthews coefficient suggested
two molecules in the asymmetric unit. Experimental phases to a resolution of 3.2 A were
determined by single-wavelength anomalous diffraction (SAD) method from the data
collected at the peak wavelength of 0.9797 A (Supplementary Table 2). The quality of the
anomalous signal was good enough to obtain the substructure of 46 of the 58
selenomethionines in the asymmetric unit using ShelxD as implemented in the program
PHASER-EP.49 Phases were calculated by PHASER-EP. Density modification with solvent
flattening and histogram matching was carried out using DM.>0 The quality of the map,
though of medium resolution, was sufficiently good to visually identify the correct hand
(Supplementary Fig. 15). The maps were visualized and model building carried out using
COOT.51 Initial cycles of structure refinements were carried out by REFMAC5°2 and
subsequently by phenix.refine.>3 This map was used to manually build most of the structure
of LIaGIAN-DNA. This structure was used as a model to solve the structure of LIaBIlI-DNA
by molecular replacement.

Structure determination of LlaBIlI-DNA

SEC-MALS

The data was processed using XDS*’ and the intensities were scaled and merged using
XSCALE,*#” and converted to structure factors using TRUNCATE%8. LIaBIII-DNA
crystallised in the space group P1. The structure solution for LIaBIll1-DNA was obtained by
molecular replacement with MOLREP34 using the coordinates of an N-terminal deletion
mutant of LlaGl. Alternate cycles of model building using Coot®! and refinement of
coordinates and individual B-factors using phenix.refine>3 were carried out to build the
structure of the full-length LIaBI1I-DNA complex. Hydrogens were automatically added to
the model during refinement. The refinement statistics for the structures are provided in
Supplementary Table 1. The final model had 96% of the residues in the favoured, 4% in the
allowed and 0% in the disallowed region of the Ramachandran plot. PYMOL (http://
www.pymol.org) was used to generate figures.

The Type ISP enzymes (0.5-1.0 mg/ml) were run in reaction buffer (for L1aGI, 50 mM Tris-
Cl, pH 8.0, 10 MM MgCl,, 1 mM DTT; for LIaBIlI, 50 mM Tris-Cl, pH 8.0, 10 mM MgCl,,
150 mM KCI, 1 mM DTT) at 1 ml/min on a Superdex 200 analytical size exclusion column
(GE Healthcare), attached to a light scattering diode array and a differential refractive index
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detector (Wyatt Technology). Chromatograms were analysed using the ASTRA software
(v6.0.5.3, Wyatt Technology). Absolute molecular masses of elutes were calculated from the
ratio of light scattering and the differential refractive index. Reproducibility of the column
chromatography was checked using bovine serum albumin as in Butterer et a/5°

Modelling studies

The models of LlaBIIl bound to longer DNA in Fig. 3b and the collision complex in
Supplementary Fig. 10a were generated using Coot.> The former was generated by addition
of nucleotides upstream to the co-crystal DNA. The conformation of the nucleotides was
approximated to that of a B-form DNA. A model of the collision complex was generated by
placing the structure of two molecules of LIaBI1I-DNA side-by-side such that the two TRDs
and the downstream ends of the DNA were contiguous. The pseudo-continuous DNA thus
formed has two molecules of LlaBIIl oriented head-to-head. The upstream ends were
extended by addition of nucleotides having the conformation of B-form DNA.

DNA cleavage assay

To produce the linear substrates used in Supplementary Fig. 8, pHH-318 was used as a
substrate for PCR with the downstream primer FOIi L1aGI-529 and the following upstream
primers (Supplementary Table 3) : ROIli LIaGI-16 (for 7=16); ROIi LlaGI-21 (for n=21);
ROIli LIaGI1-22 (for n=22); ROIi LIaGI1-23 (for n=23); ROIi LIaGl-24 (for n=24); and, ROli
LlaGI-51 (for n=51). All substrates were purified by phenol-chloroform extraction and
ethanol precipitation. Assays contained 2 nM DNA, 4 mM ATP and 200 nM LlaGl in TMD
buffer. Reactions were started by adding ATP, and incubated at 25 °C for the times indicated.
Samples were stopped by adding %2 volume of STEB [0.1 M Tris (pH 7.5), 0.2 M EDTA,
40% (w/v) sucrose, 0.4 mg/ml bromophenol blue] and analysed by agarose gel
electrophoresis. Gels were stained for 30 minutes in 0.5 pg/ml ethidium bromide and
destained for at least two hours. The gels were quantified from 8-bit images using
ImageQuant TL (GEHealthcare), correcting band intensity for DNA length. Average values
and standard deviations were calculated in GraphPad Prism.

Triplex Displacement assays

To produce the linear substrate used in Fig. 3c, pPRMA03F20 was used as a substrate for PCR
with the downstream primer FOIi L1aGITr-529 and the following upstream primers
(Supplementary Table 3): ROIli LIaGI Tr-16 (for 7=16); ROIli LIaGI Tr-21 (for n=21); ROli
LlaGI Tr-22 (for n=22); ROIli LIaGl Tr-23 (for n=23); ROIli LIaGI Tr-24 (for n=24); and,
ROIi LlaGI Tr-51 (for n=51). To produce the linear substrates used in Supplementary Fig.
12, either pRMAO03R2% was cut with Blpl (for the 4663 bp spacing) or pRMAO3F was cut
with EcoRlI (for the 168 bp spacing). All substrates were purified by phenol-chloroform
extraction and ethanol precipitation. Triplexes were formed overnight as described
previously using a tetramethylrhodamine-labelled triplex forming oligonucleotide.18
Reactions were carried out using 1 nM DNA (0.5 nM triplex), 100 nM LIaGl, 4 mM ATP in
TMD [50 mM Tris-Cl, pH 8.0, 10 mM MgCl,, 1 mM DTT] at 25 °C. Fluorescence intensity
measurements were performed using an SF61-DX2 stopped-flow fluorimeter (TgK
Scientific).18 DNA and enzyme were premixed and the reactions initiated by mixing with
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ATP. In Supplementary Fig. 12, translocation traps were added to the ATP syringe, and gave
final concentrations of 1 pM oligoduplex or 100 nM LlaGI(K210A).20

ATP-independent nick mapping assay

To produce the linear substrate (Supplementary Fig. 14a), pHH-3 was used as a substrate for
PCR with the primers FOIli LIaGl +75 (32P-labelled for top strand substrates) and ROli
LlaGI -75 (32P-labelled for bottom strand substrates) (Supplementary Table 3). Assays
contained 2 nM DNA and 200 nM wild type LlaGl, nuclease mutant L1aGI(D74A) or
nuclease domain deletion mutant LIaGIAN in TMD buffer. Reactions were started by adding
enzyme (or blank dilution buffer), and incubated at 25 °C for 60 minutes. Samples were
stopped using 10 mM EDTA, 1 mM NaOH, 80% (v/v) formamide, 0.1% (w/v) bromophenol
blue) and analysed by electrophoresis on a urea denaturing 8% (w/v) polyacrylamide gel.
Sequencing lanes were produced using labelled primers following the USB T7 sequencing
kit (Affymetrix) according to the manufacturer’s instructions. The pixel positions of the 16-
bit scanned wild type lanes in Supplementary Fig. 13a were corrected for DNA length using
an exponential function calculated based on the positions of DNA bands in the sequencing
lanes, according to Sisékova er a1

Magnetic Tweezers assay

pKA20 was generated by QuikChange multi-site directed mutagenesis of pSFV-1 (Life
Technologies) using the following upstream primers (Supplementary Table 3): KA40F;
KA41F; KA42F; KA43F; KA44F; KA45F; KA46F; KA4T7F to remove LlaGl sites at 131,
1539, 2120, 3637, 3863, 5619, 7252 and 9499 bp, respectively, to leave two head-to-head
sites 1339 bp apart. pKA21 was generated by QuikChange mutagenesis of pKA20 to remove
the LIaGl site at 2640 bp using primer pair KA69F and KABG9IR (Supplementary Table 3).
The DNA were cleaved using BamHI and Spel. Biotin- or digoxigenin-modified attachment
handles were made using 1.0 kbp DNA fragments that where labelled with biotin- or
digoxigenin-dUTP by PCR of pUC19,%6 using primers ms293SpeF and primers ms293NotR
(Supplementary Table 3), and which were digested with either BamHI or Spel. The pKA20
or pKA21 fragment was ligated with the biotin/dig-labelled handles using T4 DNA ligase.>®

Single-molecule experiments were carried out as previously described328 using a
commercial magnetic tweezers instrument (Picotwist, Saint Romain de Popey, France,
equipped with a Jai CM-140GE camera, image acquisition at 31 Hz).57 Fluidic cells were
constructed from an uncoated 24x60 mm coverslip (Menzel-Glaser No. 1), double-sided
adhesive tape (3M 467MP, 50 um depth) and polyester film (Melinex 401, DuPont, 50 pm
depth). Anti-digoxigenin (Roche) and BSA were adsorbed directly to the glass by incubation
for >3 hours at room temperature. Each DNA construct was bound at its biotin-modified end
to excess streptavidin-coated magnetic beads (1 um diameter, MyOne T1, Invitogen) and
added into the fluidic cell to allow the DNA to bind the surface via its digoxigenin-modified
end. Beads attached directly to the coverslip were monitored to correct for instrument drift.
The three-dimensional position of the magnetic bead and thus the orientation and length of
the attached DNA molecule was determined from video images at 31 Hz using real-time 3D
particle tracking with sub-nm accuracy.®’ Topologically-unconstrained (nicked) and —
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constrained (supercoilable) DNA were identified from rotations curves. The reaction
temperature within the cell was maintained by Peltier elements to 25+1 °C.

Experiments with LIaGI were carried out in TMD buffer. In all time trajectories depicted,
raw DNA length data taken at the camera acquisition rate is shown, except for 0.1 pN trace
in Fig. 4b where the data was also smoothed with a 1 Hz moving average. Flow was started
by manually opening a valve and 10 nM LlaGl and ATP (4 mM except where stated) were
added to the flow cell in-port. After 5+1 s, the flow was stopped by closing the valve and the
beads thereafter relaxed back to their stretched lengths. Cleavage times were taken from the
initiation of flow to the point where bead tracking was lost. Error were calculated from the
average values from the square root of number of points (A) in the bin. For topologically-
constrained DNA, supercoiling levels were set by rotating the magnets at low force where
the rotation curves are symmetrical.

Single DNA cleavage event mapping

The method was adapted from that of Jindrova er a/,>8 (Supplementary Fig. 14). pKA20.100
was made from pKA20 by reverse PCR using primers ROli LIaGl int 0 and FOIi LlaGl int
+100 (Supplementary Table 3), followed by recircularization of the linear product using T4
DNA ligase. PCR was used to amplify the chloramphenicol gene from pACYC184%9 using
primers KA082F and KA082R (Supplementary Table 3). The amplified product was purified
following agarose gel electrophoresis using a QIAquick Gel Extraction Kit (Qiagen).
Cleavage reactions contained 2 nM pKA20.100, 200 nM LlaGl, 4 mM ATP in TMD.
Reactions were initiated by adding ATP, and the reactions at 25°C stopped at 10, 20, 30 or
60 s by adding ¥ volume of 100 mM Tris-Cl, pH 8.0, 100 mM EDTA. Cleaved DNA was
purified using a QIAquick PCR Purification Kit (Qiagen), and treated with 1.5 units T4
DNA polymerase (New England Biolabs) per nM DNA and 100 pM dNTPs in the supplied
reaction buffer supplemented with 100 ug BSA at 12°C for 30 min. The reaction was
stopped by heating to 75°C for 30 min. Blunt-ended DNAs were purified using a QlAquick
PCR Purification Kit and ligated to the chloramphenicol gene insert using T4 DNA ligase
(New England Biolabs) at 16°C for 16 hours. £. co/i TOP10 cells (Life Technologies) were
transformed with the ligations and single colonies selected by overnight growth on LB agar
plates with 50 ug/ml ampicillin and 34 pg/ml chloramphenicol. Plasmid DNAs representing
single cleavage events were purified from single colonies and sent for DNA sequencing
(Dundee Sequencing Service, Dundee, Scotland) using the primer KAO50F (Supplementary
Table 3). Data in Fig. 5¢,d and Supplementary Fig. 14d is from three independent repeat
cleavage reactions (average values and standard deviations were calculated in GraphPad
Prism). 6-12% of clones had deletions of >225 bp that could have resulted from illegitimate
recombination,®8 and were thus excluded from the analysis. Clones without a sequence
deletion or duplication, characteristic of a blunt end (Supplementary Fig. 14c), were not
found. Note, however, that our model (Fig. 6) does not exclude the possibility of strand
breaks occurring immediately opposite one another in rare instances. Median and skewness
values in Fig. 5¢ were calculated using Excel (Microsoft).

Nat Chem Biol. Author manuscript; available in PMC 2016 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chand et al.

Page 16

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Architecture of the modular Type ISP RM enzymes
a, Surface representation of LlaBIl1I-DNA. b, Superposition of the two chains of LlaBlIlI

reveals conformational plasticity. The coupler domain (residues 715 to 870) of Chain B
(grey) was superimposed onto the coupler domain of chain A using the Secondary-structure
matching method in Coot.52 The structural domains of Chain A are coloured as in Fig. 1b.
The hinge about which the nuclease-ATPase domains move with respect to the coupler is
indicated (Supplementary Table 1).
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Catalytic'\
pocket

Figure 2. DNA target recognition by L1aBI |1
a, Ribbon diagram of the MTase-TRD clamp encircling the target. b, Extent of DNA

bending. c, Minor groove readout by MTase. d, Major groove readout by TRD. e, MTase-
DNA contacts stabilising the flipped adenine. Dotted lines represent interactions within
hydrogen bonding distance (less than or equal to 3.5 A).

Nat Chem Biol. Author manuscript; available in PMC 2016 May 01.



s1dLIosNUBIA JOLINY SI8pUNH DN 8doinT

s)dLIOSNUBIA JOUINY S18puUN4 DN edoin3

Chand et al. Page 21

n(ADP+Pi)

— -51
S Upstream - -24
;1 . DNA  — 23
2191 length — 22
g (nbp) — 21
 0.51 — -16
=
o 0.0
1 10
Time (s)

Figure 3. Architecture and upstream positioning of the AT Pase domains
a, ATPase architecture highlighting: (/eft insef) conserved SF2 helicase-like motifs, with

ATP-interacting residues as sticks; (Right insef) DNA interaction of loop S383-D390, with
side-chain of K385 as sticks and main chain nitrogens of K389 and D390 as spheres. b,
Model of nuclease-ATPase interactions with an extended DNA (in yellow). ¢, The effect of
upstream DNA length on triplex displacement. (carfoon) Ll1aGl motor activity initiated with
ATP was monitored on DNA with varying upstream DNA.
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a, DNA cleavage events (upward spikes) following transient introduction of LlaGIl and ATP
into the flow cell. DNA length change expected of looping is indicated. Lines are raw data
(60 Hz). Flow is started as indicated to empty the inlet. Bead positions change because of
flow and cell distortion due to hydrodynamic pressure. The LlaGI + ATP solution is added
and the flow stopped after ~5 s. The DNA relaxes back to full extension slowly because of
hydrostatic re-equilibration of the cell. b, examples of loop-independent cleavage at a range
of stretching forces. Lines are raw data (31 Hz) except the red line (1 s filter). ¢, Cumulative
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dsDNA cleavage for NVevents on head-to-head DNA at 0.1-10 pN and on a one-site DNA
(Supplementary Fig. 12) at 1.0 pN. d, Cumulative dsDNA cleavage for N/ events on head-to-
head DNA at 1 pN at a range of ATP concentrations. e, ATP dependence of the apparent
cleavage rate (taken from ty,, the time to reach 50% cleavage in f). Blue and red lines are
simulations of a hyperbolic relationship for the previously-determined apparent K app
values for ATP hydrolysis (Karp) and DNA translocation (Ktrip.ex).l8 Error bars were
calculated from the average values divided by the square root of number of points (A) in the
bin.

Nat Chem Biol. Author manuscript; available in PMC 2016 May 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Chand et al.

(o

d

Median and Skewness for 3'-3' distance

57.0 55.5 68.0 68.5
0.69 1.83 1.23 1.66

16 s 26 s 3C.) s 6(; s
Reaction time
30 bp minimum
approach

10s
20s

-
M

Cumulative
frequency

o
-
-

9.0 150 1%0 150
3'-3"' distance (bp)

o
w b
O 1R
(o2}
o

Figure5. Single cleavage event mapping
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a, Mrr-family nuclease, highlighting catalytic motifs and residues. b, DNA cleavage by
LlaGl at each time point is plotted as top/bottom strand locations joined by a line (rare 5’-5/
overhangs in blue). Bar graphs are the collision centroids (20 bp bins). ¢, Scatter plot of the
outermost 3’-3’ cleavage distances, with median (red line) and skewness values (the latter
showing a time-dependent increase in data asymmetry). d, Cumulative frequency
(normalised for A/ events) of outermost 3’-3” cleavage distances.
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Figure 6. Model for loop-independent DNA translocation and extensive nucleolytic DNA
processing

Model for loop-independent DNA translocation and extensive nucleolytic DNA processing.
(1) The pre-initiation complex. The nuclease is in an inactive conformation. (2) The ATPase
cycle loosens the MTase-TRD grip on the DNA. (3) dsDNA translocation downstream of the
target (red). (4) Convergence of two enzymes initially brings the nucleases approximately 75
bp apart. (5) Example of stochastic “DNA shredding” by a collision complex. Numbers are
the order of the nicking events.
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