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Summary

Summary

Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-
associated (Cas) proteins constitute the only known adaptive immune system present in
Archaea and Bacteria. This system targets and degrades foreign genetic material through
ribonucleoprotein effector complexes carrying CRISPR RNAs (crRNASs), in a process termed
interference. CRISPR-Cas systems are classified into 6 different types, with Type | systems
being the most widespread in nature. They harbour the Cas3 helicase/nuclease as signature
protein, involved in target degradation, and can be divided into 7 subtypes (A-F, U). They
elicit interference by ribonucleoprotein complexes (termed CRISPR associated complexes
for anti-viral defence, Cascades), formed of Cas proteins and a single crRNA. Cascades are
able to discriminate between self and non-self substrates by identifying a short Protospacer
Adjacent Motif (PAM) next to the crRNA target (termed protospacer). In Type I-F systems,
PAM recognition is carried out by Cas8f (or large subunit).

In the present work, we analysed a smaller variant of a Type I-F CRISPR-Cas system,
identified in Shewanella putrefaciens CN-32. This system lacks a large subunit and contains
two previously uncharacterised Cas proteins, functionally identified as Cas5 and Cas7
homologues. We expressed the complex in Escherichia coli BL21-Al and demonstrated its
activity against bacteriophages and plasmids in a sequence-, PAM- and Cas3-dependent
manner. This heterologous activity indicates that interference can be carried out without the
need of a large subunit or additional proteins from S. putrefaciens. Furthermore, we were
able to identify a unique alpha helical domain in Cas5fv responsible for stringent GG PAM
identification from the major groove side, in addition to Cas7fv-mediated non-target strand
stabilisation. We also determined the binding affinities of the complex through BiolLayer
Interferometry (BLI), gaining insights into its target requirements. Moreover, we studied the
dynamics of the minimal system through Single-Particle Tracking Photo-activated
Localization Microscopy (sptPALM), revealing an unspecific DNA-binding capacity of the
alpha helical domain of Casb5fv, as well as RNA interactions of Casbfv and Cas6f. For
Cascades, we determined the binding times to genomic targets, which were directly
proportional to the complementarity between crRNA and DNA. Fully complementary targets

elicited a binding duration of around 15 seconds.

We propose that this minimised Cascade version is an evolutionary response to the
appearance of viral Anti-CRISPR (Acr) proteins, small proteins able to block CRISPR-Cas
interference. The effect of a broad-spectrum Acr protein, AcrF9, on the minimal complex was
tested. Neither a reduction of interference activity nor physical interactions were detected.

This supports the hypothesis of complex reduction as a response to Acr pressure.



Zusammenfassung

Zusammenfassung

Clustered regularly interspaced short palindromic repeats (CRISPR) und CRISPR-
assoziierte (Cas) Proteine stellen das einzige in Bakterien und Archaeen bekannte adaptive
Immunsystem dar. Hierbei kann ein Organismus mit Hilfe von Ribonukleoproteinkomplexen,
die mit kleinen CRISPR RNAs (crRNAs) ausgestattet sind, fremde Nukleinsauren erkennen
und degradieren. Dieser Vorgang wird als Interferenz bezeichnet. CRISPR-Cas Systeme
werden in sechs verschiedene Typen klassifiziert. Die Systeme des Typs | sind in der Natur
am weitesten verbreitet; sie bestehen aus sieben Untertypen (A-F, U) und ihr gemeinsames
Erkennungsmerkmal ist die Ziel-DNA Helikase/Nuklease Cas3. Alle Typ I-Systeme flihren
Interferenz mit Hilfe eines Ribonukleoproteinkomplexes (genannt CRISPR associated
complex for antiviral defence, Cascade) aus, welcher aus mehreren Cas-Proteinen sowie
einer einzigen crRNA besteht. Die Cascade-Komplexe kdnnen hierbei zwischen eigenen und
fremden Nukleinséduren unterscheiden, indem sie die PAM (Protospacer Adjacent Motif)
identifizieren. Dabei handelt es sich um eine kurze, neben dem Protospacer liegende
Sequenz, die wiederum neben der zur crRNA komplementéaren Region liegt. In Systemen
des Typs I-F wird die Erkennung der PAM von der groRen Untereinheit Cas8f ausgefihrt.

Die vorliegende Arbeit analysiert eine minimale Variante des Typ I-F CRISPR-Cas Systems,
die in Shewanella putrefaciens CN-32 entdeckt wurde. Wahrend dieser minimalen Variante
die groRRe Untereinheit fehlt, enthalt sie zwei zuvor unbekannte Cas-Proteine, die in einer
vorangehenden Arbeit als funktionelle Homologe von Cas5 und Cas7 identifiziert wurden.
Der minimale Cascade-Komplex wurde in Escherichia coli BL21 Al exprimiert. Seine
Interferenz-Aktivitat sowohl gegen Bakteriophagen als auch gegen Plasmide konnte als
sequenz-, PAM- und Cas3-abhéngig nachgewiesen werden. Dies beweist, dass fir die
Interferenz weder die Cas8-Untereinheit, noch andere Proteine aus S. putrefaciens
notwendig sind. Durch strukturelle Analysen konnte des Weiteren eine alpha-helikale
Doméne des Cascade-Proteins Cas5fv identifiziert werden, welche fur die Erkennung der
GG PAM aufseiten der gro3en Furche verantwortlich ist, sowie die Stabilisierung des Nicht-
Ziel-Stranges durch Cas7fv-Untereinheiten. AufRerdem wurde die Bindungskinetik des
Komplexes mit Hilfe von BioLayer Interferometry (BLI) bestimmt. Dies gewahrt uns Einsicht
in die strukturellen Anforderungen, die der Cascade-Komplex an seine Substrate stellt.
Weiterhin wurde Single-Particle Tracking Photo-Activated Localization Microscopy
(sptPALM) verwendet, womit eine unspezifische DNA-Bindungskapazitat der alpha-helikalen
Domaéne von Cas5fv aufgedeckt werden konnte, sowie die Fahigkeit von Cas5fv und Cas6f
mit RNA zu interagieren. Bei den Cascade-Komplexen wurden die Bindungszeiten an
genomische Ziele bestimmt, die sich direkt proportional zur Komplementaritéat von crRNA
und DNA verhielten. Vollstandig komplementare Ziele I6sten eine Bindung von 15 Sekunden

aus.



Zusammenfassung

Wir schlagen vor, dass dieser minimale Cascade-Komplex eine evolutionare Antwort auf das
Entstehen von viralen Anti-CRISPR-Proteinen (Acr-Proteine) ist. Dies sind kleine Proteine,
welche die CRISPR-Cas Interferenz auf verschiedenen Wegen blockieren kénnen. Die
Wirkung des vielseitigen Acr-Proteins AcrF9 auf den minimalen Komplex wurde untersucht
und es konnte weder eine Abnahme der Interferenz, noch eine anderweitige physikalische
Interaktion gezeigt werden. Dies bestatigt die Annahme, dass selektiver Druck durch die

Entstehung der Acr-Proteine eine Reduzierung der Cascade-Komplexe zur Folge hat.






Chapter I: Introduction



Introduction

Introduction

In the environment, Bacteria and Archaea commonly face invasion by foreign DNA, in
the form of mobile genetic elements (MGE). Through conjugation, transformation,
transduction, transposition and viral infection, pieces of genetic material can be
horizontally transferred between microorganisms. The integration or expression of these
elements can have deleterious effects in the host, disturbing its genomic arrangement
and altering its metabolism. In some cases, this translates into cell death and the

collapse of microbial populations (Darmon & Leach, 2014; Maslov & Sneppen, 2017).

In order to avoid undesirable consequences derived from horizontal gene transfer (HGT),
organisms have developed several defence mechanisms to either prevent the entry of
exogenous DNA, degrade it once inside the cell or induce programmed cell death to
protect the population (Makarova, Wolf, & Koonin, 2013). Among these mechanisms,
CRISPR (Clustered Regular Interspaced Short Palindromic Repeats)-Cas (CRISPR-
associated) systems have been characterised as adaptive immune systems, capable of
fighting off invading plasmids and phages through the targeting and posterior
degradation of their genetic material by ribonucleoprotein (RNP) complexes (Barrangou
et al., 2007; Mojica, Diez-Villasefior, Garcia-Martinez, & Soria, 2005).

CRISPR-Cas systems are found predominately in Archaea (87% of analyzed genomes)
and with less frequency in bacterial genomes (45%) (Grissa, Vergnaud, & Pourcel,
2007). CRISPR-Cas modules consist of arrays of unique spacer sequences, derived
from fragments of foreign DNA (protospacers), flanked by short palindromic repeat
sequences; plus a cluster of Cas genes, usually found in the vicinity of this array
(Makarova et al., 2011). CRISPR arrays are highly dynamic, as new spacers can be
added in a process denominated adaptation. During adaptation, Casl and Cas2 form a
complex either among themselves or with the targeting RNP complexes to bind and
cleave fragments between 26 and 72 bp (depending on the type of system) and insert
them at the start of the CRISPR array as new spacers, with the subsequent addition of

an upstream repeat (Nunez et al., 2014) (Figure 1.1).

The CRISPR array gets transcribed into a long precursor RNA that is matured by specific
Cas proteins with endoribonuclease activity. This process generates multiple CRISPR
RNAs (crRNAs), each carrying a single spacer and part of the flanking repeats. The
crRNAs form RNP complexes with the Cas proteins, which are able to screen through

both self and non-self DNA until a short sequence, the Protospacer Adjacent Motif
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(PAM), followed by the protospacer complementary to the crRNA is found. The PAM is
located only in the invader genetic material, preventing the targeting of the CRISPR
array. PAM recognition is the first step of the interference process, which ends up with

First Infection Posterior Infections

the recruitment of an endonuclease capable of degrading the targeted genetic material
P,qM ‘

(Barrangou et al., 2007; Brouns et al., 2008).

1. Adaptation b 44— 3. Interference
—

SPPPPPPPR. - Fee—— s X

Cas genes &‘ CRISPR array . ..“
o o+ *

2. Expression and et . . s ——
Processing o

Class 2 —4{4—”- REEREER— .}
Cas genes CRISPR array ~ st
v,

Figure |.1. Establishment of CRISPR-Cas immunity by Classl and Class 2 systems. Upon viral
infection, the systems are able to integrate unique sequences (spacers, in green shades) from the invading
DNA into the CRISPR array. This array is then transcribed and processed into individual crRNA, that are
then loaded into effector complexes (Class 1) or individual Cas proteins (Class 2). Each crRNA carries a
unique sequence (spacer) and fragments of the flanking repeat sequences (R). For interference, the
complexes scan the DNA for the corresponding PAM (yellow) and complementarity with the spacer, in order

to cleave the target (scissors).

To date, several CRISPR-Cas systems have been described and classified into two
classes and six types, according to characteristic proteins and features (Koonin,
Makarova, & Zhang, 2017). Class 1 groups Type |, lll and 1V; while Class 2 groups Type
II, V and VI systems, where interference is carried out by a single Cas protein. In the first
class, targeting is performed by multi-protein complexes (Plagens, Richter, Charpentier,
& Randau, 2015). For Type Il systems, the process is coupled to transcription, where
the multi-protein complex targets the nascent mRNA in a PAM-independent manner and
non-specifically degrades any proximal DNA (Elmore et al., 2016; Estrella, Kuo, & Bailey,
2016; Jia et al., 2019; Kazlauskiene, Tamulaitis, Kostiuk, Venclovas, & Siksnys, 2016;
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You et al., 2019). For Type IV systems, complex formation has been described (Ozcan
et al., 2019), yet the role of it in interference is uncertain, as the lack of an associated
nuclease suggests novel functions for this CRISPR-Cas system (Koonin & Makarova,
2019).

Type | CRISPR-Cas systems are the most abundant in nature. This type is further divided
in seven subtypes (I-F, U) that share the conserved helicase/endonuclease Cas3,
responsible for target degradation (Huo et al., 2014; Koonin et al., 2017). In this type, the
RNP complexes in charge of interference are termed Cascades (CRISPR-associated

Complexes for Antiviral Defence) (Brouns et al., 2008).

The Type I-F system found in Pseudomonas aeruginosa PA14 is one of the best-
characterised systems among Type | subtypes. Here, Cascade is formed by a 60-nt long
crRNA and four different Cas proteins with an uneven stoichiometry: (Cas8f):-(Cas5hf)1-
(CasT7f)s-(Cas6f); (Cady, Bondy-Denomy, Heussler, Davidson, & O'Toole, 2012;
Haurwitz, Jinek, Wiedenheft, Zhou, & Doudna, 2010; Wiedenheft et al., 2011). Cas6f is
an endoribonuclease involved in pre-crRNA maturation; it generates an 8 nt 5 &andle
and a 20 nt 3 dairpin to which it stays bound. Cas5f caps the 5 @nd of the crRNA; the
six Cas7fv subunits act as a backbone that binds the 32 nt spacer sequence; Cas8f (also
known as large subunit) is liable for PAM recognition and, together with Cas7fv, it also
stabilises the opened DNA (Chowdhury et al., 2017; Guo et al., 2017; Rollins et al.,
2019). In this system, the Cas3 nuclease is fused to the adaptation protein Cas2
(Makarova et al., 2011).

Interference by Type I-F Cascade starts with the recognition of a GG PAM by the large
subunit, as two asparagine residues in the N-terminal domain of Cas5fv interact with
both nucleotides from the minor groove of the DNA. Subsequently, the double strand is
opened at the first position of the protospacer by a lysine wedge of Cas8f, aiding in
crRNA-target strand pairing. The complex then probes for the correct hybridisation of the
8 nts at the PAM-proximal end of the crRNA, termed seed sequence. Mismatches in this
region are not tolerated, leading to abortive binding. When complementarity is sufficient,
R-loop formation proceeds, with the displaced DNA strand being stabilised by
electrostatic interactions with Cas8f, Cas5f and the Cas7f backbone. The fully-matched
3-stranded structure generates a conformational change of Cas8f, which rotates 180°,
bringing the complex to a locked state that exposes the recruitment site for the DNA
nuclease Cas2-3 (Wiedenheft et al., 2011; Rollins et al., 2019).



Introduction

When target-crRNA complementarity is only partial or the PAM sequence is mutated,
Type I-F Cascade will adopt a looser conformation upon target binding. This open state
is unable to recruit Cas2-3, but rather recruits a propeller-shaped complex formed by
Casl and Cas2-3 (Rollins et al., 2017). Together, the super-complex will generate and
add a new spacer to the CRISPR array. The corresponding crRNA will match the target,
elicit interference and close the positive feedback loop of the process termed primed
adaptation (Redding et al., 2015; Rollins et al., 2017; Xue, Whitis, & Sashital, 2016).

As described, CRISPR-Cas systems are very diverse and spread among a wide number
of microbes. By the Red Queen hypothesis, the resistance elicited by these systems
would pressure the other interactors in a population, especially bacteriophages, to
counter-adapt mechanisms to by-pass this immunity and survive (Paterson et al., 2010;
Samson, Magadan, Sabri, & Moineau, 2013; Stenseth & Smith, 1984). Recently, small
proteins capable of blocking CRISPR-Cas interference were discovered in prophages of
P. aeruginosa (Bondy-Denomy, Pawluk, Maxwell, & Davidson, 2013; Pawluk, Bondy-
Denomy, Cheung, Maxwell, & Davidson, 2014; Pawluk et al., 2016). This bacterium
carries active Type I-F and Type I-E systems, with spacers targeting the integrated viral
genome. Therefore, the activity of these systems would lead to self-targeting and death,
an outcome that does not benefit either of the players.

The survival of these bacteria was first described to depend on the presence of four
phage-encoded Anti-CRISPR (Acr) proteins against the Type I-F system (Bondy-
Denomy et al., 2013). Although the search for homologues of these proteins, AcrF1-4,
did not retrieve more inhibitors, the use of a gene upstream of the Acrs, coding for an
associated transcriptional regulator called Anti-CRISPR associated gene (Acal),
revealed a conserved architecture within counter-defence loci. Using Acal as an anchor
to look for more inhibitors, several studies have reported a high variety of Acrs that match
the CRISPR-Cas diversity, targeting both Class1 and 2 systems (Borges, Davidson, &
Bondy-Denomy, 2017; Marino et al., 2018; Rauch et al., 2017; Watters, Fellman, Bai,
Ren, & Doudna, 2018)

To date, 14 Acr proteins that block Type I-F interference have been described, and the
mechanism of action has been elucidated for 3 of them. AcrF1 and AcrF2 inhibit DNA
recognition by interacting with Cas7f and Cas8f (Chowdhury et al., 2017; Guo et al.,
2017), while AcrF3 mimics a domain of Cas8f in order to block Cas2-3 (Rollins et al.,
2019). The wide range of Acr discovered so far gives insight into the evolution of

CRISPR-Cas systems and the arms-race that guides their diversification.
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A recent study from our group has described a Type I-F variant (Type I-Fv) from
Shewanella putrefaciens CN-32, whose Cas module only comprises 5 proteins: Casl, a
fusion of Cas2 and 3 (Cas2-3), Cas6f and two proteins with no sequence similarity to
other Cas proteins described to date, but characterised by functional analysis as Cas5fv
and Cas7fv (Figure I.2A) (Dwarakanath et al., 2015). From these proteins, only Cas6f,
Casbfv, Cas7fv and a 60 nt crRNA are required to form a stable Cascade (Figure 1.2B),

arising as one of the simplest Type | effector complexes described so far.

A
casl  cas2/3fv cas5fv cas7fv cas6f dinG
type -Fv -
Shewanella putrefaciens 100% no significant 34% 1 81 99%
CN32 identity t protein similarity g, CRISPR array identity
type I-F
Shewanella sp. cas! cas2/3  cas8f cassf cas7f cas6f | 24 dinG
W3-18-1 L i N —_—
adaptation  effector complex formation and interference function unknown
B
é‘ 700 kDa M 1 2 3 4
£ 6001 80
g 500 2-Cascade = 23
o
& 400] 3-Cas7fv 32 PR :822?%
T 300 -Cas6f e
Q
8 200 1'CaSTfV - - - S .- *Casﬁf
8 filaments <+ 4-Cas6f
5 1004
2 75 nt :
2 o —_— 5 - - «~crRNA
0 20 40 60 80 100 50 nt
Elution volume (ml)

Figure 1.2: Representation of the minimal Type I-Fv CRISPR-Cas module and its Cascade
components. (A) Comparison between Type I-F and Type I-Fv S. putrefaciens CRISPR-Cas modules,
evidencing the absence of a large subunit (Csel) in the Type I-Fv system (modified from (Dwarakanath et
al., 2015)). (B) Purification of recombinant Type I-Fv Cascade via size-exclusion chromatography using a
His-tagged version of Cas6f (left). Protein SDS-PAGE (top)/UreaPAGE (bottom) of the elution fractions was
used to identify Cascade components (right) (Gleditzsch et al., 2016).

This reduced system was initially found in the genome of Photobacterium profundum
SS9, a bacterium that also carries a plasmid-encoded Type I-E system. Other organisms
carrying a Type I-Fv system are found among the gamma- and betaproteobacteria, with
several of them clustering in the Alteromonadales and Vibrionales orders (Makarova et
al., 2015). S. putrefaciens CN-32 carries only the minimal system, with a CRISPR array

containing 81 spacers, which suggests that the system is highly active.

10



Introduction

Type |-Fv Cascade was shown to interfere with conjugative plasmids in vivo in S.
putrefaciens, when plasmids carried a sequence with complementarity to the crRNA and
a flanking GG PAM; a motif identified by inverse search of the spacer sequences on viral
databases. This proves that the minimal complex is functional and shares some target
requirements with closely related systems (Dwarakanath et al., 2015). As the minimal
system lacks a large Cascade subunit, described as essential for interference in other

Type | systems, the mechanism behind target recognition could be drastically different.

The aim of the present work was to further characterise this reduced CRISPR-Cas
system, with a focus on its ability to target and degrade foreign DNA. In order to fulfil this
aim, we used a broad set of techniques ranging from in vitro to in vivo approaches and

described two new methods to study the target interactions of Cascades.

First, we used BioLayer Interferometry (BLI), an in vitro technique that allows to measure,
in real time and in solution, the binding of CRISPR-Cas complexes to DNA. BLI relies on
the immobilization of one of the interactors to a biolayer, through which white light incides
and gets reflected. The reflected beam is proportional to the thickness of the biolayer.
Therefore, as a second player binds to the immobilized bait, the changes in the density
of the biolayer can be detected, resulting in a specific sensogram for the interaction. With
this, it is then possible to determine the affinity of complexes for different targets and also
the kinetics of the binding (Sultana & Lee, 2015).

Second, we applied Single Particle Tracking Photo-activated Localization Microscopy
(sptPALM) to study the target search dynamics of Cascade complexes in live cells.
PALM is a super-resolution imaging method that relies on photo-switchable fluorescent
proteins to surpass the diffraction limit of light. By stochastically switching the fluorescent
particles to a detectable state, it is possible to temporally separate the detection of two
closely-located molecules, to later integrate all signals and compose a final image.
Furthermore, following the trajectories of the fluorescently-tagged proteins or complexes
by SPT allows to determine the speed at which they move, giving insights into the
behaviour of the population and helping to predict interactions (Turkowyd, Virant, &
Endesfelder, 2016).

These and other methods were used to characterize several aspects of the target
interaction by the minimal Cascade. Particularly, we investigated how the minimal
Cascade performs PAM recognition in the absence of a large subunit. Furthermore, we

analysed how this surveillance complex is able to form and maintain the R-loop structure,
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and sought to define its substrate specificity and affinity. In addition, the effect of Acr
proteins on the establishment of immunity by the Type I-Fv Cascade was studied. Finally,
we worked towards elucidating the different DNA scanning and binding states of the

complex, as well as determining the dynamics of these states in vivo.
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Abstract

Shewanella putrefaciens CN-32 contains a single Type I-Fv CRISPR-Cas system which
confers adaptive immunity against bacter iophage infection. Three Cas proteins (Cas6f,
Cas7fv, Casbfv) and mature CRISPR RNAs were shown to be required for the assembly
of an interference complex termed Cascade. The Cas protein-CRISPR RNA interaction
sites within this complex were identified via mass spectrometry. Additional Cas proteins,
commonly described as large and small subunits, that are present in all other
investigated Cascade structures, were not detected. We introduced this minimal Type |
system in Escherichia coli and show that it provides heterologous protection against
lambda phage. The absence of a large subunit suggests that the length of the crRNA
might not be fixed and recombinant Cascade complexes with drastically shortened and
elongated crRNAs were engineered. Size-exclusion chromatography and small-angle X-
ray scattering analyses revealed that the number of Cas7fv backbone subunits is
adjusted in these shortened and extended Cascade variants. Larger Cascade
complexes can still confer immunity against lambda phage infection in E. coli. Minimized
Type | CRISPR-Cas systems expand our understanding of the evolution of Cascade
assembly and diversity. Their adjustable crRNA length opens the possibility for

customizing target DNA specificity.
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Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR-
associated) modules are adaptive immune systems found in archaea and bacteria.
CRISPR arrays consist of short repeat sequences that flank unique spacer sequences,
which can be derived from viral genomes and conjugative plasmids (Grissa, Vergnhaud,
& Pourcel, 2009; Mojica, Garcia-Martinez, & Soria, 2005); Pourcel, Salvignol, and
Vergnaud (2005). These arrays are transcribed into long precursor molecules that are
further processed into multiple small crRNAs (CRISPR RNAs). Mature crRNAs contain
a single spacer sequence and parts of the repeat sequences at their termini (Carte,
Pfister, Compton, Terns, & Terns, 2010; Gesner, Schellenberg, Garside, George, &
MacMillan, 2011; Rachel E Haurwitz, Jinek, Wiedenheft, Zhou, & Doudna, 2010; H.
Richter et al., 2012; Semenova et al., 2011). The acquisition of hew genomic spacers
requires cleavage of the foreign DNA, which is mediated by the nearly universal Cas
proteins Casl and Cas2 (Nufiez et al., 2014; Nufiez, Lee, Engelman, & Doudna, 2015;
Corinna Richter et al., 2014). Recognition of the source DNA, i.e. the protospacer,
depends on the presence of a short conserved 2-5 base pairs (bp) sequence, termed
protospacer adjacent motif (PAM). The crRNAs are bound by Cas proteins to form a
CRISPR ribonucleoprotein (crRNP) surveillance complex. These complexes utilize
crRNA spacers as guides to recognize foreign genetic material, e.g. during a recurring
viral infection (Brouns et al., 2008; André Plagens et al., 2014; Rouillon et al., 2013;
Sapranauskas et al., 2011; Semenova et al., 2011; van der Oost, Westra, Jackson, &
Wiedenheft, 2014). Target DNA recognition and subsequent degradation requires the
presence of PAM sequences and Watson-Crick base pairing between the crRNA and
the unwound target strand (Jackson et al., 2014; Maier et al., 2013; Sabin Mulepati,
Héroux, & Bailey, 2014).

CRISPR-Cas systems are diverse and were divided into three main types, which are
defined by their conserved signature proteins Cas3 (Type 1), Cas9 (Type IlI) and Cas10
(Type Ill) (Kira S Makarova, Aravind, Wolf, & Koonin, 2011; Kira S Makarova, Haft, et
al., 2011). DNA interference in Type | CRISPR-Cas systems is mediated by a multi-
protein crRNP complex termed Cascade (CRISPR associated complex for antiviral
defense) (Brouns et al., 2008; Garneau et al., 2010; Jinek et al., 2012), while Type Il
systems utilize the single nuclease Cas9 and a trans-activating RNA for target
recognition and degradation (Chylinski, Le Rhun, & Charpentier, 2013; Jinek et al., 2012;
Jinek et al., 2014). Both Types employ PAM-dependent target recognition mechanisms
(Anders, Niewoehner, Duerst, & Jinek, 2014; Maier et al., 2013; Westra et al., 2013).
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Type lll systems generate crRNP complexes (termed Csm or Cmr) which are able to
target ssSRNA in a PAM-independent manner (Rouillon et al., 2013; Staples et al., 2014).
Recently, two additional CRISPR-Cas Types have been classified (K. S. Makarova et
al., 2015). Type IV systems lack Casl and Cas2 and the Type V and Type VI signature

proteins function as stand-alone DNA nucleases (Shmakov et al., 2015).

Type | CRISPR-Cas systems are most widespread in nature and the Cas protein
composition of the employed Cascade interference complexes differs between seven
subtypes (A-F,U) (K. S. Makarova et al., 2015). Most insights were obtained for the Type

I-E Cascade complex from Escherichia coli and several crystal structures are available
(Hayes et al., 2016; Jackson et al., 2014; Sabin Mulepati et al., 2014). The Type I-E
Cascade crRNP consists of the five Cas proteins Casb, Cas6, Cas7, Csel and Cse2
and a 61 nucleotide (nt) mature crRNA (Jackson et al., 2014; Sabin Mulepati et al., 2014;
Wiedenheft et al., 2011). The crescent-shaped structure of this complex has a molecular
mass of 405 kDa and displays an uneven stoichiometry: (Csel);-(Cse2).-(Cas5):-
(Cas7)s-(Casbe); (Semenova et al., 2011). The 61 nt mature crRNA contains a 32 nt
spacer sequence that is flanked by a 8 nt long handle-r e gi on -and and & Z1 nt5 Nj
l ong repeat sequence wiendhTheacrRNAIs generaedbythea i r pi n at
RNA endonuclease Cas6. After processing, Cas6 stays tightly-associ at ¢
end, whil e Casb5 eanunl repdatdag (NrewobBhAdy, dinek, BljDoudna,
2014; Semenova et al., 2011). The helical backbone of Type I-E Cascade is formed by

six copies of Cas7, which generates a groove to bind and protect the crRNA. The large
subunit, Csel, is responsible for PAM recognition and is involved in recruitment of the
target nuclease Cas3 (Hayes et al., 2016; Sashital, Wiedenheft, & Doudna, 2012;
Semenova et al., 2011; Wiedenheft et al., 2011). A dimer of two small subunits, Cse2,
stabilizes the formation of an R-loop structure and binds the displaced DNA strand
(Jackson et al., 2014; Sabin Mulepati et al., 2014; Semenova et al., 2011). The general
architecture of Cascade crRNPs appears to be conserved in Type | systems, even

though their Cas protein composition can differ (Judith, James, & Malcolm, 2013).

One example of a strikingly altered minimalistic Cascade architecture was recently
described as a Type I-F variant (Type I-Fv). This subtype was initially identified in several
beta- and gamma-proteobacteria and suggested to rely on a minimal set of five Cas
proteins (Kira S Makarova, Aravind, et al., 2011). Type I-Fv systems contain Cas1, the
integrase that mediates spacer acquisition (Nufiez et al., 2015; C. Richter, Gristwood,
Clulow, & Fineran, 2012), Cas3, the target nuclease and Cas6f, the crRNA endonuclease
(Rachel E Haurwitz et al., 2010). The two additional Cas proteins showed no apparent

sequence similarity to known Cas protein families and small and large Cascade subunits
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were not detected (Kira S Makarova, Aravind, et al., 2011). Our first characterization of
this Type I-Fv CRISPR-Cas system revealed that the minimal Cascade can target
conjugative plasmids in Shewanella putrefaciens CN-32 (Dwarakanath et al., 2015).
Recombinant Cascade was found to contain the Cas6f endonuclease, the backbone-
forming protein Sputcn32_1821 and the protein of unknown function Sputcn32_1822
(Dwarakanath et al., 2015). With support of our current knowledge on the roles of these
two proteins and in analogy to the E.coli Cascade nomenclature, Sputcn32_1821 was
renamed as Cas7fv (Cas7 backbone protein of the Type I-F variant CRISPR-Cas) and
Sputcn32_1822 was renamed as Cas5fv (Cas5 protein of the Type I-F variant CRISPR-
Cas). However, it remained unclear whether additional host proteins substitute for the
missing small and large subunits. In the present study, we addressed this question and
transferred the S. putrefaciens Cascade into E. coli. Heterologous interference activity
against lambda phage infections was observed. The minimal architecture of this active
Cascade system allowed for the modul at
Cascade assemblies with elongated and shortened backbones were created. In addition,
requirements for proper Cascade assembly were screened. Surprisingly, some of the
synthetic Cascade complexes can retain DNA interference activity. These results shed
light on the evolution of minimalist Cascade complexes without small and large subunits.
The observed possibility of altering the spacer length highlights a potential for the
modulation of the DNA target specificity.

Materials and Methods

Bacterial strains and growth conditions

E. coli BL21 (DES3) cells (Novagen) were used for the production of recombinant proteins
and cultures were grown in either LB or NZ-amine (1% NZ-amine, 0.5% yeast extract
and 1% NacCl) media with respective antibiotics until an ODego Of ~0.6 was reached. Gene
expression was induced by addition of 1 mM IPTG and cultures were grown overnight at
18 °C.

E. coli BL21-Al strains (F- ompT hsdSB (rB-mB-) gal dcm araB:: T7RNAPtetA, Invitrogen)
were used for phage assays and grown in 2YTL media (16 g/L tryptone, 10 g/L yeast
extract, 5 g/L NaCl, 10 mM MgSOQOs4, 0.2 % maltose) supplemented with appropriate
antibiotics at 37°C. A virulent variant of lambda phage (NCCB 3467) was obtained from

Centraalbureau voor Schimmelcultures (Utrecht, Netherlands).
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Production and purification of recombinant proteins

The gene cassette cas7fv, cas5fv, cas6f was cloned into pRSFDuet-1 which allows for
the simultaneous production of all three proteins with Cas7fv having an N-terminal His-
tag fusion. The cas gene containing plasmids (pCas) were recloned to obtain variants
without Cas5hfv (pCas3) or with a His-tag fusion at Cas6f (pCas2). The pCas plasmid
variants were co-transformed into E. coli with a second pUC19 vector containing the
repeat-spacer4-repeat sequence of the single S. putrefaciens CN-32 CRISPR array
downstream of a T7 RNA polymerase promoter. The CRISPR sequences were
generated by cloning annealed oligonucleotides into the pUC19 vector using BamHI and
Hindlll restriction sites. Plasmids harboring extended (+18/+15) or shortened (-18/-15)
spacer sequences contained either -emdd thd
spacer sequence ofr d e | edne of the spackresequenad.eAdl
sequences are listed in Table S.lIl.1. Cas protein production and the purification of
recombinant Cascade variants via Ni-NTA chromatography and size exclusion
chromatography (Superdex 200) in a buffer containing 50 mM HEPES-NaOH pH 7.0,
150 mM NaCl, 1 mM DTT and 1 mM EDTA was performed as described (Dwarakanath
et al., 2015).

Identification of protein-RNA interactions via mass-spectrometry analysis

Protein-RNA crosslinking was performed using UV irradiation at 254 nm followed by the
enrichment of cross-linked peptidei RNA heteroconjugates as described in (Kramer et
al., 2014; Sharma et al., 2015). Around 1 nmol of the Type I-Fv Cascade complex was
resuspended in 100 pl of 50 mM HEPES (pH 7.0), 300 mM NaCl, 1 mM EDTA and 1 mM
DTT. The complex was incubated at 4°C for 30 min. The samples were then transferred
to black polypropylene microplates (Greiner Bio-One) and irradiated at 254 nm for 10
minutes on ice as described in (Sharma et al., 2015). The samples were ethanol
precipitated and the pellet was dissolved in 4M Urea and 50 mM Tris-HCI pH 7.9. The
final concentration of urea was then adjusted to 1 M with 50 mM Tris-HCI pH 7.9 and
the RNA was hydrolysed using 1 pg RNase A and T1 (Ambion, Applied Biosystems) for
2 hours at 52 °C followed by digestion with Benzonase at 37 °C for 1 hr. The proteolysis
was carried out using trypsin (Promega) at 37°C, overnight. The sample was desalted to
remove non cross-linked RNA fragments using an in-house prepared C18 (Dr. Maisch
GmbH) column and the cross-linked peptides were enriched on an in-house prepared
TiO, (GL Sciences) column using the protocol described in (Sharma et al., 2015). The
samples were then dried and resuspended in 5% v/v ACN, 1% v/v FA for mass
spectrometry analysis. The sample was injected onto a nano-liquid chromatography

system (Dionex, Ultimate 3000, Thermo Fisher Scientific) coupled with Q-Exactive HF
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instrument (Thermo Fisher Scientific) as described in (Kirli et al., 2015). Online ESI-MS
was performed in data-dependent mode using a TOP20 HCD method. All precursor ions
as well as fragment ions were scanned in the Orbitrap, and the resulting spectra were
measured with high accuracy (< 5 ppm) both in the MS and MS/MS level. Data analysis
was done using a dedicated data base search tool as described in (Kramer et al., 2014).

Small-angle X-ray scattering

Recombinant Cascade complexes for SAXS analysis were produced and purified as
described above, snap frozen in liquid nitrogen and stored at -80 °C. SEC buffer aliquots
of the individual purifications were kept and treated equally for sample dilution and
solvent blanking. SAXS data were collected at the European Synchrotron Radiation
Facility (Grenoble, France) on beamline BM29. Detailed SAXS statistics are listed in
Table S.11.2. Dilution series of the complexes were measured to assess sample quality
in respect to inter-particle interference and aggregation. Measurements exhibiting
radiation damage were discarded. Buffer subtracted SAXS curves of 10 mg ml* for the
short variant, 20 mg ml? for the wild type complex and 25 mg ml*? for the elongated
version were subjected to data analysis and ab initio shape restoration bead modeling
using the Primus implemented program Dammif (Konarev, Volkov, Sokolova, Koch, &
Svergun, 2003). 20 independent shape restorations were calculated in slow mode to
generate average and filtered models. SAXS data, one individual ab initio shape
restoration model for each construct and the averaged and filtered models were
deposited at the curated repository SASBDB under accession SASDBK4 (short
Cascade), SASDBL4 (wild-type Cascade) and SASDBM4 (long Cascade complex). The
volume of the Cas7fv protein was estimated using the peptide property calculator tool
(Northwestern University) based on (Harpaz, Gerstein, & Chothia, 1994).

Construction of E. coli strains with heterologous Type |I-Fv CRISPR-Cas systems

A minimal CRISPR was designed with a single spacer targeting the positions 6463-6494
(GA PAM) or 6630-6662 (GG PAM) of the lambda phage gene E, flanked by two repeat
sequences and a T7 RNA polymerase promoter (pCRISPRaGA and pCRISPRa; Table
S.11.1). The CRISPR sequence was generated by cloning annealed oligonucleotides into
pCDFDuet-1 vector using BamHI and Hindlll restriction sites. In addition, a second
CRISPR with a spacer corresponding to a random 32 bp sequence of the S. putrefaciens
genome was generated as a negative control (p)CRISPR NT, Table S.1l.1). CRISPR
variants were generated by adding 1, 6, 9, 12 or 18 nt (complementary to the phage
genome) to the targeting spacer; or by removing 6 or 18 nt (o CRISPRa-variants). The

spacer sequences have no significant complementarity to the E. coligenome. A mutation
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in the HD nuclease motif of Cas3 (H156A/D157A) was introduced into pCas6 by

QuikChange site-di r ect ed mut agenesi s accordingd t o t he
(pCas7?). E. coli BL21-Al cells were transformed with pCDFDuet-1 carrying one variant

of the CRISPR array and pCas6 or pCas7. After transformation, single colonies were

picked for each strain, grown as a lawn for 12 h in 2YTL agar and colony-forming cells

were isolated for phage assays. In parallel, a strain with empty pRSFDuet-1 and

pCDFDuet-1 vectors was generated as a control.

Lambda phage-assays for DNA interference analyses

Phage assays were essentially performed as described (Brouns et al., 2008). Briefly, a
1/100 dilution of an E. coli BL21-Al overnight culture was grown until ODgsoo nm = 0.3 and
induced with 0.2% arabinose (Sigma-Aldrich) and 0.1 mM IPTG for 30 min. Then, cells
were pelleted and resuspended in 10 mM MgSOa4. A 1:1 mix of cells and serial phage
dilutions was incubated for 20 min at 37°C and added to 2YTL top-agar containing the
mentioned inducers, plated over 2YTL agar plates with antibiotics and incubated
overnight at 37°C. Plates were then stained with 0.2% crystal violet and plague number
was determined. Efficiency of plaguing (EOP) was defined as the ratio between the
plague count of the strain of interest and the plaque count of the strain carrying empty
plasmids. Phage assays were performed in triplicate and error bars were calculated as

standard error of the mean (SEM).

Electrophoretic mobility shift assays

The recombinant Cascade complex was tested for its ability to bind target DNA in
electrophoretic mobility shift assays (EMSAs). Utilized target oligonucleotides are
detailed in Table S.II.1 . 100 pmol of e a-abeledswitlh [s-°A]-ATPe was 5 N;j
(5000Ci/mmol, Hartmann Analytic) and T4 PNK (Ambion) for 1 h at 37°C. The reaction
was stopped by addition of formamide loading buffer and substrates were separated by
denaturing-PAGE (10% polyacrylamide, 8 M Urea). After autoradiographic exposure,
RNA bands were cut from the gel, eluted and EtOH precipitated. 20 nM (~20000 cpm)
of labeled substrate was incubated with varying concentrations of Cascade (0-60 nM) for
30 min at 30°C in 50 mM HEPES-NaOH pH 7.0, 150 mM NaCl, 1 mM DTT and 1 mM
EDTA. Samples were separated via non-denaturing TBE-PAGE (6% polyacrylamide, 1x
TBE).
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Results

Recombinant production of the minimal S. putrefaciens CN-32 Type |I-Fv Cascade

In our earlier study, we demonstrated that recombinant Type I-Fv Cascade can be
produced from His-tagged Cas7fv, Casb5fv, Cas6f and crRNA in E.coli (Dwarakanath et
al., 2015). We improved this purification procedure and also shifted the location of the
His-tag from the N-terminus of Cas7fv to the C-terminus of Cas6f to be able to evaluate
the Cas5fv:Cas7fv protein ratio (Figure II.1A) Affinity chromatography of Cas6f was
successfully used to co-purify mature 60 nt long crRNA and the untagged Cas5fv and
Cas7fv proteins. The eluted complex was subjected to size-exclusion chromatography,
which revealed four distinct peaks (Figure 11.1B) that were investigated via SDS-PAGE
(Figure 11.1B). A small first peak contains Cas7fv filaments that were shown to form due
to the unspecific binding of RNA molecules. The largest second peak contains the fully
assembled Cascade ribonucleoprotein complex. This verifies that the pre-crRNA was
produced, cleaved by Cas6f and incorporated into Cascade. An increased abundance of
the backbone protein Cas7fv was evident. Two smaller peaks contained either Cas6f-
Cas7fv complexes or Cas6f alone. Mature crRNA was not detected in the corresponding
fractions. EMSAs verified that the recombinant Cascade complex specifically binds

complementary DNA target-strands (Supplementary Figure S.11.1).

Shewanella putrefaciens CN-32 (Type |-F variant)
Plasmid 1: Cascade (pCas2) Plasmid 2: crRNA (pCRISPR-wt)

1 CasTfv H Cas5fy >{ Casbf )His 54 | spacer(32nt) | Q

'{5 700, kDa M 1 2 3 4
£ 600 A
E 500_ 2-Cascade = || gg i
(=1 1 48
@ 4004 | b i 5fv
o ] | | 3-CasTfv 32 - e =g:§?fv
5 300 | | -Cas6f 25
& 1-CasTfv | n 22 - - o v o | a=CasBf
-FE 1223-_ fila mentis | || II|I I|II == 4-Castf
2 | |
3 J \/ \ J \ ;
! 75 nt

2 = bedli, 4 - - —crRNA

0 20 40 60 80 100 50 nt

Elution volume {ml}

Figure 11.1. Purification of recombinant Type | -Fv Cascade interacting with His -Cas6f. (A) Schematic
overview of the investigated recombinant Cas proteins and crRNA. (B) His-tagged Cas6f co-eluted with the
Cascade components Cas7fv, Cas5fv and mature crRNA during size-exclusion chromatography (peak 2).
Cas7fv filaments were observed in the void volume (peak 1) and Cas7fv-Cas6f complexes (peak 3) and
Cas6f (peak 4) were separated. SDS-PAGE (top) and 8 M urea PAGE with toluidine blue staining (bottom)
was used to analyse the protein and RNA content of the fractions corresponding to the peaks indicated in
the gel-elution chromatogram (left).
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The presence of Cas5fv and crRNA is required for proper Cascade assembly

Next, we asked which components are required for proper Type I-Fv Cascade assembly
and investigated if a Cas-protein complex forms in the absence of crRNA. The three
recombinant proteins Cas6f, Casbfv and Cas7fv with an N-terminal His-tag were
produced in E. coli and subjected to affinity- and subsequent size-exclusion
chromatography. Two distinct peaks were obtained which were analyzed via SDS-
PAGE. The first peak fractions contain the previously observed Cas7fv filaments and the
largest second peak corresponds to Casb5fv-Cas7fv dimers (Fig. II.2A). Multimeric
Cascade-like structures were not observed, which indicates that the Cas5fv-Cas7fv
might be Cascade building blocks that require mature crRNAs as assembly signals. It is
evident that Cas6f is necessary to process the pre-crRNA transcripts and Cas7fv is
required to form the filamentous Cascade backbone (Dwarakanath et al., 2015).
However, the role of Casbfv during Cascade assembly is not known. Thus, we
constructed a plasmid lacking the gene encoding for Casb5fv and attempted to produce
recombinant Cascade structures. It was shown that Cascade cannot be reconstituted in
the absence of Cas5fv (Fig. S.11.2). Precipitation of Cas7fv was observed which suggests
that it requires the interaction partner Cas5fv for stability. The small and indistinct peaks
revealed Cas7fv-Cas6f interactions. Finally, we asked if the proteins Casl and Cas2-3
are stable subunits of the minimal Cascade. A larger plasmid was constructed that
contains genes encoding all five Type I-Fv Cas proteins. The construct contained only
one His-tag at the N-terminus of Casl. Affinity chromatography revealed that Casl was
co-purified with Cas2-3 and Cas6f (Fig. S.11.3). However, crRNA was not present in the
elution fractions and Cas5fv-Cas7fv-Cas6f Cascade-complexes were eluted in the flow-
through. Taken together, these results suggest that the minimal DNA surveillance
complexes are formed by three Cas proteins interacting with a second Casl-Cas2-3

complex during target DNA degradation.

Analysis of Cascade proteini RNA interactions via mass-spectrometry

In order to pinpoint specific amino acids and nucleotides that interact within the minimal
Type I|-Fv Cascade complex, we utlized UV-induced cross-linking and mass
spectrometry. Upon UV irradiation at 254 nm a covalent bond forms between the amino
acid side chain and nucleic acid bases when both components are in close spatial
proximity. The cross-linked peptide-RNA heteroconjugates can then be identified via LC-
MS/MS analysis and a dedicated database search (Kramer et al., 2014; Sharma et al.,
2015).

24


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4937334/figure/F2/

Modulating the Cascade architecture of a minimal Type I-F CRISPR-Cas system
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Figure II.2. Size-exclusion chromatography analysis of Cas proteins in the absence of crRNA. The

Cas proteins were produced and purified via size-exclusion chromatography (see Figures Il.1 and 11.4) in the
absence of crRNA. Cas7fv filaments (peak 1) and Cas5fv-Cas7fv dimers (peak 3) were observed but the
characteristic middle peak (peak 2, elution volume 607 70 ml) was absent indicating the lack of Cascade
backbone formation.

This approach allowed for the identification of thirteen peptides with different cross-links
between amino acids and RNA fragment, which provides first insights into RNA
recognition sites of the Cas proteins (Fig. S.I.4-8). The analyses confirmed extensive
interactions of all three Cascade subunits with the crRNA (Fig. 11.3). Most interactions
were identified for Cas7fv, which is in agreement with the unspecific RNA binding
function of this Cascade backbone protein. The crRNA was also found to interact with a
distinct C-terminal region of Cas6f and an N-terminal region and the C-terminus of
Cas5fv. The shortness of the identified cross-linked RNA moieties does not permit their
unambiguous assignment to crRNA nucleotides. However, it is plausible that all identified
Casb5fv interactions are with nucleotides
tag of the crRNA. Structural data is not available for Cas5fv and Cas7fv and only the
structure of Cas6f can be modeled due its similarity to available Cas6 structures. Here,
the observed interaction of the C-terminal domain of Cas6f with the crRNA is in
agreement with the Cas6f-crRNA co-crystal structure from Pseudomonas aeruginosa (R.
E. Haurwitz, Sternberg, & Doudna, 2012). The identified cross-linked nucleotides (i.e. U,
GU) are found at t he-tenmeal repest agaftheciRNAg of
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Biochemical analysis of synthetic Cascade variants with shortened and elongated
crRNAs

Type I-E Cascade complexes form crescent-shaped structures with small subunits
located along its belly. These small subunits were shown to interact with Cas7 and Cas6e
(Jackson et al., 2014). The absence of the small and large subunits suggests that the
minimal Type I-Fv Cascade might facilitate the presence of a more variable backbone.
To test if the Cascade backbone can be altered, we created pre-crRNA constructs with
shortened and extended spacer sequences. The investigated crRNA contained a 32 nt
spacer which was engineered into a drastically shortened crRNA with a 14 nt spacer (-
18 nt) and a long 50 nt crRNA with an extended spacer (+18 nt). We verified that all three
transcripts were produced in E. coli and processed by Cas6f into mature crRNA species
(Fig. S.11.9).

CasTfv
MGSSHHHHHHSQNPMQKVTGIKSVDFKIK/ALGHGVVYNWNGPTTLTGDDGK/TVDNHTLPKLRGYTNLT
GKVKDETGYKYKKQATDINFKETPLYISQNCIRHHLFREQAFDLHYASDKNLKNVLASITGLIRGYVVPSS
QCKRTSPLLLEDFVDQLGNGNFEQYGQAGARDSTSFFSKTTFGDTEYISYGSISIEQLQFISLDKKFDRAA
MVIKEGEGEVIAAELONYIQSLNPSLNPQAIFHSNYVRRGTIFEEGECGILLNDDAVKALVAETLERLANLSI
ROQAKGYMYVDDITVDYNDSHKMMRIKRDESEINEQHAPFAQYFYAK

SVDFKIK + U-H,O ALGHGVVNWNGPTTLTGDDGK + U (AU, GU, AAU, AAAU)
TVDNHTLPKLR + U-H,O KQATDINFK + AU-H,O

EQAFDLHYASDK + U (U-H2Q, CU, CUU) DSTSFFSK + CU (U, AU, ACU, AAU)
DESEIINEQHAPFAQYFYAK + U-H,0 (U, AU)

Cas5fv
MKIIIEYDSCWRNAFLGGSNNEPVPKKGREFLGSMTSLKKEGNFKVCENTLDTVMGYLNRLIGDQRKLYQ
ARSKMYESAYYFEALEDKVSFIDKPQLTNEISFIRNMNGSTDQNAFTGMIKVSDPVFTSEY SQQFWGVLAL
DFTQLCDFIKQSQVVGSIELNPLSIINRLESLNQEKALENSDDLAQVLKVLNEYFPDIEYLNNKGLITPISIYC
SALYLQLARLETSFNMTTAKTKAGGISGISKRGFTKKDFMDRYTTGPKKTIWGNPFIKKEKIKGQGEVTSM
MTKASGQLEISIDVDRDKAQEIKILIENAGYSSFYLGKKGLAYVSNIKL

5.1 VCENTLDTVMGVLNR + U (UU) 5.2 VSFIDKPQLTNEISFIR + U (AU, AAL)
5.3 ILIENAGVSSFYLGK + UU (U, CU) 5.4 GLAYVSNIKL + U-H,0
Cas6f

MNSYIDIRLKPDAEMREAELSSKVFTKFHKALVTLNSHKIGISFPQMKLSLGQLFRIHGDASLLHDLQGLDWL
GPLAGYCQVTAVSAVPDHVQYRIVESVKRSNLSKAKLKRLIARGSIDKDGEKRYKVKM(Ox)LGQGFDNPYLD
LFSSSTGQVYRKFFEFSDIQAHPLDGEFDSYGLSKTATVPWF

6.1 GSIDKDGEKR + U-H,0 6.2 M(OX)LGQGFDNPYLDLFSSSTGQVYR + U (GU)

crRNA

5" CUUAGAAAUAUCGCCCAGCAAGACGCGCAAACCUAUAACCEUUCACCGCCGCACAGGCGG-3!
513 52 6.2

Figure 11.3. Mass-spectrometry analysis of Cas protein T crRNA interactions in Type | -Fv Cascade.
Identified Cas protein peptides (red) cross-linked to the indicated nucleotides were subjected to tandem
mass spectrometry fragmentation to identify which amino acid is cross-linked (blue). Potential interaction
sites of Cas5fv (5.17 5.4) and Cas6fv (6.1 and 6.2) have been projected onto the crRNA sequence. Repeat
tags flanking the spacer are indicated in green.
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Recombinant Cascade complexes were produced in the presence of the three crRNA
variants. Surprisingly, all three variants resulted in stable ribonucleoprotein complex
formation. The complexes were purified and subjected to size-exclusion
chromatography. Each complex purification procedure resulted in three distinct peaks
that were analyzed via SDS-PAGE (Fig. I1.4). The first peak always corresponded to long
Cas7fv filaments and the third peak corresponded to the previously observed Cas5fv-
Cas7fv dimers. The constant distance between these two peaks demonstrated that the
size-exclusion chromatography runs were performed under identical conditions to allow
for their comparison. The highest absorbance value was always identified as a distinct
middle peak. The corresponding fractions revealed complexes consisting of Cas6f,
Casbhfv, multiple subunits of Cas7fv and the mature crRNA. The peak was shifted in
accordance to the crRNA size. The gel-filtration column was calibrated to evaluate the
approximate sizes of the eluted Cascade complexes (Fig. S.11.9). The wild type complex
has a calculated size of 215 kDa, the short crRNA (-18 nt) is incorporated in a synthetic
Cascade complex of 125 kDa and the long crRNA (+18 nt) is incorporated in a complex
of 280 kDa. SDS-PAGE analysis demonstrated that the intensity of the Cas7fv bands
varied. Thus, we conclude that the alteration of the crRNA spacer length can be
compensated in synthetic Cascade complexes. Shortened crRNAs can result in the
omission of Cas7fv subunits and elongated crRNAs can result in additional Cas7fv
subunits. The S. putrefaciens Cas7fv has a molecular mass of 36 kDa which suggests
that at least two Cas7fv subunits were added in the long Cascade complex (crRNA +18
nt) and three Cas7fv subunits were omitted in the short Cascade complex (crRNA -18
nt). To investigate the importance of the 6 nt periodicity that was observed for the E. coli
Cascade, we repeated these experiments with crRNAs whose length was altered by 15
nt. Again, stable Cascade complexes were formed with short crRNAs (-15 nt) and long
crRNAs (+15 nt) and the size-exclusion peaks correspond to Cascade assemblies with

varied numbers of Cas7fv subunits (Fig. S.11.10).
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Figure 11.4. Purification of recombinant synthetic Cascade variants with shortened and elongated
spacers. Variants of crRNAs with wild type (WT) spacer (32 nt), short spacer length (14 nt) and long spacer
length (50 nt) were designed. Production and maturation of the crRNA variants in E. coli was verified.
Recombinant Cascade complexes were produced and purified via size-exclusion chromatography. Cas7fv
filaments (peak 1) and Cas5fv-Cas7fv dimers (peak 3) were observed and the middle peak corresponded to
fully assembled Cascade ribonucleoproteins (peak 2). The relative shift of this peak during identical size-
exclusion chromatography runs and SDS-PAGE revealed that additional spacer nucleotides result in
additional Cas7fv subunits.

Structural analyses of synthetic Cascade variants

SAXS analysis was performed to assess the synthetic assemblies on a structural level
in comparison to wild type Cascade (Fig. 1l.5A). Ab initio shape restoration bead
modeling revealed that distinct Cascade assemblies are formed, depending on the
crRNA length (Fig. 11.5B). Wild type Cascade forms a crescent assembly (Fig. 11.5B,
middle), reminiscent in size and shape of the sea-horse-shaped E. coli Cascade.
Truncation of the scaffold crRNA by 18 nt resulted in a contracted structure (Fig. 11.5B,
left) and elongation of the RNA by 18 nt consequently manifested in an elongated
assembly (Fig. 11.5B, right). Kratky analysis of the scattering indicates that the long
Cascade might be more flexible and structurally less folded, as judged from the
increased g?l in the high g-range, compared to short and wild type Cascade (Fig. II.5A,
middle). Porod volume estimation revealed that wild type Cascade features a volume of
~360.28 nm?3, whereas the short version is characterized by a volume of ~207.82 nm?
and the long version by a volume of ~519.09 nm?3 (Tab. S.II.2). The volume difference of
152.46 nm? (wild type-short) and 158.81 nm? (long-wild type) suggests that an equal
amount of Hise-Cas7fv subunits was removed or added in respect to the crRNA length
variation. To address how many subunit less or more were accommodated, we estimated
the volume of Hiss-Cas7fv to be 44.972 nm?3 ((1.21 x MW)A3/molecule), arguing for the
volume difference to correspond to three subunits.
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Figure 11.5. Small-angle X -ray scattering analyses of synthetic Cascade assemblies. (A) SAXS of the

short (red), WT (black) and long (blue) Cascade constructs. Left: scattering curve, normalized to max I,

middle: Kratky plot, normalizedtomaxqg? , il lustrating the &érandom coi

range; right: P(r) distance distribution curve, normalized to max P(r), highlighting the different domain
organization. (B) Surface grid representations of averaged and filtered ab initio bead models calculated by
Dammif (41).

A minimal Type I-Fv CRISPR-Cas system provides heterologous protection against

lambda phage infections

The Type I-Fv CRISPR-Cas system was shown to interfere with plasmid conjugation in
S. putrefaciens CN-32 (Dwarakanath et al., 2015). However, it remained possible that S.
putrefaciens contained unidentified Cas proteins that could substitute the roles of the
missing small and large subunits. We aimed to transfer the minimal system into E. coli
to investigate this possibility and to screen if the system is able to target invading viruses.
Two plasmids were transformed into E. coli BL21-Al, which does not contain endogenous

cas genes. One plasmid (pCas6) harbored a cassette for the production of Casl, Cas6f,
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Casbfv, Cas7fv and the DNA nuclease Cas3. The second plasmid (pCRISPRa) was
designed to produce precursor-crRNA with a single spacer targeting gene E lambda
phage (Tab. S.11.1, Fig. I1.6A). Cell sensitivity to lambda phage was tested using standard
plague assays. The presence of all Type I-Fv Cascade compounds and a crRNA with a
target AGGO PAM reduced the efficiency

strain carrying empty plasmids (Fig. 11.6). A crRNA with full spacer complementarity and

of

a target AGAO PAM resulted in an EOP Inof

addition, a crRNA with a random spacer sequence showed an EOP of 0.98, indicating
sequence-specific targeting of the lambda phage genome (Fig. 11.6B). As a second
control, a plasmid (pCas7) was constructed that allows the production of a nuclease-
deficient Cas3 mutant (Cas3 H156A/D157A). This inactive Cas3 mutant did not confer
immunity against lambda phage (EOP=0.94) (Fig. 11.6B). Taken together, these results
show that the minimal Type I-Fv CRISPR-Cas subtype can be transferred into E. coli
where it provides heterologous protection against lambda phage infections. The
interference reaction is sequence- and PAM-specific, depends on Cas3 nuclease activity

and does not require the presence of small and large subunits.

Cascade assemblies with modulated Cas7 backbones can retain functionality

Finally, we investigated the functionality of the synthetic Cascade variants by lambda
phage interference assays. We changed the spacer length of the crRNA provided by the
pPCRISPRa- plasmid, while retaining all five cas genes on the pCas6 plasmid. Added
nucleotides were designed to extend base complementarity with the target sequence.
The plague assay results showed that crRNAs with spacers elongated by 1 nt
(EOP=0.11), 6 nt (EOP=0.23) or 9 nt (EOP=0.09) retained activity, which was
comparable to wild type spacer activity (EOP=0.18). Further elongation of the spacer
reduced interference activity (Fig. I.7). Therefore, spacer length can be increased to a
certain degree and crRNAs with a spacer length that is not found in native Type I-Fv
CRISPRs can be functional. The reduction of the crRNA spacer length by either 6 or 18
nt resulted in Cascade variants that did not confer immunity against lambda phage (Fig.
11.7).
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Figure I1.6. The S. putrefaciens Type |-Fv CRISPR-Cas system provides heterologous protection

against lambda phage infection in  E. coli . (A) Plaque formation by lambda phage was observed in E. coli

BL21-Al strains carrying two plasmids: a first plasmid encoding a crRNA with a spacer of 32 nt
complementarity to the | ambda phage genome fl anked eith
a second plasmid encoding all Cas proteins (pCas6) or pCas7 (Cas3 HD mutant). (B) Quantification of

plaque formation was performed in triplicate (represented as efficiency of plaquing, EOP) of strains carrying

the WT or the Cas3 HD mutant plasmid, in addition to a second plasmid producing either the targeting crRNA

(inthe presenceof a target 6GGO6 PAM or a tar get-tag@dgdanddAM) or a
spacer without complementarity to the phage genome. EOP is defined as the ratio between the plaque count

of the strain of interest and the strain carrying empty plasmids. Bars represent mean + SEM.
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Figure I.7. Cascade -mediated interfer ence activity with extended and shortened crRNAs. Shown is
the efficiency of plaquing of Type I-Fv CRISPR-Cas system variants expressed in E. coli. The 32 nt spacer
sequence (0) was modul ated by removal or ad8do+#l8on of tt

while maintaining complementarity to the lambda phage sequence. These arrays were co-expressed in E.
coli BL21-Al with pCas6 (in checkers) or pCas7 (Cas3 HD mutant, white bars), which was then subjected to
plaque assays with lambda phage. Bars represent mean + SEM of three independent experiments.
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Discussion

The three proteins Cas6f, Cas5fv and Cas7fv are sufficient to form a Cascade structure
that can interact with Cas3 to target viral DNA in E. coli. Heterologous immunity was
previously shown to be provided by Type Il CRISPR-Cas, e.g. derived from
Streptococcus thermophilus (Sapranauskas et al., 2011), and CRISPR-Cas systems
usually exist as compact modules that have the potential to be transferred between
species. However, all investigated Type | systems contain additional subunits, termed
large subunits and the best studied system, the Type I-E CRISPR-Cas from E. coli,
contains both, a large subunit, Csel, and two small subunits, Cse2. Our results show
that a functional Type | Cascade system can be transferred from S. putrefaciens into E.
coli and can provide a DNA targeting mechanism in the absence of these additional
subunits. Cse2 is described to be necessary for efficient binding of Cascade to dsDNA
and Csel was found to be involved in PAM recognition and target DNA duplex
destabilization (Hayes et al., 2016; van Erp et al., 2015). A crystal structure of the E. coli
Cascade bound to a foreign double-stranded DNA target revealed that distinct structural
features of the large subunit Csel recognize the PAM duplex sequence (Hayes et al.,
2016). However, these structures also highlight that Cas5e is located in close vicinity of
the PAM. Thus, we hypothesize that the highly divergent Cas5fv protein might play a
critical role in DNA target binding and its presence might abrogate the need for a large
subunit. Modeling attempts of the Cas5fv structure did not succeed, underlining its
dissimilarity to other Cas5 proteins. The minimal Type I-Fv Cascade requires Cas3 HD
nuclease activity to function and interactions between Casl and Cas3 were observed, in
agreement with previous studies of the Type I-F system of Pectobacterium atrosepticum
(C. Richter et al., 2012) and Type I-A systems (A. Plagens, Tjaden, Hagemann, Randau,
& Hensel, 2012). It is suggested that PAM-dependent foreign DNA processing involves
the Cascade-mediated recruitment of Cas3, which creates a nick in the R-loop (S.
Mulepati & Bailey, 2013; Sinkunas et al., 2013). Our results indicate that the Type I-Fv
Cascade is sufficient for this Cas3 recruitment activity and other S. putrefaciens host
proteins are not required. This minimal Cascade architecture might represent its most
basic assembly model as the involved Cas5, Cas6 and Cas7 proteins were all proposed
to be derived from a single ancestral RNA-binding protein (Kira S Makarova, Aravind, et
al., 2011). It is possible that cellular processes that generate ssDNA are coupled to the
Type I-Fv Cascade, which could also explain its moderate activity. These minimal
Cascade complexes are only observed in mesophilic bacteria, which might not require

the most active defense measures as evidenced by down-regulated or absent CRISPR-
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Cas systems. Instead, they might benefit from CRISPR-Cas variants that effectively
balance foreign DNA targeting activity and their fitness cost, e.g. by reducing the self-

targeting potential.

E. coli Type I-E Cascade was shown to be produced in the absence of crRNAs
(Beloglazova et al., 2015). In this system, the Cas proteins Cas5, Cas7 and Cas6e form
a stable complex with small and large subunits which could be loaded in vitro with
synthetic crRNAs to generate functional DNA interference complexes. Similarly, Type |-
A Cascade complexes can be purified without bound crRNAs (André Plagens et al.,
2014). These observations are in stark contrast to the results obtained for the assembly
of the minimal Type I-Fv Cascade, as this complex was shown to require crRNA for
proper assembly. Furthermore, the length of the crRNA was identified to define the length
of the Cas7fv backbone. It is possible that Type I-E Cascade can assemble without a
crRNA scaffold if non-crRNAs provide a substituted scaffold. Thus, the defined length of
the Cas7e backbone might be a result of protein-protein interaction between the capping
enzymes Cas5e and Cas6e and the large and small subunits along the Cascade belly.
These interactions are absent in the minimal Type I-Fv Cascade, which supports the
notion that crRNA guidance is necessary for the Cascade assembly process. In addition,
these minimal complexes are likely maintained as stable ribonucleoprotein units that do
not permit the cycling of crRNAs. Our purification procedures of Cascade complexes
without crRNAs yielded Cas5fv-Cas7fv dimers and the isolated Cas proteins are not
stable. This suggests that these dimers could function as Cascade building blocks,
following the Cas6f-me di at ed r el e a s etago@as6f rémminschouRdNoAlie s
3 -ferminal repeat hairpin and would serve as a roadblock to crRNA-guided Cas7fv
filament formation. This model entails
results in modulated Cas7fv filaments. In agreement, drastically shortened crRNAs
resulted in Cascade complexes with fewer Cas7fv subunits and elongated crRNAs
resulted in added Cas7fv subunits. Flexibility of the Cas7 backbone was not yet observed
for Type | Cascade systems, but is well documented for Type Il systems. In these
systems, Csm3 or Cmr4 act as ruler proteins that span the crRNA spacer in 6 nt
increments (Hale et al., 2009; Hatoum-Aslan, Samai, Maniv, Jiang, & Marraffini, 2013).
Variant crRNAs whose length differs by 6 nt are found in nature, which indicates that
both forms can function in active Type lll complexes. Thus, crRNA-guided backbone
filament formation is a shared feature of multi-Cas protein complexes. In contrast, Type
II, V and VI CRISPR-Cas systems each contain a single large Cas protein that spans the
crRNA and filaments are absent. Nevertheless, the length of the crRNA in these systems
can be altered without adjustment of the Cas protein content. It was shown that the length
of the guide RNA-DNA interaction in Streptococcus pyogenes Cas9 can be reduced by
33
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3 nt without affecting activity, while a reduction of 5 nt was not tolerated (Fu, Sander,
Reyon, Cascio, & Joung, 2014). Interestingly, the truncated guide RNAs improved the
specificity of the Cas9 nuclease and the recognition of off-target sites was decreased.
Our results demonstrate that the length of a Type | Cascade can be modulated and that
only some alterations affect activity. Thus, the degree of modulating the Cascade
backbone is likely limited by its requirement for productive Cas3 docking. Nevertheless,
Cascade complexes with added spacer nucleotides will influence DNA targeting
specificity. It has been shown that Cascade can be used as a gene silencing tool (Rath,
Amlinger, Hoekzema, Devulapally, & Lundgren, 2015), but its large size might be a
disadvantage for its transfer into heterologous hosts. However, endogenous Type | and
Type lll CRISPR-Cas systems can be efficiently utilized for genome editing purposes (Li
et al., 2015; Luo, Mullis, Leenay, & Beisel, 2015). In these cases, a minimal Cascade
system without small and large subunits would provide the most compact CRISPR-Cas
system with an adjustable Cas protein filament backbone. The variability of the spacer
length of recombinant Type I-Fv Cascade opens the possibility of influencing DNA

targeting specificity.
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Supplementary Material

Supplementary Table S1 . List of constructed plasmids and investigated crRNA sequences

Plasmid Description

pCDFDu .

ol T7 RNAP polymerase based expression vector, Specr (Novagen)

2518 FDu T7 RNAP polymerase based expression vector, Kanr (Novagen)

pUC19 Cloning vector, Ampr (New England Biolabs)

pCasl pRSFDuet-1 + cas7fv, cas5fv and cas6f with an N-terminal His-tag on cas7fv

pCas2 pRSFDuet-1 + cas7fv, cas5fv and cas6f with a C-terminal His-tag on cas6f

pCas3 pRSFDuet-1 + cas7fv and cas6f with an N-terminal His-tag on cas7fv

pCas4 pRSFDuet-1 + cas3, cas7fv, cas5fv and cas6f with an N-terminal His-tag on cas3

pCas5 pRSFDuet-1+ casl, cas3, cas7fv, cas5fv and cas6f with an N-terminal His-tag on casl

pCas6 pRSFDuet-1+ casl, cas3, cas7fv, cas5fv and cas6f

pCas?7 pCas3 with a C466G, A467C, A470C mutation in cas3
pUC19 + T7 RNAP promoter and the repeat-spacer4-repeat sequence of

pCRISPR-wt S.putrefaciens CN-32 S p a ¢ e rTABCGCBONGCAAGACGCGCAAACCTATAACC-
3 Nj

PCRISPR+18 pCRlSPR-Wt'With spacer4 extended by 18 random nt: 5 -SJACTCAATCCCGCTAATG-
spacer4-3 Nj

pCRISPR-18 pCRISPR-wt with spacer4 shortened by 18 nt

PCRISPR+15 pCRlSPR-Wt.With spacer4 extended by 15 random nt: 5 -SACTCAACGCTAATG-
spacer4-3 Nj

pCRISPR-15 pCRISPR-wt with spacer4 shortened by 15 nt

pCDFDuet-1+ T7 RNAP promoter and a repeat-spacer-repeat array. The repeat
sequence was obtained from S. putrefaciens CN-32. The 32 nt spacer is

complementary to a phage lambda gene E sequence and flanked by a GG PAM at the
3’end of the target strand: 5 -BIGCGGCACGGAGTGGAGCAAGCGTGACAAGTC-3 N;j
pCDFDuet-1+ T7 RNAP promoter and a repeat-spacer-repeat array. The repeat
sequence was obtained from S. putrefaciens CN-32.The 32 nt spacer is

complementary to phage lambda gene E sequence and flanked by a GA PAM at the
3Eend of the -GRGATQAECATGCAGARNGATGCGTGHCGAAGAG-3 Nj
pPCRI SPR & with a spacer sequenceopleageongalt
lambda gene E sequence.

pCRI SPR & with a spacer sequence el ongaf
lambda gene E sequence.

pCRI SPR & with a spacer sequence elongaft
lambda gene E sequence.

pCRI SPR & with a spacer sequence el ongaf
lambda gene E sequence.

pCRI SPR & with a spacer sequence el ongaf
lambda gene E sequence.

pCRI SPRa&

pCRI SPRa&aGA

PCRI SPR a+1

PCRI SPR a+6

pCRI SPR &+9

pPCRI SPR a&a+12

PCRI SPR a2+18

pCRI SFBR @& p CRI SPR @& aeeiseduene shorpened by 6 nt
pCRI SPIR & pCRI SPR & with a spacer sequence shorte
PCRISPR NT pCRI SPR & with a spacer sequence without

5 -CATCATCATGCAGAACATGCGTGACGAAGAG-3 Nj

Oligonucleotide used for EMSASs containing spacer 4 target sequence with a GG-PAM
5-Nj
AAGCTTGAGGGCCCAAGCCGTTATGCTAGGGTTATAGGTTTGCGCGTCTTGCTGG
GCGATAGGACTCCCTATAGTGAGTCGTATTAGGATCC-3 Nj

Oligonucleotide used for EMSAs containing spacer 1 target sequence with a GG-PAM
5-Nj
AAGCTTGAGGGCCCAAGCCGTTATGCTAGCAATGTGGTCGCGCAATTTATGATTT
GGTTGAGGACTCCCTATAGTGAGTCGTATTAGGATCC-3 Nj

Sp4-GG target

Sp1-GG target
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Supplementary Table S2 . Small angle X-ray scattering (SAXS) statistics
Primus (44) (ATSAS software package) was used for data analysis. 20 ab initio shape restoration models have been
calculated with Dammif (implemented in Primus) in slow mode to generate averaged and filtered models.

Data collection S Cascade WT Cascade L Cascade
Detector Pilatus 1M Pilatus 1M Pilatus 1M
Beam size at sample (um pm) 700 x 700 700 x 700 700 x 700
Wavelength (A) 0.9919 0.9919 0.9919

g range (nm™) 0.025-5 0.025-5 0.025-5
Exposure time (s) 10 (10x 1) 10 (10x 1) 10(10x 1)
Concentration range (mg ml™") 3-10 25-20 10-25
Temperature (°C) 4 4 4
Structural parameters

Sample concentration (mg ml”) 10 20 25

1(0) (cm™) from P(r)
Rg (nm) from P(r)

1(0) (cm™) from Guinier

95.54 +/- 0.0367
4.173 +/- 0.002564
95.53

160.4 +/- 0.0622
5.444 +/- 0.002526
160.4

86.72 +/- 0.04148
6.524 +/- 0.003503
86.72

Ry (nm) from Guinier 4.167 5.435 6.517
Dmax (NmM) 14.19 18.14 21.66
Porod volume estimate (nm3) 207.82 360.28 519.09

ab initio modeling results
Normalized spatial distribution
(NSD) and NSD variation
Final x> against raw data 1.07 2.180 4538
Software employed
Primary data reduction

0.818 (0.044) 0.822 (0.039) 0.865 (0.063)

ESRF BM29 online/  ESRF BM29 online/ ESRF BM29 online/

Primus Primus Primus
Data processing Primus Primus Primus
3D graphics representation Chimera Chimera Chimera
heated
sp4-GG sp1-GG
control P P
Cascade-DNA
complex = -
crRNA-DNA
duplex -p
ssSDNA = - e on -

Supplementary Figure 1l.1. Recombinant Type | -Fv Cascade binds ssDNA . 5 -fadioactively labeled
target DNA strands (~0.4 pmoles) were incubated with increasing amounts (0, 2, 4, 20, 60 nM) of
recombinant S. putrefaciens Type |-Fv Cascade containing a crRNA with spacer 4 of the S. putrefaciens
CRISPR array. Binding was observed in electrophoretic mobility shift assays for a target DNA that was
complementary to the Cascade-bound crRNA 4 (sp4-GG). A non-complementary sequence containing the
targetofs pacer 1 aPAM (spl-GB)Gv&sonot bound. A control was included that contained 60 nM
of Cascade after heat-incubation (10 min, 95°C) leading to Cas protein denaturation and crRNA release.
This control identified a first smaller shift as a potential crRNA-ssDNA target duplex.
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His{ Cas7fv ){ Cas6f )~ Plasmid 2: crRNA
55 | spacer(32nt) [ 3
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Supplementary Figure 11.2. Cascade is not produced in the absence of Cas5fv . (Top) Schematic
overview of the investigated recombinant Cas proteins (pCas3) and crRNA. SDS-PAGE (right) was used to
analyze the protein and RNA content corresponding to the peaks indicated in the gel-elution chromatogram

(left).

His{Cas1)| Cas2-3 ) Cas7fv) Cas5fv) Cas6f )

kba M L P FT 1 2 3 4 5 6
B < Cas2-3

Supplementary Figure 11.3. Casl interacts with Cas3 and Cas6f but not with the Cascade backbone
(Top) Schematic overview of the investigated recombinant Cas proteins (pCas5) and crRNA. SDS-PAGE
(bottom) was used to analyze the protein content of the Ni-NTA purification fractions (Marker, M, Lysate, L,

Pellet, P, Flow-through, FT).
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Supplementary Figures 11.4-8. MS/MS fragmentation spect ra of the Pro tein-RNA crosslink identified

within the Type | -F Cascade complex from Shewanella putrefaciens. Shown are the sample spectra for
every peptide observed to be cross-linked with an RNA moiety (see Figure 11.3). In each spectrum, the cross-
linked peptide sequence and its corresponding y- and b- type fragment ions are indicated at the top, referring
to the ions which retain the charge on the N- or C- terminus, respectively. The cross-linked amino-acid
residues are highlighted in yellow. Some of the b- and y- ions were observed with a mass shift of #, #1, #2,
#3, #4 and #5 corresponding to i C30 (a fragment of Uracil), U-H20, U’, U-H3PO4, U-H20 and U,
respectively. IM: Immonium ions; C": Base of C, 112.05 Da; U": Base of U, 112.0273 Da.
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Supplementary Figure 11.9. Calibration of the size -exclusion column and analysis of crRNA

maturation. (A) Calibration curve of the size-exclusion chromatography column Superdex 200 with the

following protein standards: 1) apoferritin (443 kDa), 2) 3-amylase (200 kDa), 3) alcohol dehydrogenase

(150 kDa), 4) bovine serum albumin (66 kDa), 5) carbonic anhydrase (29 kDa) and 6) cytochrome C (12.4

kDa). Elution volumes of thes e pr ot eins were divided by iBygMgreal umnds void
PAGE and toluidine blue staining of purified Cascade variants with extended (+18), wildtype (wt) and

shortened (-18) crRNA spacers. Processed crRNAs are identified and their length differences correspond to
the modulated spacer length.

42



Modulating the Cascade architecture of a minimal Type I-F CRISPR-Cas system

Type I-Fv Cascade model crRNA: long crRNA (+15/+18 nt)
Cas5vaCas?fﬂCasva‘Cas?fv CasvaFas?vaasT +18) 54 | 50 nt | 3
e o Ve vo Y o A +15) 47 nt |
cfgca%il \Xith: crRNA: short crRNA (-15/-18 nt) Q
S - =Gl - ' [
< 250 | -15-cIRNA = -15) s ] 17nt | 3
= +15-crRNA -18 -14 nt
£ 200 +18-crRNA = ) -
=
o
& 150 kDa M wt +18 -18 +15 -15
@©
3 1001 43 [
© 32 | .. = Casbfv
_g 50 A -—‘——-ﬁCESTfV
w 25 ‘
= 0 : l l l 22 |88
0 40 60 80 100 <= Cas6f
Elution volume (ml)

Supplementary Figure 11.10. Purification of recombinant  synthetic Cascade variants with shortened
and elongated spacers. Top left: Cartoon model of Type I-Fv Cascade. Cas5fv and Cas6f are proposed to
cap the c r RN Aa rbd\jrefehlj tags. Multiple subunits of Cas7fv are suggested to form a filamentous
backbone along the crRNA backbone in analogy to the Type I-E Cas7 backbone of E. coli. Additional large
and small subunits are missing. Top right: Variants of the crRNAs wildtype spacer (32 nt) with short spacer
length (14 & 17 nt) and long spacer length (50 & 47nt) were designed. Bottom left: Recombinant Cascade
complexes were produced and purified via size exclusion chromatography. Cas6f monomer peaks were
observed. The relative shift of the major second peak during identical size-exclusion chromatography runs
revealed efficient Cascade production and Cas7fv subunit number modulat i on i n response to t
spacer length. Bottom right: SDS-PAGE analysis of purified Cascade variants confirms stable complex
formation and reveals a varying Cas7fv band intensity in relation to Cas5fv and Cas6f band intensities.
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Summary

CRISPR-Cas systems are prokaryotic immune systems against invading nucleic acids.
Type | CRISPR-Cas systems employ highly diverse, multi-subunit surveillance
Cascades facilitating duplex formation between crRNA and complementary target DNA
for R-loop formation, retention and DNA degradation by the subsequently recruited
nuclease Cas3. Typically, the large subunit recognizes bona fide targets through the
protospacer adjacent motif (PAM) and the small subunit guides the non-target DNA
strand. Here, we present the Apo- and target DNA-bound structures of the type I-F
variant (I-Fv) Cascade lacking the small and large subunits. Large and small subunits
are functional | yerminal orRNA cap CasEfwandithe backbdde protein
CasT7fv, respectively. Cas5fv facilitates PAM recognition from the DNA major groove site,
in contrast to all other hitherto described type | systems. Comparison of the type I-Fv
Cascade with an anti-CRISPR protein bound I-F Cascade reveals that type I-Fv structure
differs substantially at known anti-CRISPR protein target sites and might therefore be

resistant to viral Cascade interception.
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Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-Cas (CRISPR-
associated) systems are present in archaea and bacteria. Their hallmark elements are
small crRNAs (CRISPR RNAs), which contain a spacer sequence guiding Cas
surveillance and effector complexes towards complementary nucleic acid molecules,
termed protospacers (Grissa et al., 2009; Mojica et al., 2005; Pourcel et al., 2005). Native
targets are usually viral genomes and CRISPR-Cas modules act as adaptive immune
systems in prokaryotes (Barrangou et al., 2007). The presence of small protospacer
adjacent motifs (PAMSs) is required for efficient target recognition and discrimination
between viral and host genomes (Marraffini and Sontheimer, 2010; Mojica et al., 2009).
Designer crRNAs can be utilized for highly specific DNA targeting and the guided Cas
protein cleavage activity allows for efficient genome engineering applications (Jinek et
al., 2012). CRISPR-Cas systems are divided into two classes and highly variable
multisubunit effector complexes characterize the prevalent class | systems, which was
further subclassified into three types (Makarova et al., 2015; Mohanraju et al., 2016).
Type | CRISPR-Cas systems are most widespread in nature and the Cas protein
composition of the employed CRISPR ribonucleoprotein (crRNP) complexes, termed
Cascade (CRISPR associated complex for antiviral defense), differs between seven
subtypes (A to F,U) (Makarova and Koonin, 2015; Makarova et al., 2015). Structures of
type I-E and I-F Cascade complexes are available and reveal crescent-shaped crRNPs
consisting of a crRNA spine to which the Cas proteins align. Cascade I-E and I-F
compare well in structure and composition of Casb, Cas6, Cas7 and their large subunit
Csel (hereafter called: Cas8) (Chowdhury et al., 2017; Hayes et al., 2016; Jackson et
al., 2014; Mulepati et al., 2014; Wiedenheft et al., 2011). Both complexes differ within
crRNA backbone pitch and a small subunit protein that is absent in type I-F (Chowdhury
et al., 2017; Makarova et al., 2015) and required for non-target strand stabilization in
type I-E Cascade (Hayes et al., 2016). However, both complexes are comparable in their
PAM recognition mechanisms primary proceeding via double stranded (ds) DNA
interactions by the Cas8 subunit (Hayes et al., 2016; Rollins et al., 2015). A signature R-
loop structure is formed by hybridization of crRNA spacer and target DNA protospacer,
while the displaced non-target strand is presented for degradation. Finally, Cascade
recruits the DNA helicase/nuclease Cas3, which mediates destruction of the foreign DNA
(Garneau et al., 2010; Westra et al., 2012). Type I-F and I-E systems are vulnerable to
inhibition by anti-CRISPR proteins as a defense mechanism of phages (Bondy-Denomy
et al., 2013; Pawluk et al., 2016). In type I-F, the anti-CRISPR proteins AcrF1, 2 and 3
target the Cas7 backbone, the large subunit/Cas5 and Cas3, respectively, in order to
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inhibit effector complex formation via multiple mechanisms (Bondy-Denomy et al., 2015;
Bondy-Denomy et al., 2013). AcrF1 targets I-F Cascade and blocks crRNA:DNA
hybridization by its interaction with the thumb and web domain of two neighboring Cas7
molecules (Bondy-Denomy et al., 2015; Chowdhury et al., 2017). AcrF2 mimics dsDNA
(Chowdhury et al., 2017), and blocks the dsDNA recruitment site formed by Cas8 and
Cas7 (Bondy-Denomy et al.,, 2015). AcrF3 inhibits the action of the DNA
helicase/nuclease Cas3 by direct binding to Cas3 (Wang et al., 2016). The ongoing arms
race between bacteria and viruses should have contributed to the evolution of
mechanisms and/or features against Acr proteins to sustain CRISPR-Cas mediated
defense. One hint for the existence of such defense mechanisms is the observation that
type I-F systems are highly diverse and contain several derivatives, most prominently
the type I-F variant (type I-Fv) (Makarova et al., 2011a; Makarova et al., 2011b).
Furthermore, type I-Fv CRISPR-Cas systems have been identified not only in bacterial
genomes, but also on mobile auxiliary genetic elements, such as plasmids and genomic
islands that are subject to rapid horizontal gene transfer (Makarova et al 2015). Recent
studies highlighted the presence of the I-Fv CRISPR-Cas system on novel virulence
factor harboring genomic islands in several Vibrio cholera strains and suggested an
associated competitive advantage through the supplied I-Fv CRISPR-Cas system
(Carpenter et al. 2017, Labbate et al. 2016). Cascadel-Fv s peci fi cal l ¢
PAM (Dwarakanath et al., 2015) and is able to identify crRNA-complementary
protospacer sequences (Fig. S.11l.1). However, striking differences to other Cascade
assemblies include its extremely low sequence conservation of putative Cas5 and Cas?
homologues and the absence of small and large subunits, which yields a minimal 3 Cas
protein crRNP (Gleditzsch et al., 2016). Anti-CRISPR proteins have not been identified
for type I-Fv CRISPR-Cas systems. All together, these changes make the I-Fv system
an extraordinary candidate to study structures and mechanisms that might have evolved

in response to anti-CRISPR proteins during the path of molecular evolution.

Here we describe the structures of the type I-Fv Cascade alone and in complex with
target DNA. We discover extensive structural differences between I-Fv and the I-F and
I-E Cascades. DsDNA recruitment and PAM recognition in type I-Fv Cascade is
facilitated from the major groove side by Cas5fv instead of the large subunit Cas8 and
the finger domain of Cas7. A unique feature of the type I-Fv Cas7 variant, which forms a
secondary helix parallel to the primary helical backbone, guides the non-target strand.
Taken together, type I-F and I-Fv Cascades differ the most at their DNA interaction sites,

which are also prime target of anti-CRISPR proteins.
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Results

Structure of type |-Fv Cascade reveals a unigue architecture

Type I-Fv Cascades differ from other type | Cascades in their lack of the large and/ or
small subunits and strong sequence deviations in the Cas5 and Cas7 homologues
(Gleditzsch et al., 2016). To gain structural insights into this highly divergent Cascade
type, we determined the X-ray structure of I-Fv Cascade from Shewanella putrefaciens
CN32. Because crystals of the full length I-Fv Cascade showed poor diffraction power,
we decided to investigate a contracted variant in which the crRNA spacer length was
reduced by 18 nts, resulting in three Cas7fv binding sites (Fig. S.111.2), while retaining
the interactions between the different components (Gleditzsch et al., 2016). The X-ray
structure of this type I-Fv Cascade was determined by single anomalous dispersion
(SAD) and refined to a resolution of 3 A (Table Ill.1). The structure of the type I-Fv
Cascade revealed an elongated, roughly crescent-shaped crRNP with the overall
dimensions of 75, 100 and 130 A (Fig. I11.1), which is in good agreement with a previous,

low-resolution small angle X-ray scattering (SAXS) analysis (Gleditzsch et al., 2016).

Table IIl.1. Crystallographic Table

Data Collection? SpCascade -I-Fv (SeMet) SpCascade -I-Fv-R-
Loop
Space group 12 P 3,21
Cell dimensions
a, b, and c (A) 157.002 143.316
65.894 143.316
160.682 172.698
U, b, and 2 (A) 90.00 90.00
98.61 90.00
90.00 120.00
Energy (A) 0.979 0.991
Resolution (A) 47.97 - 3.00 45.27-3.25
(3.10 - 3.00) (3.36 - 3.25)
Rmerge 0.0547 (0.356) 0.168 (1.922)
I/ 1a 13.18 (2.05) 11.66 (1.80)
Completeness (%) 100.0 (100.0) 100.0 (100.0)
Redundancy 10.0 (9.8) 11.1 (11.4)
CC(1/2) 0.99 (0.72) 0.99 (0.85)
Anomalous completeness (%) 99.5 (99.8)
Anomalous redundancy 5.2 (5.3)
Refinement
Resolution (A) 49.28 - 3.00 46.91-3.25
No. reflections 32,875 (3,271) 32,783 (3,192)
Ruorks Riree 19.4 21.8
24.9 27.7
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No. atoms 11,803 13,131
Macromolecule 11,803 13,131
Ligand 0 0
Water 0 0
R.m.s deviations - -
Bond lengths (A) 0.015 0.010
Bond angles (°) 1.34 1.29
Ramachandran (%) -

Preferred 95.93 96.76
Allowed 3.92 3.1
Outliers 0.15 0.14

a Statistics for the highest-resolution shell are shown in parentheses.

Figure Ill.1. Crystal structure of the short type | -Fv Cascade. Cartoon representation of the short I-Fv

Cascade X-ray crystal structure from S. putrefaciens CN32 in two, 90° rotated orientations. Short crRNA,

Casb5f v, Cas7fv and Cas6f are coloured in orange, dark red,
hairpin and 5N end are indicated and the Cascdede subunits

and indicated by thin dotted lines. The two parallel right-handed wrist and palm/thumb helices are labelled
accordingly and are indicated by thick dotted lines. Right: scale bar illustrating the total height of 130 A.

One end of the complexisformed by Cas6f bound t o -hHaipetag O nt | ong
Three copies of the backbone protein Cas7fv assemble along the shortened crRNA spine

to form the body. The Cas6f-opposing end of the I-Fv Cascade is formed by an unusual

Casb5f variant (Cas5fv), whichi nt er act s wi t-handlel{Fég. II81). Whiletheo n g 5 Nj
overall shape of type I-Fv Cascade appears roughly similar to other type | Cascades, it

clearly differs in several aspects. Type I-Fv contains structurally unique homologues of

Cas5 and 7 proteins that shape the complex into a significantly more open configuration

than observed for the almost closed type I-F counterpart (Fig. 1ll.2A). Interestingly, the

curvature of type I-Fv is more reminiscent to those of the more distantly related type I-E

(Fig. S.I11.3).
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A S. putrefaciens short |I-Fv Cascade P. aeruginosa |-F Cascade (Csy complex)
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Figure IIl.2. Structural comparison of type |  -F and type | -Fv Cascade. (A) Left: X-ray crystal structure of
the short S. putrefaciens I-Fv Cascade shown in a cartoon representation. Color scheme and labeling as in
fig. 11l.1. Middle: crRNA spine superimposition of the short I-Fv (orange) and I-F (grey) crRNA on the basis
of a 5N handle alignment. Nucl eotide positions

negative values and the positions of downstream nucleotides are indicated by positive values. The angle of
24° between nucleotide position -6 and 12 illustrates the different crRNA spine pitch. Right: cryo-EM
structure of the AcrF1/2 bound P. aeruginosa I-F Cascade (PDB ID: 5ZU9; (Chowdhury et al., 2017)).
Components are labeled according to the current nomenclature for type I-F. Color scheme of the I-F Cas
homologs is according to I-Fv. The additionally present large subunit protein Cas8f is shown in yellow and
the activity inhibiting AcrF1/2 proteins are shown in a grey surface representation. (B) and (C): Side-by-side
comparison of the I-Fv (B) and I-F (C) Cascade subunits. Color is according to fig. I1l.2A. The Cas6f proteins
are compared in the left panel, Cas7 homologs in the middle panel and Cas5 homologs in the right panel.
Adjacent Cascade subunits are shown as transparent surfaces and labeled respectively. Grey circles
indicate disordered regions. N and C indicate N- and C-termini, respectively. (D) crRNA spine comparison
of I-F (orange) and I-Fv (grey). Left: crRNA arrangement at the tilted head structure. Superimposition
according to I-Fv nucleotides 6 to 12. Middle: crRNA architecture of the Cas7 backbone bound segment.
Superimposition according to I-Fv nucleotides -1 to -4. At every sixth position, the nucleotide is splayed out
from the base stacking segments (06kisntkadpehdnBgsjht :
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Type |-Fv Cascade significantly differs from the closely related type |-F Cascade

To gain a better understanding of the unique architecture of type I-Fv Cascade (this
study), we compared its structure to that of the closely related type I-F Cascade recently
published (Chowdhury et al., 2017). Both structures are highly similar within the Cas6f
subunit bound to its cognate 20 nt long crRNA 3 -Nairpin tags (Fig. S.l11.4). In both cases,
Cas6f interacts with the palm domain of the adjacent Cas7 subunit (Fig. 111.2B, C).
However, fundamental differences are found in the Cas6f/Cas7 interaction between type
I-F and I-Fv. While the ferredoxin-like domain of Cas6f interacts with the palm of Cas7f
in type I-F, it is the crRNA-b i n d i-heligal Rairpin of Cas6f in the type I-Fv that
establishes the interaction (Figs. I11.2B, C). This deviating arrangement is accompanied
by an approximately 90° titedr e or i e nt a t-Haipinm (Fig.fll.2D)h e 3 N;j

Cas7 proteins, central to all type | Cascades, form a right-handed helical filament along
the crRNA and facilitate crRNA spacer presentation for target identification. Cas7
architecture is often described in anal ogy to a Oright handd with
recognition motif (RRM), a pronounced loop and a helix-rich domain defined as the palm,
thumb and fingers, respectively (Fig. S.111.5). In type I-E and |-F Cascades, all elements
of the Cas7 hand are present and fulfill the same functions: The palm provides the
binding cavity for 6 nts of a crRNA spacer, while the thumb of an adjacent Cas7 pins the
crRNA against the palm. The fingers extrude on the convex side of the helical Cas7
backbone and assist in dsDNA recruitment together with the large subunit at the
Cascade base (Hayes et al., 2016). Our structural analysis of type I-Fv shows that while
the palm and thumb domains are present in Cas7fv, the fingers are strongly reduced.
Instead, two extensive loops (aa 25 to 77) localize next to the thumb at the bottom of the
palm (Figs. 111.2B, S.III.5). Following the right-hand analogy, we termed these loops:
O wr-loap L and 2 (WL1, WL2) (Fig. Ill.2B). Most surprisingly, the WLs of each of the
Cas7fv subunits connect to each other and assemble into a unique helical filament at the
concave site of the complex (named: wrist helix). Of note, the wrist helix runs parallel to
the helix formed by the palm and thumbs (i.e. palm/thumb helix, (Figs. 111.1 and 111.2B).

The RRM domain of Cas5fv (palm) encases the crRNA 8 nt long S-s h a p e-dg 5 Nj

together with the adjacent Cas7fv (Fig 111.2B, D), similar to the situation in type I-E and I-

F (Chowdhury et al., 2017). In contrast to its type I-E and I-F counterparts, Cas5fv

contains a wrist that connects to the wrist helix formed by Cas7fv (Figs. 1l1l.1 and 111.2B).

Most importantly, Cas5fv differs in an additi o n a | domain colmelcesst i ng of
t e r me d-helical @omain (AH, residues: 110 i 266; Figs. Ill.2A, B). The AH domain

extrudes from the convex side of the type I-Fv Cascade at the tip of the thumb that pins

the crRNA against the palm of the adjacent Cas7fv (Fig. 111.2B).
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Taken together, type I-Fv dramatically differs from its counterparts with respect to
architecture and arrangement of the Cas7 and Cas5 subunits. Interestingly, major
changes in Cas7 and Cas5 localize at positions that are occupied by the small and large

subunits in other type | Cascades, and are critical for DNA recruitment and interference.

Type I-Fv and I-F differ at places critical for anti-CRISPR protein binding

The presence of viral Acr proteins provides one plausible cause for the diversification of
CRISPR-Cas systems. To understand the obtained differences between |-Fv Cascade
and the closely related type I-F complex, we compared both structures with respect to
the Acr binding sites at the type I-F Cascade, which were recently determined by cryo-
electron microscopy (Chowdhury et al., 2017). In the anti-CRISPR protein bound type I-
F Cascade structure, two copies of AcrF1 and one AcrF2 are bound the type I-F Cascade
and inhibit association of target DNA. AcrF1 inhibits the function of the type I-F Cascade
through interaction with the protospacer-accommodating channel formed by the crRNA
spacer, the web and thumb domains of the Cas7f backbone (Chowdhury et al., 2017). In
our type I-Fv Cascade, inhibition by AcrF1 would not be possible as the web domain of
Cas7f is replaced by the wrist loops of Cas7fv, severely restructuring the AcrF1 binding
site (Fig. 111.3). The shortened thumb in Cas7fv would further contribute to prevent AcrF1
binding by a reduced contact surface (Fig. 111.3). AcrF2 interacts with the large subunit
Cas8f of the type I-F Cascade and the thumb of the adjacent Cas7f. In type |I-Fv Cascade,
both structures are not present, which forbids binding of this anti-CRISPR protein (Fig.
[11.3). Taken together, our structural comparison shows that the described structural
variations should protect type I-Fv Cascade from association with and inhibition by the
anti-CRISPR proteins AcrF1 and 2.

X-ray structure of the type |-Fv Cascade in complex with target dsDNA

Next, we aimed to understand how a type I-Fv our Cascade lacking the small/ large
subunits and containing highly divergent Cas5/7 proteins achieves PAM-dependent
recognition of foreign DNA. Therefore, we reconstituted the type I-Fv Cascade in
complex with a DNA target. Specifically, two DNA oligonucleotides (i.e. target and non-
target) were designed with the target containi
(Fig. 111.4B). The remaining 14 nts of the 3 Nj sequence of the tar

complementary to the non-target strand to allow for duplex formation.
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S. putrefaciens |-Fv Cascade . P. aeruginosa |-F Cascade
virus
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Figure I11.3. Structural Cascade variation in response to AcrF1 and AcrF2. Side-by side comparison of
the I-Fv Cascade base structure and the homologous and AcrF1/2 vulnerable I-F Cascade base structure
(PDB ID: 5ZU9; (Chowdhury et al., 2017). Both structures are shown in cartoon representation and the
Cascade body and head structures were removed for clarity. The Cas proteins were colored according to
figure IlIl.2. The anti-CRISPR proteins AcrF1.2 (grey) and AcrF2 (green) are highlighted by transparent
surfaces. Regions to which AcrF1/2 associate in I-F Cascade (i.e. Cas7f thumb and web; Cas8f) differ
drastically in their in their structure to I-Fv, not allowing binding of AcrF1/2 to the I-Fv Cascade.

The duplex contained the éGGbécade Bl putrefaciengni zed by
CN32 (Gleditzsch et al., 2016) (Fig. S.1ll.1). After annealing of target and non-target
strands and incubation with type I-Fv Cascade, the resulting R-loop/Cascade complex
was separated from the individual compounds by size exclusion chromatography. The
R-loop/Cascade complex was crystallized and its X-ray structure was determined at 3.25
A resolution by molecular replacement using Cascade type I-Fv (Table 1ll.1). The
phosphate backbone and the nucleobases of the DNA are well defined in the electron
density map and both DNA strands could be unambiguously traced (Fig. S.111.6). At the
base of the short I-Fv R-loop/Cascade, the dsDNA section downstream of the GG-PAM
is pinched in between the RRM fold and the AH domain of Cas5fv (Fig. IIl.4A). Upstream
of the PAM, target and non-target strand bifurcate and are guided along the Cas7fv
backbone in two spatially separated routes (Fig. [ll.4A) with a maximum distance of
approximately 25 A (non-target strand T22/ target strand A7). The target strand
protospacer region associates with the short crRNA spacer and the non-target strand is

aligned to the wrist helix, leading to structural reorganizations that are detailed below.

At the head of the R-l| oop/ Cascade, the 5N region of the t

associated with the respective crRNA spacer nucleotides and pinches the thumb of
Cas7fv.2 in between crRNA and target (Fig. lll.4A, C). The thumb of Cas7fv.2 is in turn
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stabilized and establishes a salt bridge by the interaction of arginine 155 to glutamate 17
of the ferredoxin-like domain of Cas6f. In comparison to the Apo structure, the ferredoxin-
like domain is rotated by approximately 7 A and stabilized (Figs. lll.4A, 1Il.5A) as
evidenced by significantly reduced B-factors. These conformational rearrangements

might be relevant for target DNA association and Cascade stalling via R-loop retention.

Cas7fv_ accommodates the protospacer and quides the non-target strand in a trench-

route along the wrist helix

Along the body of the type I-Fv Cascade, Cas7fv assembles two parallel helices that
recruit the separated target and non-target DNA strands (Fig. 11l.4A). Target association
in the positively central channel formed by the palm/thumb helix is similar to the mode
observed for the E. coli type I-E Cascade (Hayes et al., 2016; Mulepati et al., 2014) and
relies on a set of DNA sequence independent interactions. Following the target DNA path
from the PAM, the thumbs of Cas7fv splay out every sixth protospacer nucleotide,
analogously to the respective crRNA nucleotides (Fig. Ill.4A, D). Interaction of target
protospacer and crRNA relies on hybridization of the nucleotides in between those kinks
and is further stabilized by aromatic residues emanating from the Cas7fv thumb (Y149,
F160, F161) t hat stack the nucl eobases

and DNA kinks (Fig. 111.4D). Similar to the interaction at the Cascade head structure
between the ferredoxin-like fold of Cas6f and the thumb of Cas7fv.2, arginine 155 at the
thumb tip forms a salt bridge with the adjacent Cas7fv aspartate 192 residue (Fig. 111.4D).
To our surprise, we found that Cas7fv facilitates not only target DNA interactions, but
also parallel guiding of the non-target strand via the novel wrist helix formed by the
extensive loop structure at the concave site of the complex (Fig. 1ll.4A, E). The non-
target strand is passed along a path formed between the WL1 and WL2, stabilized by
sequence unspecific interactions via tyrosine 62 and 64 (Fig. lll.4E). Taken together, our
R-loop/Cascade structure shows that the wrist helix establishes the trench route for the
non-target strand and therefore compensates for the loss of the large and small subunits

in type I-Fv.
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Figure 1l11.4. X-ray crystal structure of the short | -Fv Cascade R -loop complex. (A) Overview of the R-
loop Cascade crystal structure. Components are shown in cartoon representation and colored and labeled
according to figs. Ill.1 and I11.2. Nucleic acid components are highlighted for clarity by transparent sufaces
(orange: short crRNA; red: DNA target strand; violet: non-target strand). Important regions for nucleic acid
interaction, detailed in subfigs. Ill. 3C to G, are tagged with numbers in white circles (1-4) for orientation. (B)
Design of target and non-target primers for the reconstitution of the R-loop/ I-Fv Cascade complex. The blue,
red and green lines indicate the interface between Cas7fv, Cas5fv and Cas6f and the nucleic acids as
observed in the R-loop/ I-Fv Cascade structure. Arrows indicate amino acids of Cas5fv interacting with the
6GGO6 PAM. Grey letters i nddodé) Elosa upview of the BNA interactng
regions close to the Cas6f head structure (C), at the thumb of Cas7fv.3 (D), the base of the wrist helix (E)
and the PAM recognition site in between the AH and SH of Cas5fv (F). Amino acid side chains in close
proximity to nucleic acids are shown as sticks and are labeled according to their identity and position. Nucleic
acids are labeled according to subfig. 111.3B. G: Detailed view on the GG-PAM, shown in stick representation.
Adjacent nucleotides were removed for clarity.
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Figure IIL.5. Structural reorganization of type |  -F Cascade upon R -loop formation. (A) Superimposition

of the short Apo Cascade (grey cartoon) and the R-loop associated short Cascade (colored cartoon). I-Fv

Cascade undergoes structural rearrangements at the Cas6f head and Cas5fv AH domain, indicated by

arrows and distances. (B) Superimposition along dsDNA segment of the aligned apo (grey) and R-loop

bound (colored) short Cascades with an ideal B-form DNA (light blue). The PAM region is highlighted with a

dashed line. (C) Close up on the superimposition with an ideal B-form DNA (fig. 111.4B) upstream of the GG

PAM, emphasizing steric clashes that wouihdaix3owedger bet wee
helix) of the Cas5fv AH domain upon target and non-target strand association. Residues are labeled

according to their identity and position.

Casb55fv recognizes the 6GG6 PAM from the major

In our R-loop/Cascade structure, the PAM containing DNA duplex is pinched between

the AH domain and a small helix (SH) at the wrist of Cas5fv and recruited by a set of

polar interactions (Figs. lll.4A, F). In contrasttotype I-E, t he O60GG6 PAM i s r e
the duplex form from the major groove side bythe N-t e r mi nal thelimkogthe and U
AH of Casbfv (Figs. Ill.4A, F). In the center, glutamine 113 distorts the first PAM

guanosine (G15) of the target and its corresponding cytosine on the non-target (C14)

(Figs. lll.4F, G). Guanosine G15 is furthermore contacted by lysine 252. The second
guanosine/cytosine (G16/C13) pair of the PAM interacts with lysine 252 and aspartate

253 of the C-terminal helix of the AH, respectively (Figs. Ill.4F, G). Those central GG-

PAM recognizing residues are flankedat t he AH do mai emapatingsitee hel i x
chains of threonine 251 and aspartate 254, which might also contribute to PAM

recognition (Figs. Ill.4F,G). Superimposition of the Apo and the R-loop states revealed

that the AH domain is reoriented by approximately 12 A towards the Cascade body (Fig.

I.5A). Thisr esul t s i n phelx 8 énaepasttion that walld not allow re-

association of the complementary non-target and target protospacer regions at the seed

region, as illustrated by an ideal B-form dsDNA aligned to the dsDNA PAM downstream

region (Fig. 111.5B). Polar side-chains (N178-K178) might assist in DNA strand separation

(Fig.M.5C) amal iUx 3 was therefore termed d&wedge h

recognizes target DNA from the major groove site via Cas5fv, which is in clear contrast
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