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1. Summary

Nucleic acids are one of the most important biological macromolecules,
essential for all known forms of life. Nucleic acids include deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA). They not only encode genetic information
but are also involved in the regulation of gene expression. In this PhD thesis, |
focused on nucleic acid and endonucleases and their regulatory functions. The
mechanism and functional interaction between nucleic acids and these proteins

was studied in two regulatory systems.

The first system comprises Argonaute (Ago) proteins and RNA in RNA
interference (RNAI). RNAI is a cellular pathway by which gene expression is
regulated at the post-transcriptional level. Argonautes are the central protein
components of the RNA-induced silencing complex (RISC) and involved in
small RNA (sRNA) silencing pathways. MicroRNAs (miRNAs) and short
interfering RNAs (SiRNAs) are the two primary categories of non-coding small
RNAs which Argonautes bind to. All four human Argonautes (hAgol-hAgo4)
are associated with small RNAs although only hAgo2 has a nuclease function.
Here, Ago and RNA interaction was analysed in vitro. The difference in miRNA
binding kinetics between hAgol and hAgo2 applying steady-state and pre-
steady-state techniques was determined. With regard to complex formation,
the results indicate hAgol binds to mismatched targets more effectively than
hAgo2. Furthermore, domain-swapping experiments revealed an important role
for the PAZ domain in the miRNA interplay, which is further supported by B
factor analysis. The flexible PAZ domain regulates miRNA binding to
mismatched targets. An amino acid sequence alignment of Agos in different
species showed hAgol is evolutionary more conserved than hAgo2. In
summary, it is strong evidence that hAgol shows a preference for miRNA over
siRNA. Moreover, hAgol binds to miRNA targets more effective than hAgo2.
Combining these findings with sRNA sorting reported in flies and plants
suggests miRNA sorting mechanism might also apply to humans, which
inherited from lower organisms because of the evolutionary conservation of
hAgol.



Summary

The second system addresses DNA interference by CRISPR-Cas9. CRISPR
(clustered regularly interspaced short palindromic repeats)-associated (Cas)
system is a prokaryotic immune system that confers resistance to foreign
genetic elements. Bacterial adaptive immunity uses Cas proteins together with
CRISPR transcripts for invading DNA degradation. The enzyme Cas9 is an
RNA-guided endonuclease that targets foreign DNA by RNA-DNA hybridisation,
and is now developed as a powerful tool for genome engineering. Here, the
kinetics of target DNA binding and cleavage by Cas9-sgRNA were determined,
and these kinetic data was related to conformational changes during the
process. Combing the data obtained in this thesis with other reported
biochemical studies and crystal structures it was possible to propose a
comprehensive mechanistic model describing DNA interrogation by Cas9.
Furthermore, it was found that PAM recognition is essential for target binding
and cleavage. Target sequence pairing to guide RNA provides high binding
affinity and a sufficient “seed” region pairing is required for initial RNA-DNA

heteroduplex formation.

In this thesis, mechanistic details of the complex processes of these two RNA
or DNA interference pathways were further unraveled. Both, regulation of gene
expression in eukaryotes and host defense in prokaryotes are based on small
noncoding RNAs, which guide either RNA or DNA interference. Here, the
importance of the seed regions was highlighted, being a good example of
convergent evolution; i.e. “seed” mechanism, which is used by both Argonaute
and Cas9 proteins. All small guide RNAs identify their target sequences by
base pairing in the “seed” region, a 6—-12 nucleotide comprising segment, which
plays a critical role in the complicated initial target search and further down
steam processes. This holds true for target RNA recognition by Argonaute
proteins during RNA interference in eukaryotes and for target DNA

interrogation by Cas9 during DNA interference in prokaryotes.



Zusammenfassung

Nukleinséuren gehdren zu den wichtigsten biologischen Makromolekilen und sind
essentiell fir alle Lebensformen. Nukleinsduren beinhalten Desoxy- (DNA) und
Ribonukleinsduren (RNA). Sie kodieren nicht nur fiir genetische Informationen
sondern sind auch involviert in die Regulation der Genexpression. Die vorliegende
Doktorarbeit beschaftigt sich mit Endonukleasen und deren regulatorischer
Funktion. Der Mechanismus und die funktionelle Wechselwirkung dieser Proteine
mit Nukleinsduren wurden in zwei regulatorischen Systemen untersucht.

Das erste System beinhaltet Argonauten Proteine und RNA im Kontext der RNA-
Interferenz (RNAI). RNAI ist ein zellularer Stoffwechselweg zur Genregulation auf
posttranslationaler Ebene. Argonauten sind die zentrale Proteinkomponente des
RNA-induzierten Silencingkomplexes (RISC) und involviert in den durch kleine
RNAs (sRNA) vermittelten Silencing Stoffwechselweg. MikroRNAs (miRNAs) und
kurze interferierende RNAs (siRNAs) sind die beiden Hauptkategorien von nicht-
kodierenden kleinen RNAs an die Argonauten binden. Obgleich nur das humane
Argonauten Protein 2 (hAgo2) eine Nukleasefunktion besitzt, binden alle 4
humanen Argonauten Proteine (hAgol-hAgo4) kleine RNAs. In der vorliegenden
Arbeit wurde die Wechselwirkung zwischen Argonauten und RNA in vitro
analysiert. Unter Anwendung von steady-state und pre-steady-state Methoden
wurden Unterschiede hinsichtlich der Kinetik der Bindung an miRNAs analysiert.
Die erhaltenen Ergebnisse zeigen, dass hAgol fehlgepaarte Zielmolekile
effektiver bindet als hAgo2. Daruber hinaus zeigen
Proteindomé&nenaustauschexperimente, dass der PAZ-Doméne hierbei eine
entscheidende Funktion zukommt. Dies wird durch eine B-Faktoren-Analyse
unterstitzt. Die flexible PAZ-Domaéne reguliert die miRNA Bindung an fehlgepaarte
Zielmolekile. Ein  Argonauten Protein  Aminosauresequenzvergleich  mit
verschiedenen Spezies zeigte, dass hAgol evolutionar konservierter ist als
hAgo2. Zusammengefasst ergeben sich hieraus eindeutige Evidenzen, dass
hAgol eine klare Tendenz zeigt miRNA Zielmolekile effizienter zu binden als
hAgo2. Zusammengenommen mit Beobachtungen bei Fliegen und Pflanzen
beziglich einer Sortierung von kleinen RNAs ergibt sich, dass ein derartiger
Mechanismus auch im Menschen von Bedeutung sein kdnnte. Dies kdnnte in der
evolutionaren Konservierung von hAgol bis hin zu niedrigen Lebensformen
begrindet sein.
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Das zweite System beschaftigt sich mit DNA-Interferenz durch CRISPR-Cas9.
Das CRISPR (clustered regularly interspaced short palindromic repeats)-
assoziierte System (Cas) ist ein prokaryotisches Immunsystem zur Abwehr
fremder genetischer Elemente. Die adaptive bakterielle Immunitat beruht auf Cas
Proteinen in Verbindung mit CRISPR Transkripten um eindringende DNA zu
degradieren. Das Enzym Cas9 ist eine RNA-gesteuerte Endonuklease die fremde
DNA durch RNA/DNA-Hybridformation targetiert. Derzeit wird dieses System als
aul3erst effektives Werkzeug fur die Gentechnologie benutzt und weiterentwickelt.
In der vorliegenden Arbeit wurde die Kinetik der Ziel-DNA Bindung und Spaltung
durch Cas9-sgRNA untersucht und versucht die erhobenen kinetischen Daten
strukturellen Umlagerungen wahrend des Prozesses zuzuordnen. Durch
Kombination der in dieser Arbeit erhaltenen Daten mit publizierten biochemischen
und Roéntgen-kristallographischen Daten war es moglich ein erstes detailliertes
mechanistisches Modell der Cas9/DNA-Wechselwirkung zu postulieren. Daruber
hinaus zeigte sich, dass eine Erkennung der sogenannten PAM-Sequenz
essentiell ist fur Zielmolekul Bindung und Spaltung. Basenpaarungen zwischen
dem Zielmolekidl und der sogenannten guide RNA gewahrleisten eine hohe
Bindungsaffinitat. Ausgangspunkt fur diese RNA/DNA-Heteroduplexausbildung ist
eine initiale Wechselwirkung im Bereich der sogenannten seed Region.

In der vorliegenden Arbeit wurden mechanistische Details der komplexen Ablaufe
dieser zwei RNA- bzw. DNA-Interferenz Stoffwechselwege weiter entschlisselt.
Sowohl  Regulation der Genregulation in  Eukaryoten als auch
Wirtsabwehrmechanismen in Prokaryoten beruhen auf kleinen nicht-kodierenden
RNAs, die als Steuerungselement fir RNA- bzw. DNA-Interferenz fungieren. Die
Bedeutung der seed Region wurde besonders beleuchtet. Sie ist ein gutes Bespiel
fur konvergente Evolution. Man spricht in diesem Zusammenhang auch von seed
Mechanismus, der sowohl fiir die Argonauten als auch die Cas Proteine von
groRer Bedeutung ist. Alle kleinen guide RNAs erkennen die entsprechenden
Ziekmolekile durch Basenpaarung in dieser seed Region, die 6-12 Nukleotide
umfasst. Diese Wechselwirkung spielt eine entscheidende Rolle wahrend der
initialen Zielmolekulsuche und aller weiteren darauf folgenden Schritte. Das gilt
sowohl fur die Ziel-RNA Erkennung durch Argonauten Proteine wahrend der RNA-
Interferenz in Eukaryonten als auch der Ziel-DNA Abtastung durch Cas9 wahrend
der DNA-Interferenz in Prokaryoten.



2. Introduction

2.1. RNA interference

RNA interference (RNAI) is one of the most exciting findings in the past decades.
Our knowledge of RNAIi has expanded dramatically in the short time since its
discovery. However, many new aspects of gene regulation of non-coding RNAs (1)
were discovered since Andrew Fire and Craig Mello shared the 2006 Nobel Prize
for their work on RNAI in the nematode worm C. elegans (2). Two types of small
RNA molecules, i.e. microRNA (miRNA) and small interfering RNA (siRNA), are
central to RNAI. Although, the overall mechanism of RNAI is well understood,

many molecular details are not.

2.1.1. Si- and miRNA RNAIi pathways

Small RNAs (sRNAs) as found in plants, animals, fungi, and viruses play crucial
roles in gene regulation. They are not translated into proteins; instead, they
mediate regulation of a variety of cellular processes by silencing pathways. Non-
coding small RNAs occur in different forms. The best known classes are short
interfering RNAs (siRNAs), microRNAs (miRNAs) and Piwi-associated RNAs
(piIRNAS). SiRNAs arise from cleavage of long double-stranded RNA molecules
and are particularly important for modulation of the activity of transposons and
combating viral infection (3). MiRNAs are encoded by specific genes and function
by repressing mRNA translation (1). PiIRNAs are associated with the Piwi
subfamily of Argonaute proteins and are essential for the development of germ
cells (4).

SiRNAs and miRNAs are the two primary categories of non-coding small RNAs,
which regulate gene expression on post-transcriptional levels. For example, in
animals, siRNAs direct target mRNA cleavage in highly complementary sites and
function as defense mechanism against foreign genetic elements such as viruses
and transposons. In contrast, mMiRNAs guide mRNA binding, as key regulators of
development, physiology and disease through a pathway that involves
translational repression or destabilization of mRNAs rather than direct Ago-
mediated RNA cleavage. This is triggered by binding of miRNAs to a partially

5
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complementary target sequence (5). Figure 2.1 illustrates si- and miRNA pathways

and exemplary modes of action in humans.

A B
, , pri-miRNA -~ DTOSh
3 I I ) I T O 5
m’G .
\eu
Long dsRNA \L \Dicer NUE
\as™
cyeoP
ﬁg pre=miRNA - Dicer
Ago2 \L S
AN SiRNA duplex Passenger d
T [ 11 [ i
Guide miRNAduplex
TICIICJI- Passenger
RISC complex Guide
/s
\ Ago RISC complex
Passenger-strand P
cleavage ;ﬁ
TTr T
Passenger-strand ‘t - d W—.—.—.—m—.—.—.—
ejection Passzqg:t:;i‘tran
o e J
11|
Target mRNA
binding and mRNA m’G  Deadenylation J  Target mRNA binding and
slicing 3 | Je traslational repression
AAAA: M\
L mRNA
Product J,
release 0
Product
and RISC rerleaL;e v
recycling and RISC
||| B
recycling

Figure 2.1 Mechanism of siRNA- and miRNA-mediated RNAi. (A) siRNAs mediate
RNAIi by endonucleolytic cleavage of target RNAs. These siRNAs are derived from long
double-stranded RNA (dsRNA) molecules. As a molecular ruler, endonuclease Dicer
cleaves the dsRNA at 21-25-nucleotide intervals. After Dicer-mediated cleavage, the
guide strand of the siRNA duplex is loaded onto an Argonaute protein, the core of an
RNA-induced silencing complex (RISC). For simplicity, here the multiprotein RISC is
represented by a single Argonaute protein. Meanwhile, the non-guide (passenger) strand
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is cleaved by an Argonaute protein and ejected. Then target RNAs that contain a fully
complementary sequence to the guide siRNA are associated with the Argonaute protein
followed the slicing. The cleaved target RNA is released after slicing, and the Argonaute is
recycled for another round. (B) miRNAs silence target mMRNAs without a direct cleavage.
Primary transcripts (pri-miRNAs) are transcribed from endogenous miRNA genes, then
excised by the Drosha complex to yield precursor miRNAs (pre-miRNA) in the nucleus (for
simplicity, the complex is represented just by Drosha). In the cytoplasm, the pre-miRNAs
are cleaved to miRNA duplexes by Dicer. The guide strand is loaded onto an Argonaute
protein and passenger strand is ejected. The mechanism of miRNA-mediated silencing is
unclear but is assumed to occur by translational repression of target mRNA and
deadenylation of mMRNA poly (A) tails, which eventually leads to mRNA degradation.

SIRNAs are ca. 21-25 nucleotides in length and processed from long, fully
complementary dsRNAs, which are cleaved by the endonuclease Dicer. After
Dicer-mediated cleavage, one strand of the siRNA duplex (guide) is loaded onto
the Argonaute protein. During loading, the other strand of the siRNA duplex
(passenger) is cleaved by Argonaute protein and ejected. Within Argonaute the
guide siRNA targets perfectly complementary sequences of RNAs and trigger
slicing of such targets (Figure 2.1A). The cleaved target RNA is released, allowing
Argonaute to be a multiple turnover enzyme, so RISC may be recycled for further
slicing of targets (6). RISC assembly is an ordered multi-step pathway and each

SRNA class requires specific accessory factors (7).

Whereas miRNAs are also 21-25 nucleotides in length, they show a mismatch-
containing double-strand. Primary transcripts (pri-miRNAs) comprising a stem-loop
structure are cut by Drosha leading to precursor miRNA (pre-miRNAs). Then,
Dicer cleaves the pre-miRNA, producing a miRNA duplex and the guide strand is
loaded onto the Argonaute (Figure 2.1B). Typically, animal miRNAs contain
mismatches to sequences in the 3 -untranslated regions of their target mRNAs (or
5’-end seed region of guide strand), and this lack of complementarity leads to a
different mechanism for the regulation of target mMRNA expression. The mRNA is
not cleaved (8, 9). In addition, unlike the siRNA-RISC, some Argonaute proteins
involved in the miIRNA-RISC lack the catalytic properties required for cleavage (6,
10).
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2.1.2. Sorting of small RNAs

Both miRNAs and siRNAs fulfill their regulatory function when they are bound to
Argonaute (Ago) proteins, but can be distinguished since they trigger two different
RNA interference pathways. Sorting of small silencing RNAs has been discovered
in plants and flies and shows that the pathways of siRNA and miRNA diverge in
part due to a sorting mechanism that distinct SRNA duplexes directly into specific
Ago-RISCs. There is a noticeable high amount of studies dealing with Ago protein
using the model system Drosophila melanogaster (11-21). Here, miRNAs are
loaded into Argonautel (Agol) from miRNA/mMiRNA* duplexes, whereas siRNAs
are loaded into Argonaute2 (Ago2) from guide/passenger duplexes. The sorting is
based on sRNA duplex structure and the identity of the first nucleotide (11). A
identical SRNA assorting among Ago complexes was found in Arabidopsis (AtAgo)
and shows both: miRNA duplex structure and the 5'-terminal nucleotide contribute
to miRNA sorting (22). AtAgo2 favours RNA duplexes with no middle mismatches,
whereas AtAgol tolerates or prefers duplexes with central mismatches (23).
However, such sorting mechanisms seem to be lost in more complex organisms.
Deep-sequencing and cloning of human Argonaute-associated endogenous
miRNAs did not reveal clear evidence for miRNA sorting in humans (24-26).
Although, besides there are some Agol-specific SRNAs, Ago may define the
length of mature miRNAs (27, 28). It is more likely that all Agos contribute to
mMiRNA silencing in mammals, and individual Agos have overlapping functions in
this process (29). hAgo2 is the only active slicer among the four human
Argonautes and as such it is essential for sSiRNA cleavage. The other non-catalytic
Ago proteins (hAgol, 3 and 4) might have at least partially redundant functions
(30).

2.2. Argonaute proteins

Small non-coding RNAs were found to be important contributors to gene regulation
during the past decade. To conduct their biological functions, Argonaute proteins
are a unique class of proteins required for these small RNAs. Ago proteins occur in

bacteria, archaea and eukaryotes.



2.2. Argonaute proteins

2.2.1. Evolution and Classification

After the first mention of Argonaute in a report describing a mutant in Arabidopsis
thaliana (31), Ago proteins have been found to be conserved among all domains
of life. Lately, it was characterized that prokaryotic Argonaute proteins (pAgos)
take part in host defense such as DNA interference (DNAI), while eukaryotic
Argonaute proteins (eAgos) guide many processes by RNA interference (32). Ago
proteins evolved as protein families and both eAgos and pAgos belong to the
PIWI-protein superfamily, containing a PIWI (P element-induced wimpy testis)
domain and in few instances a PAZ (PIWI-Argonaute-Zwille) domain. (33).

In eukaryotes, Ago proteins can be classified into three paralogous groups based
on phylogenetic analysis: the Ago subfamily, the PIWI subfamily, and the worm-
specific WAGO subfamily (13, 34). In Arabidopsis, ten different Ago proteins exist,
and they show preferences for distinct classes of small RNAs. In Drosophila, there
are only two Ago proteins named DmAgol and DmAgo2 with different binding
preferences to sRNAs (30). There are four Ago proteins in humans and only

hAgo2 is catalytically active, but all human Ago proteins bind miRNAs (24, 26).

2.2.2. Ago protein structures

The first Ago crystal structures determined from bacteria, i.e. a guide-free pAgos
from Pyrococcus furiosus (PfAgo) (35), Aquifex aeolicus (AaAgo) (36) and short
pAgo from Archaeoglobus fulgidus (AfAgo) (37) provided information about the
overall structural organization of this protein family. Then binary and ternary
structures of Thermus thermophilus Ago (TtAgo) bound to DNA guide strands and
RNA or DNA target strands provided deep insights into the conformational
changes in the binding actions of the Ago enzyme (38-40). In 2012, there were
reports about crystal structures of full-length human Argonaute-2 bound to RNA
guides (41, 42). These findings showed that the overall organization of domains
and sRNA binding of hAgo2 is similar to that of pAgo. Lately, a hAgo2 crystal
structure of a ternary complex became available (43), showing hAgo2 bound to a
defined guide RNA with a short target RNA pairing in g2-g9, which represents the
MIiRNA recognition sites (Figure 2.2). In this ternary complex, guide strand and

seed-matched target RNA, as a structural model for miRNA targeting, shows that
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seed pairing opens the N-PAZ channel for supplemental pairing after initial target
recognition (43). Here, the 3’-end of the guide strand is released from the PAZ
domain during target strand loading, according to the two state model for
Argonaute protein action which is supported by pre-steady-state and FRET data

(44, 45). All these results reveal the function of Ago and the mechanism of RNAI.

PIWI $”

Figure 2.2 Structure of human Ago2. Front and top views of Ago2 bound to guide and
target RNAs. Ago2 has the N (navy), PAZ (purple), MID (light green), PIWI (dark green)
domains and linkers L1 (bisque) and L2 (gold). The RNA guide is shown in red and RNA
target is shown in blue. Ago2 contains a large central cleft between two lobes (N-PAZ and
MID-PIWI) connected by two linker domains (L1 and L2). Taken from Schirle, et al. (43),
with kind permission of The American Association for the Advancement of Science.

The individual core functions of these four structural domains are highly conserved
cross prokaryotes to eukaryotes. All eukaryotic Agos feature an N (N-terminal), a
PAZ a MID (middle) and a PIWI domain, together with two domain linkers, L1 and
L2 (30, 32). From crystal structures of hAgo2, it is clear that the 3"-end of single-
stranded guide RNA is associated to the PAZ domain and the 5°-phosphate is
anchored in a binding pocket of the MID domain (41, 42).

The MID domain contains a nucleotide-binding pocket which interacts with the
phosphate group at the 5°-end of the guide (46—48). It anchors the 5°-end of the
small RNA by providing a binding pocket in which the 5°-terminal base engages in
stacking interactions with a conserved tyrosine. To promote the potential target
binding, the seed region (nucleotides 2—7 or 2—-8) of the guide stacks in a helical

conformation (49).
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2.3. Differences between hAgol and hAgo2 proteins

The PIWI domain includes a RNase H-like active site, which contains a catalytic
center composed of DEDX motif (here, X is aspartic acid or histidine) (35, 36). The
catalytic site is completed by a glutamate residue which located in a mobile PIWI
loop (the glutamate finger) (50, 51). Generally, only a subset of the Ago subfamily
possesses cleavage activity. For example, only Ago2 of the four Argonautes in
mammals is catalytically active and functions as an endonuclease (52, 53).

The N domain is not involved in guide binding but plays an important role in target
cleavage and dissociation of cleaved product (54, 55). This critical role of the N
domain was discovered by studies of human Ago 3 (hAgo3), which has no
cleavage function in vitro, even there is an intact catalytic site in hAgo3. However,
it can become an active slicer when the N domain from hAgo2 is swapped to it
(54). It was also reported that N domain assists in unwinding the small RNA duplex
(56).

The PAZ domain binds the 3"-end of the guide by interacting with nucleotides 20
and 21 (38, 46, 50, 57) and PAZ domain is reported to function in protecting the
guide from degradation (58).

2.3. Differences between hAgol and hAgo2 proteins

All human Argonautes are involved in miRNA pathway and associate with SRNAs
and other proteins or chaperones to carry out gene regulation (55), however,
hAgo2 is the only active slicer. Structural superposition between hAgol and 2

shows very high overall similarity (Figure 2.3).

Individual domains appear to have the same functions (30). MID domain anchors
the 5’-end and PAZ domain binds the 3"-end of the guide RNA (39, 47). A primary
guestion in this context is why hAgo2 is the only slicer among the four human
Agos. The answer was thought to reside in the difference of the activity site, i.e.
Asp-Glu-Asp-His (DEDH) (35, 36). Among the remaining three, hAgol has an
arginine instead of the active-site histidine, whereas hAgo4 has one of the
aspartates missing, this providing an indication of the loss of endonuclease activity.
Surprisingly, the catalytic tetrad of hAgo3 is intact, but it is still inactive for

11
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cleavage activity (see sequence alignments in Figure 5.21) (54). This strongly
indicates that the active site is not the only essential determinant for slicer activity.

PC Y. .
o\ = PAZ
MD &g v ol N

NS = Y

S

PIWI

and hAgol (4KRF)

Figure 2.3 Structural superposition of hAgol and hAgo2 proteins. Structural
resemblance of hAgo2 (PDB ID 4W5N) and hAgol (PDB ID 4KRF). The figure was
prepared with Chimera.

Continuative studies focused on Agol and Ago3, because Ago4 is not expressed
in most cell lines (59). In a recent publication structural features between hAgol
and hAgo2 were compared. The conformational differences between binary guide-
RNA-bound hAgol and hAgo2 complexes are within insertion element cS7 (aa
669-675) proximal to the catalytic tetrad (60). A reconstitution of the catalytic site
was reported with R805H leading to low-level hAgol slicing activity. Moreover, the
cleavage activity can be substantially augmented by combining R805H with cS7
substitutions (P670S and P675Q) (60). Biochemical studies of cleavage activity
between hAgol and hAgo2 proteins revealed elements within the N-terminus to be
important for the activity (54, 61). The slicer activity of hAgol is substantially
enhanced by swapping amino acids 1-64 of the N domain of hAgo2, combined
with a mutation in a loop adjacent to the active site. So besides mutations in the
catalytic center of the PIWI-domain, minimal changes required to impart activity to

hAgo1l are swapping of the N-terminal domain (54).

12
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Structural comparison also shows the N domain of hAgol forming a convex
surface within the nucleic acid binding channel near the inactive catalytic tetrad
(62). The regulatory role of the N domain shows slicer activity depends on a
sophisticated interaction between the catalytic site and more distant regions of the
enzyme. Although there are now crystal structures of hAgol and hAgo2 available,
it remains unclear why there are four distinct Argonaute proteins in humans.
Moreover, the different interplay between Ago and substrates needs to be

deciphered.

2.4. DNA interference

Prokaryotes also encode Argonautes, but according to current knowledge none of
these are involved in typical RNAI pathways. Recently, it was unraveled that
pAgos are involved in host defense (32, 63). However, in contrast to eukaryotes,
prokaryotes use DNA rather than RNA. So the characterized eukaryotic Argonaute
proteins control a wide range of gene regulation by RNAI, whereas prokaryotic
Argonaute proteins participate in host defense by DNAIi. Argonaute from a
bacterium uses small interfering DNA guides to target foreign DNA (e.g. invading
plasmids) during and after transformation. The pAgos can cleave single stranded
DNA (ssDNA) or double stranded DNA (dsDNA) (64, 65).

The best studied pAgo in DNA interference is Thermus thermophilus Ago (TtAgo),
which has been discovered to utilize DNA guides for single stranded RNA (ssRNA),
ssDNA and dsDNA target cleavage in vitro (38-40, 50, 65). This suggests that
TtAgo interferes with invading DNAs directly to lower plasmid transformation and
is also able to cleave RNA targets, maybe to interfere with plasmid transcripts.
Recent studies demonstrated the TtAgo has a dual-function, both in host defense
and in gene silencing, which is similar to eAgos and prokaryotic CRISPR-Cas (65,
66). Moreover, TtAgo stimulates expression of CRISPR loci and associated genes
which indicates that TtAgo-mediated DNAI can stimulate CRISPR adaptation (66).

2.4.1. CRISPR-Cas system

Clustered regularly interspaced short palindromic repeats (CRISPR) associated
(Cas) systems provide bacteria and archaea with adaptive defense systems

13
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against invading viruses and plasmids (67—69). As one of the most remarkable
findings in recent years, the CRISPR/Cas systems enable the systematic
interrogation of mammalian genome function. It was developed to be a versatile
tool with various applications, even beyond genome engineering technologies (70—
74).

CRISPR was first described in 1987 as a series of short direct repeats interspaced
with short sequences in the genome of Escherichia coli (75), but the investigation
of DNA repair or gene regulation began not before the mid-2000s (76, 77). In 2007,
infection experiments firstly provided evidence of CRISPR-Cas mediated adaptive
immunity (78). A year later, mature CRISPR RNAs (crRNAs) were shown to serve
as guides in a complex with Cas proteins in E. coli (79), and the DNA targeting
activity of the CRISPR-Cas system was reported in the pathogen Staphylococcus
epidermidis (80). At the same time, it could be shown that viruses are constantly
evolving and obtain the property to evade CRISPR mediated attenuation (81). All
these findings led to a clearer understanding of natural CRISPR-Cas systems

working as adaptive immunity defense.

The three CRISPR-Cas system types (I, Il and Ill) use distinct molecular
mechanisms to achieve nucleic acid recognition and cleavage. The type | and type
[l systems use a large complex of Cas proteins for crRNA-guided targeting (79,
82-84). In 2011 and 2012, the type Il system was shown to require only a single
Cas9 protein for RNA-guided DNA recognition and cleavage; a property that
proved to be extremely useful for genome engineering applications (85-87).

Adaptive immunity occurs in three stages: (i) insertion of a short sequence of the
invading DNA as a spacer sequence into the CRISPR array, (ii) transcription of
precursor crRNA (pre-crRNA) that undergoes maturation to generate individual
crRNAs (each composed of a repeat portion and an invader targeting spacer
portion), and (iii) crRNA-directed cleavage of foreign nucleic acids by Cas proteins

at sites complementary to the crRNA spacer sequence (72, 88).

2.4.2. CRISPR-Cas9

Biochemical studies showed that recombinant Cas9 protein can be guided by
CRISPR RNAs (crRNASs) to cleave target DNA in vitro (87). Furthermore, a single

14
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guide RNA (sgRNA) containing the targeting guide sequence was constructed by
fusing a crRNA to a transactivating crRNA (tracrRNA) that facilitates DNA
cleavage by Cas9 in vitro (86, 87). 6 month later, a couple of studies
simultaneously demonstrated that type Il CRISPR systems can be successfully
engineered to facilitate genome editing in mammalian cells (89, 90). Interestingly,
sgRNAs can direct DNA cleavage by Cas9 and multiple guide RNAs can be used
to target more than one gene at once on a genome wide scale (91). After these
initial studies, Cas9 technology has been used to facilitate a great variety of

targeted genome editing applications in different experimental models (70).

Bioinformatic analyses identified Cas9 as a massive multifunctional protein with
two distinctive nuclease domains, HNH and RuvC-like (76, 92, 93). Furthermore, it
was found that the HNH domain is used to cleave the DNA strand which is
complementary to the 20 nt long target sequence of the crRNA, whereas catalytic
activity arising from the RuvC-like domain of Cas9 cleaves the other DNA strand
opposite the complementary one (86, 87). Either a mutated HNH or a mutated
RuvC-like domain will generate an enzyme with single-stranded DNA cleavage
activity (nickase); if both domains are mutated this will result in a deactivated Cas9
(dCas9) (87), a RNA-guided DNA binding protein. The Cas9 nickases are used to
reduce off-target effects, because nickases create a single stranded break (SSB),
and SSBs are repaired via the high-fidelity base excision repair pathway, so the
double-nicking strategy can improve on-target specificity (94, 95). The catalytically
deactivated version of Cas9 has been used for targeted gene screens and
regulation on a genome-wide scale, because of its programmable property. For
example, various RNAs or proteins can be tethered to Cas9 to change
transcription states of targeted genomic loci (96). More and more results
demonstrated that dCas9 can be used as a modular and flexible DNA-binding
platform for target DNA sequence recognition within the mammalian genome (97,
98), and it is useful for the discovery of therapeutic targets (99). As a powerful new

tool, it has caused an explosion in visionary applications (Figure 2.4) (100).
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Genome editing
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Figure 2.4 Exemplary diverse applications of CRISPR-Cas9. RNA-guided Cas9,
originally developed for genome editing, were expanded to many other applications
because of the programmable character of Cas9.

2.4.3. Off target effects

Despite the high amount of potential applications, some reports suggest that
CRISPR-Cas9 causes frequent off-target editing events (101), so the CRISPR
technology may ultimately be limited by its lack of specificity. Because of the
permanent genome modifications by CRISPR genome editing, the specificity of
Cas9 nuclease targeting is of particular concern, especially for clinical applications
e.g. gene therapy (70). Previous studies suggested the first 8-12 protospacer
adjacent motif (PAM)-proximal nucleotides in the guide RNA (so called “seed”
region, see section 2.5.3) determines specificity of Cas9 (87, 89, 102).
Furthermore, these results demonstrated that Cas9 tolerates mismatches within
the guide sequence. Meanwhile it was found that Cas9 is sensitive to the number
and position of these mismatches (103, 104). Besides using paired Cas9 nickases,
variant approaches have been used for better targeting: dCas9-Fokl fusion
nucleases (105, 106), 5’-truncated sgRNAs (94) and CRISPR scaffold RNAs (107)
have been reported recently to reduce off-targeting effects and to further improve
Cas9 specificity. However, all these strategies only improve the fidelity of target

recognition, but do not eliminate off-target effects. Future improvements in Cas9
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specificity may be achieved via structure and function analyses of Cas9, e.g. via
rational design or directed evolution.

2.5. Cas9 protein

As described above, Cas9 is the only endonuclease in Type Il CRISPR-Cas
system which has been widely used in genetic engineering. Cas9 functions in
conjunction with crRNAs and a tracrRNA or a sgRNA. The usage of sgRNA
simplify the applications, so most biochemical and structural studies are based on
the model Cas9-sgRNA (100).

2.5.1. Structure analyses of Cas9 protein

Crystal structures of Cas9 protein are available since 2014 (108-110), especially
the Cas9-sgRNA complex bound to a ssDNA target provides detailed insights into
the mechanism of Cas9 upon binding guide RNA and complementary target DNA
(Figure 2.5).

These structural studies show, Cas9 adopts an auto-inhibited conformation in the
absence of nucleic acids. A conformational rearrangement of Cas9 protein
triggered by guide RNA binding, leads to a central channel formation for target
DNA recognition. It suggests Cas9 interrogates the potential target DNA by
searching for PAM motifs throughout the genome. Further conformational changes
trigger PAM binding, followed by dsDNA unwinding and sgRNA target DNA pairing
(111).

However, the mechanistic details of underlying conformational changes remain
unclear. For example, does the large structural rearrangement contribute to DNA
duplex unwinding when Cas9 does not harbor energy-dependent helicase activity
(87, 112)?
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Figure 2.5 Crystal structure of Cas9 protein. (A) Ribbon representation of the S.
pyogenes Cas9 (SpyCas9)-sgRNA-ssDNA ternary complex (PDB ID: 4008). (B) Ribbon
representation of the SpyCas9 viewed in the same orientation as in (A), but in complex
with sgRNA and a partially duplexed target DNA containing a PAM sequence (PDB ID:
4UN3). (C) Front and rear views of the SpyCas9-sgRNA-dsDNA complex (PDB ID: 4UN3).
The guide RNA is colored orange, target DNA strand in light blue and non-target DNA
strand in black. The PAM trinucleotide in the non-target strand is highlighted in yellow.
Modified from F. Jiang and C. Anders with kind permission of Nature Publishing Group
and Elsevier (110, 111).

2.5.2. PAM motif

PAM (protospacer adjacent motif) is a short sequence motif 5'-NGG-3" for target
DNA recognition (Figure 2.6). The target recognition strictly depends on the
presence of PAM. In the absence of PAM, even target sequences perfectly
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complementary to the guide RNA sequence are not recognized by Cas9 (112).
The molecular mechanism of PAM recognition was studied by X-ray
crystallography of Cas9 protein in complex with a single-molecule guide RNA and
a target DNA containing a canonical PAM (110). It reveals that the GG
dinucleotide in the PAM motif of the non-complementary strand is read out via
interactions with conserved arginine residues of the carboxy-terminal domain of
Cas9. The phosphodiester group at position +1 in the target DNA strand interacts
with a groove of the duplexed PAM, possibly resulting in local target strand
separation, the so-called R-loop, immediately upstream of the PAM. PAM affects
primarily the R-loop association rates observed in single-molecule experiments
(113). These results suggest formation of Cas-RNA/DNA complexes starts with
PAM recognition and expands toward the distal protospacer end, whereas some
PAM-distant protospacer elements influence primarily R-loop stability. Together
with biochemical experiments using mutated target DNAs (112), a mechanism can
be proposed whereby target DNA melting starts at the time of PAM recognition,
resulting in directional R-loop formation expanding toward the distal protospacer

end and concomitant RNA strand invasion and RNA-DNA hybrid formation.

Non-target DNA strand
(non-complementary)

5'-ATAACTCAATTTGTAAAAAA | L] target DNA strand
| ~ATAAC-5'
Target sequence (20 nt) | cC (complementary)

3'- TATTGAGTTAAACATTTTTTA
5'-
RN NN

TATTG-3

/1

N
-3

Figure 2.6 Schematic diagram of guide and target nucleic acids. The sgRNA is
colored orange, target DNA strand in blue and non-target DNA strand in green. The PAM
trinucleotide in the non-target strand is shown in yellow. Sequences are from Anders et al.
(120).
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PAM recognition is not only critical for target DNA binding but also for subsequent
Cas9 catalytic activity. After the RNA-DNA hybrid duplex formation is initiated at
the PAM, when the target has a matching sequence, R-loop expansion propagates
and Cas9 directionally process towards the distal end of the target sequence.
Furthermore, PAM regulates scission of double-stranded DNA by triggering Cas9
catalytic activity (112). In the study by Sternberg et al. (112), the binding affinity of
target DNA and Cas9-sgRNA was determined by post-steady-state and equilibrium
binding measurements. The dissociation of Cas9-sgRNA and target DNA shows
faster dissociation (ko) of partial complementarity targets as compared to
completely paired ones. When the target lacks a nearby PAM even sequences
fully complementary to the guide RNA do not bind to Cas9-sgRNA.

2.5.3. The “seed” region

From RNAIi to CRISPR, both, regulation of gene expression in eukaryotes and
host defense in prokaryotes, are based on small nhoncoding RNAs, which guide
RNA or DNA interference. All small guide RNAs identify their target sequences by
base pairing within a so-called “seed” region, a 6—12 nucleotide long segment,
which plays a critical role in the complicated target search process (49).

The term “seed” was first used to describe positions 2—7 or 2—-8 of miRNAs
because it is the minimal length required to be hybridized to the target to cause
translational repression (114). Furthermore, Wee et al. (115) showed the RNA
guides can be divided into different domains. According to this study, the guide
consists of an anchor (position 1), a central region (position 9-12), a 3'-
supplementary region (position 13-17), and a tail region (position 18-21), each
with its own distinct functions and RNA-binding properties. In CRISPR, a seed was
reported in early 2015 (116). Here, crystal structures of Cas9 bound to sgRNA
showed the Cas9-sgRNA complex is pre-organized for target DNA recognition. It
revealed distinct conformations from both the apo and the DNA-bound states. A 10
nt long “seed” sequence is required for initial DNA interaction which is preordered
in an A-form conformation. This indicated a convergent evolution of this “seed”

mechanism which is also used by Argonaute proteins in RNAI (116).
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RNAi-associated small RNAs, mainly miRNA and siRNA are involved in different
pathways regulating gene expression in eukaryotes. CRISPR RNA (crRNA), is the
guide of an adaptive immune system in bacteria and archaea, which protects
microbial cells from invading nucleic acids. Although these two classes of small
guide RNAs are unrelated, they show similarities in the way of their target
recognition (Table 2.1). All initial recognitions occur by Watson-Crick base pairing

in a seed region between guide and targets.

Table 2.1 Comparison of small guide RNA properties

MiRNA/sSIRNA crRNA (Type II)
Length of seed region 6—7 nt 8-12 nt
Length of small RNA 20-25 nt 35-45 nt
Length of guide section 6-25 nt 20 nt
Position of seed Position 2-7 or 2—-8 Position 9-20
Contiguous seed yes yes
RNA 5°-end P Not described
RNA 3"-end OH, 2°-CH3 OH
Target nucleic acid MRNA Invader DNA
Associated protein Argonaute Cas9
References (41-43, 51, 114, 117,118) (86, 87, 116, 119, 120)

RNAI-based small RNAs are relatively uniform and carry a 6—8 nt seed which is
pre-ordered in an A-form helix. The RNA is tightly associated with Argonaute and
target RNA binding is sequential and starts at the seed. The extent of guide—target
pairing and the type of Argonaute determines the further processing of the target.
The crRNA has a seed of 8-12 nt in length which is possibly pre-ordered in a
structure favoring duplex formation with target DNA. The DNA target is tightly
associated with Cas proteins. The PAM in the target DNA and the seed cooperate
in a sequential manner to maximize the efficiency of the target search process. To

achieve effective recognition of target nucleic acids, small guide RNAs make use
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of seed sequences of approximately 6-12 nt. By pairing short regions, small guide
RNAs can rapidly associate with and dissociate from potential targets. Moreover,
the short length of the seed enables a single miRNA, siRNA, or sSRNA to regulate
a multitude of genes with conserved seed matching sites, reducing the number of

small RNAs required to regulate a high number of genes (121, 122).

All small RNA systems are highly sensitive to mismatches within the seed.
Whereas miRNAs and siRNAs may overcome seed mismatches using
compensatory pairing, crRNAs lose their function when mismatches occur at seed
positions (123-127). In CRISPR-Cas, instead of directly interfering with this class
of mutated invaders, seed mutants trigger priming; a process in which new
spacers against the same target are integrated in the CRISPR array to restore
immunity of the host (126).

2.6. Aim of the study

In this PhD study, | focused on the interaction of non-coding small nucleic acids
and associated proteins. The two systems investigated are part of two distinct
cellular pathways. The first project described here, addresses mechanistic aspects
of hAgo-protein substrate interactions. There are four Ago proteins in mammals.
However, the details of their individual functions are not known. It was reported
that Argonaute 2 protein in Drosophila melanogaster (DmAgo2) is involved in the
siRNA pathway while DmAgol is associated with the miRNA pathway. The
guestion is whether there are comparable scenarios for human Ago-proteins. So
this study focused on potentially differential properties among hAgol and hAgo2.
First, hAgol and hAgo2 had to be tested for binding properties concerning
different RNA oligonucleotides, especially miRNA targets. It was intended to
complement and compare these data with kinetic studies of hAgol-hAgo2
chimeras which had to be developed, expressed and investigated in this thesis. By
domain swapping, distinct functions of these domains had to be unraveled.
Combining these data with published results from others, both, a fine tuning of
hAgol and hAgo2 binding models, and of Argonaute and miRNA pathways had to

be achieved.
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The second project was supposed to address mechanistic details of the CRISPR
system, focusing on the type Il “CRISPR-Cas9 system”. The aim was to determine
the affinities and binding kinetics of Streptococcus pyogenes Cas9-sgRNA/DNA
target complexes. Furthermore, it was intended to establish a minimal mechanistic
model for binding of Cas9 protein to nucleic acids. To obtain these data, three
strategies were supposed to be used: (1) usage of different magnesium
concentrations in binding and cleavage assays, (2) usage of a cleavage-
incompetent variant of Cas9 protein (dCas9) for comparable studies, and (3)
investigation of sequence effects, especially of several PAM and seed sequences.
The results were intended to refine existing models of Cas9-nucleic acid
interactions as well as drawing conclusions from the biochemical data to catalytic

mechanisms.
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3. Materials

3.1. List of manufacturers

Abcam (Cambridge, UK); Amersham Pharmacia (Freiburg, DE); Applied
Biosystems (Freiburg, DE); Applied Photophysics (Leatherhead, UK); Ascenion
GmbH (Munchen, DE); Bandelin (Berlin, DE); Braun Melsungen AG (Melsungen,
DE); Beckmann Coulter (Krefeld, DE); Becton DEickinson (Heidelberg, DE);
Berthold (Bad Wildbad, DE); Biomers (Ulm, DE); Biometra (Géttingen, DE); Biorad
(Munchen, DE); Biotec-Fischer (Reiskirchen, DE); Biosciences (St. Louis, USA);
Biozym Scientific (Hessisch Oldendorf, DE) Bosch (Gerlingen-Schillerhéhe, DE);
Brand (Wertheim, DE); Canon (Krefeld, DE); Dako (Hamburg, DE); Eppendorf
(Hamburg, DE); Erithacus Software (Surrey, UK); Feather (Osaka, JP); Fermentas
(St. Leon-Rot, DE); Finnzymes (Espoo, Fin); Fluka (Buchs, DE); Forma Scientific
(Marietta, USA); Fuji (Dusseldorf, DE); GE Healthcare (Munchen, DE); Gerhardt
(Konigswinter, DE); Gibco (Karslruhe, DE); Gilson (Bad Camberg, DE); Greiner
(Frickenhausen, DE); H + P Labortechnik (Oberschlielheim, DE); Heidolph
(Schwalbach, DE); Hellma (Jena, DE); Heraeus Instruments (Hanau, DE); Hettich
(Tuttlingen, DE); Hirschmann (Eberstadt, DE); Hoefer (San Francisco, USA);
Horiba Jobin Yvon (Unterhaching, DE); IBA Lifesciences (Gottingen, DE); Infors
(Bottmingen, CH); Invitrogen (Karlsruhe, DE); Jackson Immuno-Research (Suffolk,
UK); Jahnke & Kunkel (Staufen, DE); Jena Bioscience (Jena, DE); Kern & Sohn
GmbH (Balingen-Frommern, DE); KnF Neuberger (Freiburg, DE); Kodak
(Rochester, USA); Life technologies (Darmstadt, DE); LKB (Bromma, SE);
Macherey & Nagel (Duren, DE); Merck (Darmstadt, DE); Micromath (St. Louis,
USA); Millipore (Schwalbach, DE); Miltenyi (Bergisch Gladbach, DE); Molecular
Deynamics (Sunnyvale, USA); neoLab (Heidelberg, DE); New Brunswick Scientific
(Edison, USA); New England Biolabs (Ispwich, USA); Peglab (Erlangen, DE);
Perkin-Elmer (Boston, USA); Phase (Lubeck, DE); Pierce (Rockford, IL, USA);
Promega (Mannheim, DE); Qiagen (Hilden, DE); Renner GmbH (Dannstadt, DE);
Roche (Basel, CH); Roth (Karlsruhe, DE); Sarstedt (Numbrecht, DE); Sartorius
(Gottingen, DE); Savant (Midland, USA); ScalTec (Gottingen, DE); Sci Ed Central
(Cary, USA); Schleicher & Schiill (Dassel, DE); Schott (Darmstadt, DE); Scotsman
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3.2. Chemicals and devices

(Vernon Hills, USA); Serva (Heidelberg, DE); Sigma-Aldrich (Deisenhofen, DE);
Sork-Tronik (Medingen, DE); Spectrum (Breda, NL); Systec (Wettenberg, DE);
Takara Clontech (Saint-Germain-en-Laye, FR); Thermo Fisher Scientific (Rockford,
USA); UCSF Resource for Biocomputing, Visualization and Informatics (San
Francisco, USA); Vilber Lourmat (Eberhardzell, DE); Waters (Eschborn, DE);
Werner Hassa GmbH (Lubeck, DE); Whatman (Dassel, DE); Wyatt Technology

(Santa Barbara, USA).

3.2. Chemicals and devices

3.2.1. Chemicals

Name Supplier
Acetic acid Roth

Acetone Roth

Agar Sigma-Aldrich
Agarose Biozym
Ammonium peroxodisulphate (APS) Fluka
Ammonium sulphate [(NH4)2.SO4] Gerbu Biochemicals
Ampicillin (Amp) Sigma-Aldrich
B-Mercaptoethanol Sigma-Aldrich
Boric acid Roth
Bromophenol blue Sigma-Aldrich
Calcium chloride (CaCl,) Roth
Chloroform/isoamyl alcohol (24:1,v/v) Merck
Coomassie brilliant blue R-250 Sigma-Aldrich
Dithiothreitol (DTT) Sigma-Aldrich

dNTPs Jena Biosciences
Ethanol Fisher Scientific
Ethidium bromide (EtBr) Serv
Ethylenediaminetetraacetic acid (EDTA) Merck

Ficoll® 400 Fluka

Formamid (entionisiert) Sigma-Aldrich

Glutathion (reduziert)
Glycerol

Thermo Fisher Scientific

Merck
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Glycine

Hydrochloric acid

Imidazol

Isopropanol
Isopropyl-B-D-thiogalactopyranosid (IPTG)
Kanamycin

Magnesium chloride (MgCly)

Magnesium sulphate (MgSQO,)

Methanol

N,N,N",N’,-tetramethylethylenediamine
(TEMED)

NTPs
Phenol/Chloroform/3-Methyl-1-butanol
Phenylmethylsulfonylfluorid (PMSF)
Potassium chloride (KCI)

Potassium dihydrogen phosphate (KH,PO,)

Rotiphorese gel 40
(acrylamide/bisacrylamide; 19/1)

Rotiphorese gel 30
(acrylamide/bisacrylamide; 37.5/1)

Sigmacote®

Sodium acetate (NaC,H30,-3H,0)
Sodium chloride (NaCl)

Sodium dodecylsulphate (SDS)
Sodium phosphate dibasic (NazHPO,)
Stains-All

Tris(hydroxymethyl)aminomethane (Tris)
Trichloroacetic acid (TCA)

Triton X-100

Tween-20

Urea

Xylene cyanol (XC)

Yeast extract

[y-32P]-ATP (3000 Ci/mmol)

Roth

Merck

Merck

Merck

Roth

Roth
Sigma-Aldrich
Sigma-Aldrich
Roth

Roth

Jena Biosciences

Roth
Sigma-Aldrich
Roth
Roth
Roth

Roth

Sigma-Aldrich
Merck

Roth

Roth

Merck
Sigma-Aldrich

Roth
Sigma-Aldrich
Sigma-Aldrich
Roth

Roth

Roth

Roth
Perkin-Elmer




3.2.2. Consumables

3.2. Chemicals and devices

Name Supplier
Amicon® Ultra Centrifugal Filter Millipore
100,000 MWCO

Cryotubes (1.5 ml, 2 ml) Greiner
Centrifuge tubes (15 or 50 ml) Greiner
Disposable cuvettes Brand
Disposable pipettes Greiner

@ ml, 2 ml, 5ml, 20 ml, 25 ml, 50 ml)
Gel filtration NICK columns (G-50)

PCR tubes (200 ul)

Pipette tips (10, 200, 1000 pl)
Polyvinyl difluoride (PVDF)
Membrane filters (0.45 um/0.2 pum)
Scalpels

Syringes (1 ml, 10 ml, 20 ml, 50 ml)

GE-Healthcare
Biozym Scientific
Sarstedt
Millipore
Whatman
Feather

Becton Dickinson

3 MM paper Whatman®
3.2.3. Columns and column materials
Name Supplier

Glutathion Sepharose High Performance
NICK columns Sephadex-G50

Ni-NTA Superflow

TALON Superflow

Superdex 200 HiLoad 16/30

Superdex 200 HiLoad 26/60
Superformance 50-10 column

XK 16/20 column

GE Healthcare
GE Healthcare
QIAGEN
Takara Clontech
GE Healthcare
GE Healthcare
Merck

GE Healthcare
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3.2.4. Devices
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Name

Supplier

Biotrap Electro-separation system
Blotting device

Centrifuge Microfuge® R
Centrifuge 5415 C

Centrifuge Avanti™ J-25
Centrifuge Rotixa 120 R
Electroporation apparatus

Electrophoresis Power Supply
EPS 600/3500

Fluorescence cuvettes

Fluorescence Spectrometer
FluoroMax® -3

FPLC Advanced Protein Purification
System 650E

Freezer -20°C

Freezer -80°C

Fridge +4°C

Gel chamber for agarose gels

Sub-Cell® GT

Gel chamber for Polyacrylamid gels

Gel chamber for SDS-Gel (10 x 10.5 cm)

Gel chamber for sequencing gels
Sequi-Gen® GT

Gel chamber for sequencing gels
Model S2

Handheld UV Lamp

Incubator (bacteria)

Liquid scintillation counter Wallac 1409
Microwave

NanoDrop spectrophotometer ND-1000
PCR-Block UNO II

pH meter Lab 850

Schleicher & Schuell
Hoefer

Beckman

Eppendorf

Beckman

Hettich

Bio-Rad

Amersham Pharmacia

Hellma

Horiba Jobin Yvon

Waters

Liebherr
Forma Scientific
Bosch

Bio-Rad

Biometra
Hoefer

Bio-Rad

Hoefer

Fisher Scientific

Heraeus
Wallac
Bosch
Peglab
Biometra
Schott



Phosphorlmager Typhoon™ 9500
FUSION SOLO S

Pipette (2 ul, 10 pl, 20 pl,
100 pl, 200 pl, 1000 pl)

Pipette Accu-Jet
Spectrophotometer DU® 640

3.3. Buffers and solutions

GE-Healthcare
Vilber Lourmat

Eppendorf or Gilson

Brand
Beckmann

Stopped flow SX20 Applied Photophysics
Storage Phosphor Screen Fuji
Thermomix 5436 Eppendorf
Water bath W22 Sork-Tronik
Water Purification System Millipore

3.3. Buffers and solutions

3.3.1. Buffers

Name Components

Ago binding buffer (10x)

Ago cleavage buffer (10x)

Ago elution buffer

Ago wash buffer

Cas cleavage buffer (5x)

Cas elution buffer for IMAC

Cas SEC buffer

Coomassie blue staining solution

Denaturing loading buffer
(PAGE)

100 mM Tris (pH 7.4),
1 M KCI

100 mM Tris (pH 7.4), 1 M KCl,
20 mM MgCl;

50 mM Tris (pH 8.3), 20 mM Glutathion

50 mM Tris (pH 7.4), 1 mM EDTA,
10 mM DTT

100 mM Tris (pH 7.5), 500 mM KClI,
25% glycerol, 2.5 mM EDTA (pH 8.0),
10 mM MgCl,, 5 MM DTT

20 mM Tris (pH 8.0), 250 mM NacCl,
250 mM imidazole

20 mM Tris (pH 7.5),
500 mM KCI, 1 mM DTT

40% (v/v) Methanol, 10% (v/v) Acetic
acid, 0.01%(w/v) Coomassie brilliant
blue R-250

7.0 M Urea, 0.1% (w/v) Bromophenol
blue, 0.1% (w/v) Xylene cyanol,
in 1x TBE buffer pH 8.0
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Destaining solution for Coomassie

Hybridization buffer

Lysis buffer for E. coli cells

Loading buffer (6x) for native PAGE

and Agarose gel

Loading buffer for SDS-PAGE (6x)

Loading buffer denaturing (6x)

Running buffer (SDS-PAGE) (10x)

Phosphate buffer (10x)

Stains-All-Solution

Transcription buffer (10x)

Tris-buffered saline buffer (TBS)
(10x)

TBS-T buffer

Transfer buffer for Western blotting

Tris-acetate-EDTA buffer (TAE)
(10x)

Tris-borate-EDTA buffer (TBE)
(10x%)

40% (v/iv) Methanol,
1.0% (v/v) Acetic acid

15 mM HEPES (pH 7.4), 50 mM
CH3COOK, 1 mM Mg(CH;COO),

50 mM Tris (pH 7.4), 1 mM PMSF,
1 mM EDTA, 10 mM DTT

0.25% (w/v) Bromophenol blue, 0.25%
(w/v) Xylene cyanol, 25% (w/v) Ficoll
400, in 1x TAE buffer pH 7.4

300 mM Tris (pH 6.8), 12% (w/v) SDS,
60% (w/v) Glycerol, 600 mM DTT,
0.06% (w/v) BPB

95% Formamid, 0.025%(w/v) SDS, 0.5
mM EDTA, 0.025% (w/v) BPB, 0.025%
(wiv) XC

0.25 M Tris (pH 8.3), 2.50 M Glycine,
10% (w/v) SDS
720 mM K;HPO4, 170 mM KH,PO,

15 mM Tris (pH 8.8), 0.005% (w/v)
Stains-All, 5% (v/v) Formamid, 25%
(v/v) Isopropanol

400 mM Tris (pH 8.3), 0.1% NP-40, 10
mM Spermidine, 500 mg/ml PEG 8000

0.20 M Tris (pH 7.6), 1.5 M NacCl,
3.8% (v/v) HCI

1x TBS buffer, 0.1% (v/v) Tween-20

25 mM Tris (pH 8.3), 0.19 M Glycine,
20% (v/v) Methanol

0.40 M Tris (pH 8.5), 0.01 M EDTA,
0.20 M Acetic acid

0.89 M Tris (pH 8.0), 0.02 M EDTA,
0.89 M Boric acid




3.3. Buffers and solutions

3.3.2. Enzymes and antibodies

Name Supplier
Afl 1l Fermentas
Age | Fermentas
CIP (Calf Intestine Phosphatase) NEB
DNasel NEB
RiboLock™ RNase Inhibitor Fermentas
RNase T1 Fermentas
Sac | Fermentas
Spe | NEB

T4 DNA Ligase Fermentas
polynucleotide kinase Fermentas
Taq Polymerase NEB

T7 RNA polymerase Prepared by T. Restle
TEV protease Invitrogen
Monoclonal rat anti-hAgol (4B8) Ascenion
Monoclonal rat anti-nAgo2 (11A9) Ascenion

GST Antibody (B-14)

Polyclonal goat anti-mouse IgG
HRP*-conjugated

Polyclonal goat anti-rat IgG
HRP-conjugated

Santa Cruz Biotechnology

Dako

Jackson Immuno-Research

* Horseradish Peroxidase-Conjugated Antibodies (HRP)

3.3.3. Kits and size markers

Name Supplier
AcTEV™ Protease Invitrogen
Bradford Assay Kit Biorad
Enhanced chemiluminescence (ECL)™ Pierce
GenElute Plasmid Miniprep Kit Sigma-Aldrich
Gene Ruler™ DNA Ladder 1 kb Plus Fermentas
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Gene Ruler™ DNA Ladder High Range Fermentas
Gene Ruler™ DNA Ladder Low Range Fermentas
PageRuler™ Prestained Protein Ladder Fermentas
PageRuler™ Plus Prestained Protein Ladder Fermentas
Prestained Protein Ladder, Broad Range NEB
(10-230 kDa)

Phusion High Fidelity Polymerase Kit NEB
RiboMAX™ Large Scale RNA Promega
Production System

Wizard® SV Gel and PCR Clean-Up Kit Promega

3.4. Nucleic acids

3.4.1. Oligonucleotides

All RNA and DNA oligonucleotides were purchased from IBA or Biomers, and all of
them are PAGE or HPLC purified.

RNA Sequence (5" -3")

as2b uag agg uac gug cug agg cTT
as2b™M uag agg uac gug cT*g agg cTT
s2b gcc uca gca cgu acc ucu aTT
s2b™M gcc uca gea cgu acc ucu aTT*
s2b-m1 gcc uca gac agu acc ucu aTT
s2b-m2 gcc gag gca cgu acc ucu aTT
s2b-m3 cug uca gca cgu acc ucu aTT
s2b-m4 gac gca gac agu acc ucu aTT
s2b-sm cug cgg ugc gau acc ucu aTT
s2b-nsm gcc ucagcagcg ggaaua uTT
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3.4. Nucleic acids

DNA Sequence (5" -3")

target™™ GCG CAA TAC CAT TTT TTA CAA ATT GAG TTA T*
non-target ATA ACT CAA TTT GTA AAA AAT GGT ATT GCG C
nt-8 GTA AAA AAT GGT ATT GCG C

nt-12 ATT TGT AAA AAA TGG TAT TGC GC

nt-16 CTC AAT TTG TAA AAA ATG GTA TTG CGC
non-target™" ATAACTCAATTTGT*AAAAAATGGTATTGCGC
target GCG CAA TAC CAT TTT TTA CAAATT GAG TTA T
t8 GCG CAATAC CATTTTTTAC

t12 GCG CAA TAC CAT TTT TTA CAA AT

t16 GCG CAA TAC CAT TTT TTA CAA ATT GAG

target-noPAM™M  GCG CAA TAA ATT TTT TTA CAA ATT GAG TTA T*

nt-noPAM ATA ACT CAA TTT GTA AAA AAT TAT ATT GCG C

sgRNA template  GGA UAA CUC AAU UUG UAA AAA AGU UUU AGA
GCU AGA AAU AGC AAG UUA AAA UAA GGC UAG
UCC GUU AUC AAC UUG AAA AAG UG

T7 promoter TAA TAC GAC TCA CTA TAG GG

Boldface letters indicate the position of the fluorescence label: Asterisk marks position of

C6-linked 5/6-FAM; Uppercase letters represent deoxynucleotides.
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3.4.2. Primers

Name

Sequence (5" - 3")

hAgol-fwd Aflll

hAgol-rev Agel Stopp

hAgo2-fwd Aflll

hAgo2-rev Agel Stopp
N-Ago2-rev
PAZ-Agol-fwd
PAZ-Agol-rev

MID-PIWI-Ago2-fwd

N_ MID-Ago2-rev
PIWI-Agol-fwd
N-agol-rev
PAZ_PIWI-ago2-fwd
PAZ-1-rev

PAZ-2-fwd

CCC CTT AAG ATG GAA GCC GGC cccTCC

CCA CCG GTT CAA GCA AAG TAC ATG GTG
CGC AG

TGA CTA GCT TAA GAT GTA CTC GGG AGC
CGG CC

TCA GTC AAC CGG TTC AAG CAA AGT ACA
TGG TGC GCA GAG

TGC CTT GTA AAACGC TGT TGC TGA CAC

GCA ACAGCG TTT TAC AAG GCA CAG

GTT ACA GAC CTC CAG GGG AAG GTA GGT

CTG GAG GTC TGT AAC ATT GTG GCA GGA
CAA

CAG GAT GTT GTT CAC GCC TCC CAG

AAC AAC ATC CTG GTC CCC CAC CAG

GAA GAA GGA GCG GCC CAC GGG

CGC TCCTTC TTC ACC GCG TCC GAA

ATT GCA GAC ACG CTACTT CCT

TAC CGT GTC TGC AAT GTG ACC

3.4.3. Plasmids

Name

Supplier

PET41b(+)-TEVThroligo-GST-
hAgo2

pMJ806

pMJs4l

Dr. A. Deerberg (Institut fur Molekulare
Medizin, Universitat zu Lubeck)

Addgene (Depositing Lab: Jennifer Doudna)

Addgene (Depositing Lab: Jennifer Doudna)
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3.5. Bacterial culture

3.5.1. Bacterial strains

3.5. Bacterial culture

Strain

Genotype

E. coli BL21(DE3)

E. coli DH5a

E. coli BL21-Gold(DE3)

E. coli BL21 Rosetta(DE3)

F~ ompT gal dcm lon hsdSg(rg™ mg) A(DE3
[lacl lacUV5-T7 gene 1 ind1 sam7 nin5])

F endAl ginV44 thi-1 recAl relAl gyrA96
deoR nupG ®80dlacZAM15 A(lacZYA-
argF)U169, hsdR17(r«’ mg*), A=

E. coli B F- dcm+ Hte ompT hsdS(rg- mg-)
gal A (DE3) endA Tet'

F ompT hsdSg(Rg" mg’) gal dcm A(DE3 [lacl
lacUV5-T7 gene 1 indl sam7 ninb])
pLysSRARE (Cam®)

3.5.2. Bacterial culture media

Name

Components

Luria-Bertani (LB)-medium
(1x, pH 7.4)

SOB-medium

SOC-medium

TFB-medium (1x, pH 7.4)

2XTY medium

LB-Agar plates

0.5% (w/v) Yeast extract,
1.0% (w/v) Tryptone, 1.0% (w/v) NaCl

0.5% (w/v) Yeast extract, 2% (w/v)
Tryptone, 10 mM NacCl, 2.5 mM KCl,
10 mM MgCl, 10 mM MgSO,

SOB Medium, 20 mM Glucose

0.4% (w/v) Glycerin, 2.4% Yeast
extract, 1.2% (w/v) Tryptone, 1x
Phosphate buffer

1.0% (w/v) Yeast extract,
1.6% (w/v) Tryptone, 0.5% (w/v) NaCl

LB medium, 18 g/l Agarose
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3.6. Software
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Name

Source

Clone Manager 7.04
DataMax 2.20
Fusion 15.09

GATC Viewer
GraFit 5.0.6

Image Quant 5.2
Inkscape 0.91
ProData SX 2.0.3
ProData Viewer 4.0.17
Scientist

Chimera 1.10.1
Mfold

ExXPASyY

SciEd Central

Horiba Jobin Yvon

Vilber Lourmat, Eberhardzell
Biotech AG

Erithacus Software
Molecular Dynamics, Sunnyvale
https://inkscape.org
AppliedPhotophysics
AppliedPhotophysics
Micromath

UCSF

RNA Institute, University at Albany
(NY, USA)

Swiss Institute of Bioinformatics




4. Methods

4.1. Determination of nucleic acid or protein concentration

4.1.1. Nucleic acids

Nucleic acids were quantified by measuring the absorbance at 260 nm (As0) USing
a BECKMAN DU640 spectrophotometer or a NanoDrop spectrophotometer
(allows the analysis small volumes up to 1 pl of the sample). The concentration of
nucleic acids is determined by Lambert-Beer’s law as described below:

c= Aze0
€ d

In this formula, “A” represents the absorbance, € is the molar extinction coefficient,
c is the concentration and d the optical path of the cuvette (for BECKMAN DU640:
quartz cuvettes with 1 cm width were used; for NanoDrop: no cuvette used but
software provides normalization of data according to an assumed width of 1 cm.).
Therefore, for nucleic acids with known sequence and accordingly known molar
extinction coefficient the concentration was calculated by using the derived

eguation. Alternatively, the following approximate conversions were used:
Nucleic acids: 1 Azgo Unit=50 pg/ml dsDNA or 33 pg/ml ssDNA or 40 pg/ml ssRNA

Moreover, the purity of DNA or RNA solutions was evaluated by considering the

ratio Axgo/Azgo that was = 1.8 upto = 2.0.

4.1.2. Proteins

The concentration of proteins was measured by using the same method but
absorbance at 280 nm. The absorbance at 280 nm of a protein is almost totally a
function of the content of the aromatic rings of the amino acids Tyrosine and
especially Tryptophan (the aromatic ring of Phenylalanine absorbs well at 260 nm,
but not 280 nm). Calculation of the absorbance of a 1 M solution of a protein, the
total number of Tryptophan residues was multiplied with the absorbance of a M
solution of Tryptophan. This number was added to the quantity of Tyrosine
residues multiplied by the absorbance of a one molar solution of Tyrosine,
whereas the sum of both is the absorbance of 1 M of the whole molecule:
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Extinction coefficient = (Number of Tryptophan x 5500) + (Number of Tyrosine x
1490)

Pure protein was measured at 280 nm absorbance and the measured value was
divided by the absorbance value obtained from a reference solution with a

concentration of 1 mg/ml. the final unit retained by this calculation is mg/ml.

4.2. Isolation of plasmids from E. coli cells

E. coli cells from 5 ml LB medium were harvest after overnight cultivation and the
GeneEluate Plasmid Miniprep Kit was used to isolate the plasmid DNA according
to manufacturer's instructions. The concentration of purified plasmids was
measured by NanoDrop 1000 and the plasmid was identified by using PCR or
analysis of excised inserts.

4.3. Polymerase chain reaction (PCR)

4.3.1. Standard PCR

For standard PCR Taq or Phusion® DNA Polymerase was used. All reaction
components were assembled on ice and mixed gently, the liquid was collected to
the bottom of the tube by a quick spin, then PCR tubes were transferred to a PCR
cycler with the block preheated to 95°C and thermocycling was started.

PCR using Taqg Polymerase 50 pl

Component Concentration
Template Plasmid 10 ng
Forward Primer 200 nM
Reverse Primer 200 nM
dNTPs 200 uM
Standard Taq buffer 1x

Taq Polymerase 1.25u
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4.3. Polymerase chain reaction (PCR)

Thermocycling conditions for a Taqg PCR

Step Temp Time
Initial Denaturation 95°C 30 seconds
30 Cycles 95°C 30 seconds
60-68°C 30 seconds
68°C 1.5 min (1 minute/kb)
Final Extension 68°C 5 minutes
Hold 4°C

PCR using Phusion® High-Fidelity Polymerase

Component Concentration
Template Plasmid 10 ng

dNTPs 200 pyM
Forward Primer 200 nM
Reverse Primer 200 nM

5x Phusion HF Buffer 1x

DMSO 3%

Phusion DNA Polymerase 1.25u

Thermocycling conditions for a Phusion PCR

Step Temp Time
Initial Denaturation 98°C 30 seconds
30 Cycles 98°C 10 seconds

65-72°C 20 seconds

72°C 2min30s

(15-30 seconds per kb)

Final Extension 72°C 10 minutes
Hold 4°C
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4.3.2. Generation of chimeras and overlap extension PCR

Overlap extension PCR was used to insert specific mutations at specific positions

in a sequence or to combine smaller DNA segments to a larger polynucleotide.

Here, it was used to swap different domains from hAgol to hAgo2. For primers

used see section 3.4.2.

Frist round PCR

Component Concentration
Template Plasmid 10 ng
dNTPs 200
Forward primers or chimeric forward primer 200 nM
Reverse primer or chimeric reverse primer 200 nM
5x Phusion HF Buffer 1x
Phusion DNA Polymerase 1.25u
Step Temp Time
Initial Denaturation 98°C 30 seconds
30 Cycles 98°C 10 seconds
65-72°C 20 seconds
72°C 2 min 30 s (15-30 seconds per kb)
Final Extension 72°C 10 minutes
Hold 4°C
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4.4. Nucleic acid electrophoresis

Second round PCR

Component Concentration
purified segments from the 1° round 10 ng
dNTPs 200 M
Forward primer 200 nM
Reverse primer 200 nM
5x Phusion HF Buffer 1x
Phusion DNA Polymerase 1.25u

Step Temp Time

Annealing without 98°C 10 seconds

Primers 65°C 20 seconds

5 Cycles 79°C 2 min

forward and reverse primers Added

Initial DenatOration ~ 98°C 30 seconds
30 Cycles 98°C 10 seconds
65-72°C 20 seconds
72°C 2 min 30 s (15-30 seconds per kb)
Final Extension 72°C 10 minutes
Hold 4°C

4.4. Nucleic acid electrophoresis

4.4.1. Agarose gel electrophoresis

To analyze plasmids, PCR or purified DNA segments, the agarose gel
electrophoretic technique applying non-denaturing conditions was used. The
samples were mixed in DNA loading buffer (see section 3.3.1) and loaded onto an
agarose gel that was previously assembled by dissolving the required amount of

agarose in 1x TAE buffer followed by heating for about 5 min at 800 W in a
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microwave oven. The amount of agarose and the relative volume of buffer were
determined depending on the percentage of the agarose gel required for the size

separation of dsDNA segments to be performed, as described in Table 4.1.

Table 4.1 Agarose concentration and relative size range of nucleic acids

Agarose (%, w/v) Linear dsDNA sizes (bp)
0.8 800 - 10,000
1.0 500 - 10,000
1.2 400 - 7,000
15 200 - 3,000

The agarose solution was poured into a gel casting chamber containing 0.004%
(w/v) EtBr that is required for band detection, since it intercalates into the double
strand of DNA or binds to helical secondary structures of RNA. The solution
solidified for about 30 min at room temperature. Electrophoresis was done
horizontally in 1x TAE buffer at 10V/cm for 20-60 min depending on the gel size.
The nucleic acid bands were visualized under ultraviolet (UV) light irradiation (312

nm).

4.4.2. Polyacrylamide gel electrophoresis (PAGE)

The PAGE technique was used to allow a fine-resolution separation of nucleic
acids. The solution for the polyacrylamide gel was filtered by using a 0.2 um filter
applying low pressure and stored at 4°C or immediately used after the addition of
APS for polymerization and TEMED as catalyst. The solution was quickly poured
into a vertical gel chamber (20 x 40 cm or 15 x 13 cm) which was assembled
before by using two glass plates separated by a 0.4 or 1 mm spacer. The gel

polymerized at RT for 20 min to.

4.4.2.1. Denaturing PAGE

The analysis of single strand oligonucleotides was carried out by using denaturing

PAGE. To prepare the denaturing gel, a volume of 20 ml (for gel measures 15 x 13
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4.4. Nucleic acid electrophoresis

cm) or 40 ml (for gel measures 20 x 40 cm) solution was required and it was made
by 1x TBE, 7 M Urea and an appropriate volume of acrylamide/bisacrylamide
(ratio: 19/1) to achieve the concentration suitable for separating segments of
specific length as described in Table 4.2. Then the solution was mixed and APS
and TEMED were added to a concentration of 0.05% (w/v) and 0.1% (v/v),
respectively. Electrophoresis of small gels was done at 200 V and for sequencing
gels 70 W at 50°C was applied.

Table 4.2 Correlation of concentration of acrylamide and

relative nucleic acid segment length

Gel Concentration  Effective range of Xylene Cyanol* Bromophenol
(% wiv) separation (bp) (bp) Blue* (bp)
8.0 60-400 160 45
12.0 40-200 70 20
15.0 25-150 60 15
20.0 6-100 45 12

* XC or BPB relative to the molecular weight of DNA segments

4.4.2.2. Non-denaturing PAGE

Non-denaturing PAGE was used to analyze annealing of DNA or RNA
oligonucleotides. The gel solution was prepared as described in 4.4.2.1 denaturing
PAGE except for the addition of urea, then the samples were loaded including
native loading buffer (see section 3.3.1) and electrophoresis was done using 200
V and 4°C for ca. 2 h.

4.4.2.3. PAGE purification of RNA

Denaturing PAGE for sequencing was used to purify RNA products produced by in
vitro transcription reaction. After large scale in vitro transcription (5-10 ml), the
reaction solution was mixed with loading buffer and loaded to a 12% denaturing

polyacrylamide gel. Using 1XTBE electrophoresis buffer PAGE was done applying
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300 V for 15 h. The bands were visualized by UV shadowing on a Thin-layer
chromatography (TLC) plate using a hand-held UV light. Subsequently, the band
of interest was cut out and electroeluted with a Schleicher & Schuell Biotrap
electroseparation system (TBE buffer, 200 V). The isolated nucleic acids were

collected every hour and the concentration was determined.

4.5. Protein electrophoresis and Western blot
4.5.1. SDS-PAGE

Proteins were analyzed by SDS-PAGE composed of 4% (v/v) stacking gel and a
resolving gel whose percentage of acrylamide was choosen according to the size
of the proteins to be analyzed (Tabel 4.3). In this study 8% (v/v) SDS-PAGE was
performed on a vertical gel casting system in 0.75 mm thick gels. Cell pellets were
resuspended in 1x PBS and 2x loading buffer at a ratio 1:1 (v/v).

Tabel 4.3 Gel composition for preparing SDS-PAGE

Stacking gel 4% (w/v) Resolving gel 8% (w/v)

Rotiphorese gel 30% (v/v) 1.4 mi 1.3 mi
1.5 M Tris (pH 8.8) / 1.3 mi
1.0 M Tris (pH 6.8) 250 pl /

10 % (w/v) SDS 20 pl 50 ul

H.O 1.4 ml 2.3 ml
TEMED 2 ul 5 ul
10 % (w/v) APS 20 pl 50 pl

The samples were heated at 95°C for 5 min to ensure protein denaturation and
loaded on the gel. An adequate size standard without denaturation (see section
3.3.3) was loaded as well. The gel was initially run at a constant voltage of 80 V for
30 min to let the proteins reach the interface between the stacking and resolving
gel and followed by electrophoresis with the resolving gel at 120 V for 90 min at
RT by using 1x running buffer.
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4.5.2. Western blot analysis

Western blotting uses specific antibodies to identify proteins. It was used to
identify recombinant Argonaute proteins and chimeras. Proteins were transferred
from the gel to a PVDF (polyvinylidene fluoride) membrane by using the “semi-dry”
method. The membrane was further processed with specific antibodies, and
visualized using secondary antibodies and detection reagents.

First the Immobilon-P membrane was activated in methanol for 1 min followed by
washing in Millipore water for 5 min. Subsequently, the membrane and the gel
were equilibrated in 1x transfer buffer and the blotting unit was assembled as

follows:

PN (+) cathode

[

(@] .

§ 1 3 pieces of 3MM paper

5 | SDS-PAGE gel

& — Immobilon-P membrane

[

f_E /707077 3 pieces of 3MM paper
+I () onoce

Figure 4.1 Assembling unit for Western blot

The blotting was performed at 0.8 mA/cm? for 90 min at RT. The transfer time is
related to the MW of proteins. Prior to the detection of proteins, the membrane
was blocked by incubating with 5% (w/v) milk powder in 1x T-TBS for 1-2 h at RT
to avoid unspecific binding of the antibodies to the PVDF membrane. The
membrane was washed two times with 1x T-TBS and then incubated overnight
with the specific primary antibody in blocking buffer. Three wash steps were
required to remove unbound antibody and the membrane was further incubated for
1 h at RT under shaking with a corresponding secondary antibody conjugated with
horseradish peroxidase (HRP). An enhanced chemiluminescent (ECL) system was

used for the detection of the secondary antibody according to manufacturer’s
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instructions. The detection and imaging of ECL chemical signal was performed by
using FUSION SOLO from Vilber Lourmat.

4.6. Molecular cloning

Cloning by restriction enzyme cut and T4 DNA ligase mediated ligation is a simple
and easy way of moving a segment of double stranded DNA from one plasmid to

another.

4.6.1. Restriction enzyme digestion

Restriction enzymes (RE) function by cutting double stranded DNA at specific 4 to
8 base pair inverted repeat recognition sequences within the target DNA. The
products of DNA cleavage are either blunt ended or contain 5°- or 3"-overhangs.
The insert DNA (PCR product) and vector are both digested by the same two
restriction enzymes and then purified by agarose gel electrophoresis to remove
residual nicked. Afl Il and Age | were used for cloning Argonaute.

4.6.2. Ligation

The next step is the ligation of the insert into the linearized vector. This involves
the formation of phosphodiester bonds between adjacent 5°-phosphate and 3'-
hydroxyl residues, which can be catalyzed by T4 DNA ligase. The DNA
concentration to obtain good results is approx. 1 nM of pET vectors, and the molar

ratio between vector and insert DNA is 1:3 or 1:5.

4.6.3. Preparation of chemically competent cells

The appropriate E. coli strain was incubated in 5 ml LB medium for overnight
culture at 37°C, then the overnight culture was added to 500 ml SOB medium and
incubated at 25-30°C until the absorbance at 600 nm was approx. 0.5. Then the
culture was put on ice to chill for at least 10 min, the cell suspension was
centrifuged for 10 min at 2,500 g, and the pellet was resuspended gently in 100 ml
ice-cold CCMBB8O0 buffer. After the cell suspension incubated on ice for 10 min, it

was centrifuged again for 10 min at 2,500 g, then the pellet was resuspended in 10
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ml ice-cold CCMBB8O0 buffer and the cell suspension was aliquoted to 200 tubes (50
pl per tube) and stored at -80°C.

4.6.4. Transformation of E. coli cells

Plasmid DNA or ligation products were transformed into E. coli DH5a or BL21 by
using the heat shock method. It consists of inserting a foreign plasmid or ligation
product into bacteria. Briefly, add ~200 ng of plasmid DNA to 50 pl chemically
competent cells and incubate on ice for 20 min. Heat-shock cells by incubation at
42°C for 30-60 seconds and then place back in ice. Then SOC media is added
and the transformed cells are incubated at 37°C for 60 min in a shaking incubator.
Transformed cells carried the gene encoding for Kanamycin resistance, therefore
LB agar plates containing 30 pg/ml of Kanamycin were used to plate 200 ul of
transformed cell suspension. Bacteria were then incubated at 37°C overnight to

allow the formation of colonies.

4.6.5. Selection of clones

To analyze the clones from the transformation, enzymatic restriction and PCR
were performed. Firstly, pick one colony from the agar plate to inoculate 50 ml LB
medium containing 50 ug/ml Kanamycin and incubate the pre-culture at 37°C in a
shaking incubator (~200 rpm) for a minimum of 4-5 h or overnight. Then extract
plasmid from the cultured clones, use restriction digestion to check the restriction
sites and PCR to confirm the insert DNA. The vector then will be sent for

sequencing to make sure no mutation in the insert.

4.7. Protein expression and purification

4.7.1. Protein expression

The selected plasmid extracted from DH5a was transformed into chemically
competent BL21 cells for protein expression (see section 4.5.4). Cells were grown
to Agpp of 1.0 at 37°C in TFB medium, induced with 1 mM isopropyl-3-D-
thiogalactopyranoside (IPTG) and let grow for another 2 h at 37°C. In case of
Cas9, cells were grown in 2xTY medium at 37°C. At an ODego of ~0.8, the
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temperature was reduced to 18°C, and protein expression was induced by the
addition of 200 nM IPTG, followed by shaking at 18°C overnight (12-16 h). The
cells were harvested by centrifugation for 10 min at 3,000 g, and the cell pellets

were lysed by sonication using ice-chilled lysis buffer.

4.7.2. Protein purification

The purification was performed by using a FPLC system at 4°C. For columns,
column materials and buffers used see section 3.2.3 and 3.3.1. All purification

steps were analyzed by SDS-PAGE.

Since recombinant Argonaute protein carries a glutathione S-transferase (GST)
tag, it was purified by using Glutathione Sepharose chromatography (128). The E.
coli lysate was loaded to a Glutathione Sepharose High Performance column
overnight (at 0.1 ml/min). Next, the column was washed with 5-10 fold of column-
volume, then the GST fusion proteins were eluted by using elution buffer
containing 20 mM reduced glutathione. The eluted fractions were collected and
analyzed by 8% SDS-PAGE.

For Cas9, the fusion construct contained an N-terminal hexahistidine-maltose
binding protein (Hise-MBP) tag, followed by a peptide sequence containing a
tobacco etch virus (TEV) protease cleavage site. Thus, the protein was purified by
a combination of affinity and size exclusion chromatographic steps. The lysate was
bound to Ni-NTA agarose packed in a XK 16/20 column (0.5 ml/min). The resin
was washed with wash buffer ~50 ml at 1.5 ml/min and the bound protein was
eluted in elution buffer containing 200 mM imidazole (0.5 ml/min). The
concentration of purified protein was estimated by measuring the absorbance at
280 nm, then TEV protease was added (0.5 mg TEV protease per 100 mg of
protein) and incubated overnight at 4°C to remove the Hisg-MBP affinity tag. Then
the protein was concentrated by using a 100,000 MWCO centrifugal concentrator
and loaded on a Superdex 200 26/60 column in SEC buffer (1 ml/min). The peak
fractions were collected and analyzed by SDS-PAGE. So the cleaved Cas9 was

separated from the fusion tag by size exclusion chromatography.
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4.8. Nucleic acid preparation

4.8.1. In vitro transcription

Firstly, DNA template and T7 promoter oligonucleotide were annealed at 90°C for
5 min and the mixture was slowly cooled down to room temperature. Then the
transcription reaction was set up by mixing the reagents according to Table 4.4.
For sgRNA, a 5 ml reaction volume was chosen, which is usually sufficient for 1-2

mg of pure RNA.

Table 4.4 In vitro transcription reaction

Stock concentration Final concentration Volume (ml)

H,O / / 1.95
transcription buffer 10x 1x 1.00
ATP 100 mM 5 mM 0.25

UTP 100 mM 5SmM 0.25

GTP 100 mM 5 mM 0.25

CTP 100 mM 5SmM 0.25

DTT 1M 10 mM 0.05
hybridized template 10 uM 1 uM 0.50
T7 RNA polymerase 1 mg/mi 0.1 mg/ml 0.50
Total volume 5.00

The reaction was incubated at 37°C for 1.5 h and then stopped by adding EDTA.
Centrifuge the mixture for 5 min at 3000 g and 4°C to pellet magnesium
pyrophosphate and remove the supernatant containing transcribed RNA. Add 5 ml
2x RNA loading dye to the sample. Purify the RNA by electrophoresis on a pre-
warmed 8% polyacrylamide, 7 M urea denaturing gel in 0.5 x TBE until the
bromophenol blue dye reaches the lower quarter of the gel. Subsequent steps of

purification are described in section 4.4.2.3.
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4.8.2. Nucleic acid modifications

DNAs and RNAs were 5°-phosphorylated using T4 Polynucleotide Kinase (PNK),
either with [y -**P] ATP or unlabeled ATP. Nucleic acids with a 5°-phosphate can

be dephosphorylated by Calf Intestinal Phosphatase (CIP). The labeling or
removing of 5°-phosphate follows the protocol of PNK or CIP kit manual. In all
cases, modified RNAs were purified by using phenol/chloroform extraction,
Sephadex G50 columns and ethanol precipitation. The **P labeled oligonucleotide

can be detected by using autoradiography.

4.8.3. Phenol/chloroform extraction

Phenol/chloroform extraction is used to remove proteins from nucleic acid samples
and can be carried out in a manner that is very close to quantitative. Nucleic acids
remain in the agueous phase and proteins separate into the organic phase or lie at
the phase interface. Add 400 pl prepared phenol/chloroform/isoamyl alcohol (PCI)
solution (25:24:1) to 100 pl reaction solution, vortex vigorously to mix the phases
and spin in a microfuge at top speed for 1-2 min to separate the phases. Remove
the aqueous phase which contains the nucleic acids to a new tube or continue

purification by using Sephadex G50 columns.

4.8.4. Ethanol precipitation

Ethanol precipitate nucleic acids by adding 40 ul 3 M NaCH3COOH and 1000 ul
100% ethanol to 400 ul DNA or RNA solution, vortex, and place the sample at -
20°C for 2 h or -80°C for 30 min. Spin the mixture at the highest speed setting in a
centrifuge at 4°C for 15 min. Carefully withdraw the supernatant and discard.
Wash the pellet once with ice cold 70% ethanol. Allow the remaining liquid to

evaporate.

4.8.5. Nucleic acids hybridization

For pre-annealed DNA or RNA duplexes, both strands were incubated at
equimolar amounts for 5 min at 90 °C, followed by slowly cooling down to 25°C in
15 mM Hepes, pH 7.4, 50 mM KCH3COOH, and 1 mM MgCH3COOH.
Hybridization was tested by running native PAGE at 4 °C.
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4.9. Cleavage assays

4.9.1. hAgo-RNA cleavage assay

Ago slicer assays were performed in cleavage buffer containing 2 mM MgCl, and 1
pg/mL RiboLock RNase Inhibitor. Unless specified, otherwise 3.7 uM Ago protein
was incubated with 100 nM ss-guide RNA (as2b) for 10-15 min at room
temperature, and the cleavage reaction was started by adding 2.5 nM radiolabeled
target RNA to the reaction mix and incubated at 37°C for up to 2h. Samples were
removed at different time points and reactions were stopped by addition of 1 vol.
RNA loading dye, followed by sequencing PAGE analysis and autoradiography.

4.9.2. Cas9 cleavage assay

The guide RNA was annealed by heating to 90°C for 5 min and slowly cooled
down to room temperature. The reaction was set up according to Table 4.5.
Cleavage reaction was started by adding the DNA target (pre-annealed) to the
reaction mix and incubated at 37°C. 10 pl aliquots were removed at different time
points and quenched by adding DNA loading buffer. Cleavage products were
analyzed by 16% denatured PAGE and the gels were scanned by using Typhoon
FLA9500.

4.9.2.1. Single-turnover assay

Cas9 (25 nM) was pre-incubated for 10 min at 37°C in cleavage buffer with pre-
annealed sgRNA and the reaction was started by adding target DNA duplex (5
nM). The reaction mix was incubated at 37°C. At defined time intervals, samples
were withdrawn from the reaction and stopped by adding DNA loading buffer
(containing 1% SDS and 20 mM EDTA). Cleavage was monitored by 16%
denaturing PAGE gel electrophoresis and scanned by using Typhoon FLA9500.
Percentage of cleavage was analyzed by FAM fluorescence and the average of
three independent experiments was plotted against time. The data were fitted to a
nonlinear single exponential equation and the cleavage rate constant was
calculated by using the program GraFit 5: Cleavage % = Limit * (1-exp(-k*t)),
where Limit is the maximal percentage of cleavage, kis the cleavage rate of single

turnover, and t is the time.
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Table 4.5 Endonuclease activity assay

Stock Final concentration Volume (ul)
DEPC-H,0 42
Cleavage buffer 5x 1x 20
Cas9 30 uM 5uM 16
Guide RNA 50 uM 5 uM 10

Incubate for 10—15 min at room temperature. Then add annealed DNA duplex.
Duplex substrate 400 nM 20 nM 12

Total volume 100 pl

4.9.2.2. Multiple-turnover assay

Cas9 (1 nM) was pre-incubated 10 min at 37°C in cleavage buffer with pre-
annealed sgRNA. The reaction was started by addition of target DNA duplex (5
nM). At defined time intervals, samples were withdrawn and the reaction was
stopped by adding DNA loading buffer. The cleavage reaction was resolved by 16%
denatured PAGE gel electrophoresis, scanned by using Typhoon FLA9500 and
the percentage of cleavage was analyzed by FAM fluorescence. The data were
fitted to a nonlinear double exponential equation and the cleavage rate constants
were calculated by using the program GraFit 5: Cleavage % = Al * (1- exp(-ky * 1))
+ A2 * (1-exp(-kz * t)), where Al and A2 are the amplitudes corresponding to the
first and second phase, k; and k; are the cleavage rates of single turnover and

multiple turnover, and t is the time.

4.10. Protein/nucleic acid binding analysis

4.10.1. Equilibrium fluorescence titrations

A FluoroMax-3 fluorescence spectrometer (Figure 4.2) was used to determine the
binding affinity. The binding affinities of binary or ternary complexes of protein and
nucleic acids were determined in a 700 pL cuvette in binding buffer. The data were

recorded by the program DataMax 2.20 and analyzed by GraFit 5.
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quartz cuvette

xenon lamp

PMT . :

monochromator ., monochromator ¢,

Figure 4.2 Set-up of the fluorescence spectrometer Fluoromax-3. A xenon lamp is
using to excite the fluorophor. The emitted fluorescence is detected with a photomultiplier
tube (PMT). The reaction takes place in the cuvette and a change in fluorescence is
caused by addition of the binding partner.

For Ago/RNA binary complex formation, FAM-labeled guide RNA as2b™" (20 nM)
was titrated with increasing concentrations of Ago. For ternary complexes, pre-
incubated Ago and guide [600 nM Ago/20 nM 5°-phosphorylated guide RNA

(as2b™M)] were titrated with increasing concentrations of target RNA.

In case of Cas9, FAM-labeled DNA targets (20 nM) were titrated with increasing
concentrations of Cas9-sgRNA (pre-incubated binary complex of Cas9 and
sgRNA). The binding buffer contained 0 mM or 2 mM MgCl,.

The samples were excited at 492 nm, the emission intensity was measured at 520
nm, and the change in fluorescence signal was recorded. The experimental data
were fitted to a quadratic equation by using the program GraFit 5: Fluorescence =

Fmax —((c[guide] + L + Kg) — sqrt((sqr(c[guide] + L + Kg)) — 4*c[guide]*L))*(Fmax —
Fmin)/ ((2*c[guide])), where Fmax is the maximum fluorescence, Fpi, is the minimum
fluorescence, c[guide] is the concentration of substrate, L is the concentration of

titration partner, and Ky is the equilibrium dissociation constant.

4.10.2. Pre-steady-state stopped-flow measurements

The association and dissociation of protein and nucleic acid complex formation

were measured by fluorescence signal change in binding buffer by using the
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stopped-flow instrument SX20 (Figure 4.3). Excitation of the FAM-labeled RNAs
was at 492 nm with slits set to 1 nm (equivalent to a wavelength bandwidth of 4.65

nm) and detection was performed through a filter with a cutoff at 530 nm.

) monochromator
longpass filter  measurement |:|

|'| cell

PMT
. H

xenon lamp

A
stop
syringe * ,

a) syringe for fluorescent

a binding partner
b) syringe for non-labelled

binding partner
trigger
pneumatic

drive

Figure 4.3 Set-up of the stopped-flow instrument. The binding partners are isolated in
two different syringes. One of the binding partners carries a fluorophor. The fluorescence
is excited by the light of a xenon lamp. When the syringes are pushed up, a defined
volume (approx. 50 pl) enters the measurement cell. The reaction is initiated by rapid
mixing of the samples, while the stop syringe ensures only a small amount of solution
enters the measurement cell and triggers fluorescence detection by the photomultiplier
tube (PMT). In principle, a fluorescent probe is employed to follow the course of the
reaction by recording changes in the amplitude of the spectroscopic signal as a function of
time. A exemplary limit for reaction rates that can be accurately measured with a stopped-
flow is in the range of > 500 s™ with a dead-time of > 2ms. Modified with kind permission
of Dr. S. Willkomm (128).

In the case of binary complexes of Ago and RNA, 20 nM FAM-labeled guide RNA
or ds RNA was rapidly mixed with Ago (300—-800 nM) in binding buffer (contained

54
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0.5 mM MgCl,). For dissociation of the binary complexes, 20 nM FAM-labeled
guide RNA was pre-incubated with 300 nM hAgo2 and then rapidly mixed with a
30 or 100-fold excess of non-labeled competitor RNA. For the analysis of ternary
complexes (Ago and guide/target RNA substrates), 20 nM 5’-phosphorylated
guide RNA was pre-incubated with 600nM Ago in binding buffer and then rapidly
mixed with target RNA (20—-60 nM). For dissociation of the ternary complexes, 20
nM FAM labeled guide RNA, 600 nM Ago and 60 nM target RNA were pre-
incubated and then rapidly mixed with a 33-fold excess of nonlabeled competitor
guide RNA.

For Cas9 complex formation, 20 nM FAM-labeled DNA substrate was rapidly
mixed with Cas9-sgRNA (50-300 nM) in binding buffer (containing either 0 or 2
mM MgCly). In the case of dissociation, 20 nM FAM labeled target DNA and 60 nM
Cas9-sgRNA were pre-incubated and then rapidly mixed with 30 or 100-fold

excess of nonlabeled DNA as competitor.

The change in fluorescence signal was recorded over time by using either the
stopped-flow instrument SX20 or the FluoroMax-3 fluorescence spectrometer. In
all cases, reaction rates k., and k., were calculated by fitting the experimental data
to an exponential equation by using the program GraFit 5: Fluorescence =X
An*exp(—kn*t), where A, is the amplitude corresponding to the observed phase, kj,
is the rate constant of the observed phase, and t is the time.

4.11. Sequence and structure analysis

4.11.1. Multiple alignments of protein sequences

DNA or protein sequence alignments were used to identify functional and
evolutionary relationships of Argonautes. The similarity of different Agos was
analyzed by using BLAST and ExPASy. The sequence data were obtained from
Genbank and Protein database of NCBI.
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4.11.2. B factor analysis

B factor is also known as temperature factor or Debye-Waller factor. It is the
displacement of the atomic position from its mean position. B factor is an indicator
of the relative vibrational motion or the disorder of an atom in a protein crystal. A
low B factor implies that the atom is in well-ordered parts of the structure, while a
large B factor generally suggests a very high flexibility of this atom.

The B factors obtained from PDB files were normalized as described using the
equation Bnomaiized = (Ca B factor — Bmean)/0(B), where Bpnean and o(B) are the
mean value and standard deviation, respectively, of the distribution of observed
thermal factors (129). All crystal structures were obtained from Protein Data Bank

(PDB) and B-factors were analyzed and presented with Chimera 1.10.1.
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5. Results

5.1. Preparation of hAgo1l

5.1.1. Plasmid construction and expression of hAgol and chimeras.

For cloning and expression of recombinant hAgol in E. coli, the pET System
(Novagen) was used. The sequence of hAgol was amplified via high-fidelity PCR
from hAgol pBluescript Il SK (+) (MWG operon). After restriction with Afl Il and

Age |, full length DNA sequence of hAgol was ligated into a pET41b (+) vector
(Figure 5.1).
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Figure 5.1 Vector map of pET41lb-hAgol. Restriction cutting sites are highlighted in
yellow. The figure was prepared with Clone Manager.
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The functions of individual domains between hAgol and hAgo2 are rarely known.
To investigate functions of different domains in hAgo, six chimeras of Agol and
Ago2 were generated according to our current understanding. Briefly, domains
from hAgol were swapped to hAgo2 as shown in Figure 5.2. First the sequences
were amplified via high-fidelity PCR from plasmids of hAgol or hAgo2, and then
the full length chimeras were amplified by overlapping PCR (for details see section
4.3.2). In total six chimeras were designed: Ago2°%°-"W! QAUOLNIPAZ

AgOZAgOl—N, AgOZAgOl—PAZ, AgOZAgOl_PAZl and AgOZAgOl—PAZZ.

, Ago

1 178 224 275 345 448 576

| N || pPaz | 12 [ mMD | PIWI |  hAgol

1 180 226 277 347 450 578

| N |11| paz | 2 [ mD | PIWI | hAgo2

| N || pPaz | L2 [ MDD | PIWI | Ago2AeelPwi
| N | ez [ 12 | MD | PIWI | Ago2rect wemz
| N || pPaz | 12 | MD | PIWI | Ago2ectN

. N || ez | 12 | mMD | PIWI | Ago2reerraz

| N || paz | 2 | mMD | PIWI | Ago2rect Azl
| N || Pz | 2 [ mD | PIWI | Ago2recirPaz

Figure 5.2 Schematic representation of the generation of human Agol/AgoZ2
chimeras by domain swapping. Human Ago proteins consist of four domains, indicated
as N, PAZ, MID and PIWI, along with two domain linkers, L1 and L2. Sequences of hAgol
are colored in yellow and of hAgo2 in green. The first amino acids of each domain or
linker are indicated above the diagram. The chimeras below consist of the sequence
combination of hAgol and hAgo2. For example, Ago2*?°*-"™! consists of N to MID domain
(aa 1-577) from hAgo2 and PIWI domain (aa 576-856) from hAgol. For amino acid
sequences of human Agos see Figure 5.21.
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Full length DNA sequences of hAgol (GenBank accession no. NP_036331) and
the chimeras were ligated into pET41b (+) vectors and expressed in E. coli BL21
(DE3), whereas successful insertion of target DNAs to the plasmids were

confirmed by DNA sequencing (GATC Biotech) before.

5.1.2. Recombinant protein purification

The GST fusion proteins were purified as described in the method chapter (see

4.6.2. protein purification). The recombinant hAgol protein was analyzed by SDS-

PAGE (Figure 5.3A) and Western blot (Figure 5.3B).
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Figure 5.3 SDS-PAGE and Western blot analysis of purified hAgol. (A) The progress
of purification and isolation of hAgol was analyzed using 8% SDS-PAGE. Lanes from left
to right: marker (PageRuler™ Prestained Protein Ladder), lysate of E. coli cells, flow
through (FT) of column loading solution, flow through of column wash solution and eluted
fractions. (B) Western blot analysis using rat anti-hAgol antibody (methods see section

4.5.2).
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Figure 5.4 SDS-PAGE analysis of purified recombinant Agos and chimeras. All
purified proteins were analyzed by 8% SDS-PAGE and showed the same size (ca. 124
kDa) except Ago2”9°t-PAZ,

The validity of the expression of hAgol/2 protein and the corresponding chimeras

is strongly indicated due to the listed facts:

1.

60

hAgo1l protein was successfully and reproducibly expressed and isolated using
GST tag (Figure 5.3A and Figure 5.4).

According to the protein marker the obtained hAgol and hAgo2 proteins
display the known molecular weights of approximately 124 kDa (45, 128).

. The chimeras were designed to have the same length as wild type Ago,

protocols for Ago and chimeras expression and purification were comparable.
The same molecular weight was apparent for all Ago chimeras (Figure 5.4)
except for Ago2”°9°1-"A? (see below for detailed analyses).

. It was possible to detect hAgol/2 and chimeras using the specific anti-hAgol

or anti-hAgo2 antibodies, indicating that no unspecific bacterial protein having
the molecular weight of Ago protein was expressed here.
As described above on DNA level sequence identity of each construct was

verified (see Appendix for DNA sequence). For ongoing studies sequence
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analysis e.g. via mass spectrometry or Edman degradation may be used for

final verifications.

5.1.3. Ago2”9°1-"AZ protein analysis

All recombinant Ago proteins have a molecular weight of ca. 124 kDa, except for
Ago2°9°-PA% \which showed two lower bands (Figure 5.4). Western blot analysis
was applied using an anti-GST antibody to target the N-terminal GST-tag and an
anti-hAgo2 antibody to target the C-terminal part of hAgo2 protein. The double
bands were recognized by both antibodies (Figure 5.5) and there was a
degradation product highly recognized by the a-GST antibody, suggesting those
two bands were degradation products of Ago2”%-PAZ and the degradation

happened most likely in the N-terminal part of the protein.
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GST-hAgo2 —>
S Ago2*®°'-PAZ degradation

GST degradation —> -

anti-GST anti-hAgo2

Figure 5.5 Western blot analysis of Ago29°'-"*“_ The hAgo2 (as a positive control) and

Ago2”9°-PAZ samples were incubated with either a-GST or a-hAgo2 antibody.
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Additionally, E. coli strains, BL21-Gold (DE3) and Rosetta™ (DE3) were tested to
improve the expression yields and to avoid the N-terminal degradation, but this
approach did not prove to be successful. Then the PAZ domain was split in two
parts swapping PAZ1 (aa 224-274) and PAZ2 (aa 275-344) of hAgol to hAgo2 to
generate Ago2"9-PAZ and Ago2°9°-A%2 (Figure 5.2). Both of them were

expressed displaying a molecular weight of ca. 124 kDa (Figure 5.4).

5.2. RNA binding kinetics of hAgo1l protein

5.2.1. hAgol shows similar complex formation properties as hAgo2

In a previous study of Prof. Restle’s group, a mechanistic model for the hAgo2-
catalyzed RNA slicing reaction was established (45). Here, hAgo2/siRNA binding
was studied by steady-state and pre-steady-state techniques, and transient kinetic
data were related to conformational changes, leading to a mechanistic model for

hAgo2 target RNA binding and cleavage.

A B C

FAM

Ago ST ORI

target

FAM target
TTTTT 1 (ENNNNNNNNANNANANANnn| |_|_|_|_|_|_|7L|_|J_|_|_|_|_|_|_j_|_|_|
FAM

guide

FAM FAM
FAM

Figure 5.6 Schematic representation of the fluorescence based binding studies. (A)
For the measurements of binary complex formation, as2b™", a 21 nt long guide strand
with a fluorescent label at the position 14 was used. The Ago-guide binary complex was
also used for analysis of ternary complexes formation. The as2b™" was used either as a
guide (B) or as a target (C) substrate, depending if 5" -phosphorylated or not (guide carries
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5.2. RNA binding kinetics of hAgo1 protein

phosphorylation). In addition, an unlabeled complementary strand was used as target (B)
or guide (C) strand. Modified with kind permission of Dr. S. Willkomm (128).

In the present study, transient kinetics of hAgol were measured applying the
same conditions as previously used for hAgo2 (45). Either the guide or the target
substrates were FAM-labeled (Figure 5.6). Firstly, complex formation between
recombinant hAgol and RNA substrates was analyzed. The same substrates were
used as for hAgo2 and the fluorescence change of the FAM labeled 21-mer RNA
as2b (Table 5.1) was measured by using a fluorescence spectrometer or a

stopped-flow instrument (for method details see section 4.9).

Table 5.1 Sequences of RNA oligonucleotides used in the present study

Name Sequence (5" - 3)

as2b uag agg uac gug cug agg cTT
as2b™V uag agg uac gug cT*g agg cTT
s2b gcc uca gea cgu acc ucu aTT
s2b™M gce uca gca cgu acc ucu aTT*

Boldface letters indicate the position of the fluorescence label: an asterisk indicates the
position of C6-linked 5/6-FAM. Uppercase letters represent deoxynucleotides. Unless
otherwise indicated, all strands used as guide were 5°-phosphorylated.

For analysis of binary complex formation, 5" -phosphorylated or non-

phosphorylated (5°-OH) single stranded guides (as2b™"

) were used. To measure
hAgol/siRNA complex formation, a corresponding 5’-phosphorylated double

strand (as2b™"/s2b) was used.

Kg values of 3.5, 83 and 44 nM (5°-P, 5-OH and ds-siRNA, respectively) for
hAgol were determined by performing equilibrium titrations (Figure 5.7A). The
values obtained are very close to the values obtained for hAgo2 (7, 106 and 48 nM)
(45). For ternary complex formation, the target strand s2b was titrated with a
hAgol/as2b™M complex. Here, a K4 of 0.5 nM was detected which is higher than
the value of 0.2 nM observed for hAgo2 (Figure 5.7B).
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Figure 5.7 Equilibrium titrations to determine affinities of binary and ternary
hAgo1l/RNA complexes. Exemplary equilibrium titrations results are shown. (A) Guide
strand as2b™" 20 nM was titrated with increasing concentrations of hAgol. (B) Binary
complex of hAgol/as2b™" 20 nM was titrated with increasing concentrations of target s2b.
The best fit of the experimental data to a quadratic equation is shown with the curves and
the values for respective Kys are 3.5 (£0.48) nM (A) and 0.54 (x0.7) nM (B).
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Figure 5.8 Pre-steady-state binding kinetics of association and dissociation of
binary hAgol/as2b™" complex. Exemplary stopped-flow results of binary complex
formation of hAgol and as2b™" are shown: (A) association of hAgol (300 nM) and
as2b™M (20 nM); (B) dissociation of hAgol/as2b™" complex [pre-incubated hAgol (300
nM)/as2b™™ (20 nM) against 2 pM non-labeled as2b as competitor]. To ease
differentiation between corresponding rate constants of binary and ternary complex
formation subscript “_bin” or “_ter” (e.g. k.1 pin VErsus K. ter, €tc.) is added throughout the
thesis. Experimental data were fitted to a triple exponential equation yielding three phases.
The rate constants for association (A) are the following: ki1 obs_pin: 20.8 (+1.6) s, K2 pin:
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5.2. RNA binding kinetics of hAgo1 protein

0.17 (+0.009) s™* and k.3 pin: 0.003 (+0.00003) s™*. And those for dissociation (B) are: K. pin:
2.6 (£0.4) s7%, k5 pin: 0.35 (+0.02) s™* and k3 pin: 0.002 (¥0.0001) s

Pre-steady-state binding kinetics were analyzed using a stopped-flow apparatus
(see 4.9.2). In a previous study of Prof. Restle’s group, three kinetically distinct
binding steps for both the binary and the ternary complex formation were defined
for hAgo2 (128, 130). As for hAgo2, data from hAgol pre-steady-state binding
kinetics were fitted best to an equation with three exponential terms (Figure 5.8).
These three phases reveal three binding steps representing defined structural
transitions. In the case of binary complex formation, pre-steady-state data includes
a concentration dependent fast first phase and a slower second and third phase
corresponding to guide 5°-end anchoring in the MID domain and 3"-end binding to

the PAZ domain, respectively.

The fact that comparable kinetic values were obtained is a strong indication that
both hAgol and hAgo2 share the same binding mechanism. Similar to the Kq4
values, the pre-steady-state kinetic values for binary complex formation did not
show any difference. Besides similar values for kiz pin and Kkiz pin, the fast first

phase is also concentration dependent (Figure 5.9).

80 T T T T T

60 —

20

0 200 400 600
hAgol (nM)

Figure 5.9 Concentration dependence of the first phase of guide RNA binding to
hAgol. A constant concentration of fluorescently labeled guide RNA (as2b™", 20 nM)
was mixed with increasing amounts of hAgol. k., nin and k., i, were determined using the
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slope of the linear fit and the intercept of the line with the ordinate and yielded values of
0.87 x 10 M*s™ and 1.9 (+1) s™, respectively.

Table 5.2 Summary of equilibrium and pre-steady-state binding data for hAgo1l

Kd_meas, nM k+l M-ls-l k—l S-l I(+2 S-l I(—2 S-l I(+3 Shl k—3 Shl Kd-cal: nM

Binary complex

as2b™M 3.5 0.9x10° 2 0.13 0.35  0.004 0.002 29
OH-as2b™ 83 0.83 x10° 15 0.14 1.79  0.004 0.013 742
as2b™M/s2b 44 0.62x10° 6.7 0.17 0.40  0.003 0.002 170

Ternary complex

as2b™M-s2b 0.5 2.5x10° 0.42 0.022 0.44  0.004 0.001 0.82

Numbers to the left represent equilibrium measurements (Ky meas). Numbers to the right
were calculated from the corresponding association and dissociation rate constants (Kq_ca).

Further, binary complex association and dissociation between hAgol and 5°-OH
guide RNA (OH-as2b™M) or siRNA (as2b™/s2b) was analysed. Only K. pin
regarding hAgol and siRNA is much slower than for hAgo2 (Table 5.2), overall the
kinetics are similar to hAgo2 (45). Ternary complex formation of hAgol/as2b™"
and s2b was examined as well. The kinetics results are listed in Table 5.2.
Compared to hAgo2, dissociation of hAgol ternary complexes is much slower,
causing a lower affinity of target to hAgol-guide. The differences in Ky values for
binary complexes determined via equilibrium and pre-steady-state measurements
most probably arise from a slight protein aggregation, leading to an
underestimating of k.1 pin and thus higher Ky values—an incident irrelevant under
equilibrium conditions. In case of ternary complex formation, this effect is less
pronounced as here most likely aggregated molecules do not contribute to

complex formation (compare Ki1_pin With K1_ter).

5.2.2. Different miRNA binding kinetics between hAgol and hAgo2

To test whether miRNA has a different binding affinity, the mismatched target s2b-
m4 was designed according to the hsa-let-7a target HMGA2 (131, 132).
Additionally, considering that guide RNAs can be divided into distinct domains
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affecting binding properties and functions (115), miRNA targets s2b-m1, s2b-m2
and s2b-m3 were generated (Table 5.3). Moreover, target s2b with either matches
in the 3"-end (seed match, s2b-sm) or matches in the 5’-end (non-seed match,
s2b-nsm) were used for further test of more mismatches in both ends. They are all

based on s2b but contain mismatches at different positions.

Table 5.3 Sequences of miRNA oligonucleotides

Name Sequence (5'- 3")

s2b-m1 gcc uca gac agu acc ucu aTT
s2b-m2 gcc gag gca cgu acc ucu aTT
s2b-m3 cug uca gca cgu acc ucu aTT
s2b-m4 gac gca gac agu acc ucu aTT
s2b-sm cug cgg ugc gau acc ucu aTT

Uppercase letters represent deoxynucleotides. s2b-sm represent ‘seed match’ s2b.

as2b/s2b  as2b/ml1 as2b/m2 as2b/m3 as2b/m4 as2b/sm
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Figure 5.10 Secondary structure predictions of ds miRNA targets. All displayed
MiRNA double strands are based on the fully complementary siRNA composed of s2b and
as2b. These ds miRNAs include mismatches at different positions. Hybridization
prediction of double strand duplexes was performed using mfold Web Server. The nucleic
acid folding temperature was set to 37°C, other parameters were default.
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The mismatched targets listed in the table above were used to generate ds miRNA
containing bulges (Figure 5.10). Further these mismatched ds miRNA were used
in binary complex formation with hAgo to test the binding properties of Ago and
MiRNA.

These mismatched targets were analyzed for binding properties applying
equilibrium titration and pre-steady-state studies. Interestingly, in case of binary
complex formation, both hAgol and hAgo2 were bond tighter to a miRNA duplex
than to the siRNA duplex. The Ky of hAgo2-miRNA was 35 nM, revealing a slightly
tighter binding than 48 nM for hAgo2-siRNA. However, the Kq4 of hAgol, it was 7.1
nM for the miRNA versus 44 nM for the siRNA, which suggests that hAgol might
bind more effective to miRNA. More distinguishing results were found comparing

ternary complex formation of hAgol and hAgo2 (Figure 5.11).
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Figure 5.11 Analysis of hAgol and hAgo2 miRNA-like ternary complex formation
using equilibrium titrations. A binary complex of either hAgol (A) or hAgo2 (B) and
FAM-labeled guide RNA (as2b™") (500 nM hAgo and 20 nM guide RNA) was titrated with
increasing concentrations of mismatched target RNA (s2b-m4). The best fit of the
experimental data to a quadratic equation is shown by the curves and gives values for
respective Kgs for hAgol and hAgo2 complexes of 0.06 (x0.05) and 2.2 (x0.3) nM,
respectively.

Mismatched targets showed a ca. 5-fold tighter binding than fully paired target in
hAgol-complex, with both the second and third phases of association and

dissociation being faster or slower, respectively (Figure 5.12 and 5.13).
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Figure 5.12 Pre-steady-state kinetics of ternary complex formation of hAgol and
hAgo2 with mismatched target RNA. Exemplary stopped-flow results are shown. Insets
show the reactions on a shorter time scale. Here the binding of a target RNA (s2b-m4; 20
nM) to a binary hAgol (A) or hAgo2 (B) -guide RNA complex [500 nM Ago and 20 nM
guide RNA (as2b™M)] is shown. Experimental data were fitted to a triple exponential
equation yielding three phases. For hAgol (A): Ki1 ops ter: 17.4 (£1.1) S™, Kiz o 0.16
(20.009) s and Kis e 0.01 (£0.00008) s™*. For hAgo2 (B): K1 obs ter: 24.6 (1) 7, Ki ter:
0.03 (20.002) s™* and ki3 tr: 0.005 (+0.0001) s™".
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Figure 5.13 Pre-steady-state kinetic analysis of the dissociation of ternary
complexes. Guide RNA as2b™" and mismatched target s2b-m1 was pre-incubated with
hAgol (A) or hAgo2 (B) and then rapidly mixed with a 33-fold excess of non-labeled
competitor guide RNA as2b. The change in fluorescence signal was detected over time to
determine dissociation rate constants. The data were fitted to a triple exponential equation
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yielding three phases. For hAgol (A): K et 2.4 (£0.4) ™, K e: 0.02 (+0.003) s™ and k.
3 rer. 0.0013 (20.00002) s™*. For hAgo2 (B): K ter: 4 (0.7) s7%, K er: 0.02 (+0.002) s™ and
K3 ter: 0.003 (+0.0002) s™.

Table 5.4 Summary of equilibrium and pre-steady-state data of hAgo binary and
ternary complex formation with miRNA. A comparison of miRNA binding properties
between hAgol and hAgo2 is shown. For binary complex formation, hAgo was mixed with
pre-annealed double strand RNA as2b™"/m4 (represents miRNA duplex). For ternary
complex formation, pre-incubated hAgo/as2b™" was mixed with mismatched targets (m1—
m4 and sm).

K meass "M ki, M8 ky, 870 kip 870 ks kig, 80 ks 80 Ky cay NM

Binary complex miRNA (Ago + as2b™"/m4)

hAgol 9.1  0.48x10° 10 015 0.35 0.01 0.001 49

hAgo2 35 0.6x10° 3.1 0.26 0.78 0.005 0.004 124

Ternary complex (Ago/as2b™M + target)

ml 006 3.4x10° 24 0053 002 001 00013 0.35
m2 0.07 4.2x10®° 05 0.1 0.044 0.005 0.0024 0.26
hAgol m3 012 45x10° 08 0.032 0.024 0.003 0.0014 0.62
m4 005 48x10° 15 0.16 0.022 0.008 0.006  0.32

sm 0.1 3.9 x10® 2 0.14 0.047 0.009 0.002 0.38

ml 15  4.0x10° 4 0.03 0.02 0.007 0.003 3

m2 16.7 4.2x10® 1.1 0.015 0.06 0.002 0.003 15
hAgo2 3 11 62x10° 09 0015 0.06 0.005 00016 1.8

m4 22 59x10°® 1.3 0.034 0.033 0.005 0.003 1.3

sm 065 5.7x10° 1.1 0.03 0.006 - - 0.4

For hAgo2, differences between mi- and siRNA binding could only be observed for
ternary complex formation. hAgo2 shows a much lower affinity for targets with
mismatches, with the major difference in dissociation. A fully complementary target
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fulfills a very slow dissociation reaction with 0.002 s™* for k., and 0.0002 s for k.

(45), which is supposed to promote cleavage of fully complementary target RNASs.

Table 5.2 shows the equilibrium and pre-steady-state binding data for hAgol and
fully paired target. Here, the binary and ternary complex formation of Ago and
mismatched targets were investigated (Table 5.4), instead of the perfect paired
target s2b. Targets s2b-ml to m4 and s2b-sm containing different mismatch
positions were used to represent various miRNA targets. The ‘non-seed match’

target s2b-nsm was also tested, but it did not bind tightly to either hAgol or hAgoZ2.

The results indicate that the miRNA targets are loaded faster and tighter to hAgo1l,
but both miRNA and siRNA can be loaded to both hAgol and hAgo2. The
differences observed are more significant for ternary than for binary complex
formation. In other words, hAgol loads miRNA targets faster to ternary complexes
than to binary complexes. Next, potential cleavage activities of hAgol and hAgo2
were compared, using fully complementary and mismatched targets (Figure 5.14
and 5.15).
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Figure 5.14 Autoradiography of hAgo-mediated cleavage reactions. First, 3.7 yM
hAgol (A) or hAgo2 (B) and 100 nM ss guide RNA (as2b) were preincubated in cleavage
buffer for 10 min. Reaction was started by adding 2.5 nM of one 5°-**P-labeled target
RNAs (s2b, s2b-m1, s2b-m2, s2b-m3 or s2b-m4). Reactions were analyzed using 20%
(w/v) denaturing PAGE and visualized via autoradiography. Samples were collected at
four different time points 0, 10, 60 and 120 min.
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Figure 5.15 cleavage assays with hAgol and hAgo2 proteins and different si- or mi-
RNA substrates. Cleavage assays were conducted using hAgol (A) or hAgo2 (B), details
described in Figure 5.14. The experimental data of s2b cleaved by hAgo2 was fitted to a
single exponential equation, yielding a rate constant of 0.0005 (+0.00004) s™*.

5.2.3. The mismatch position affects binding of miRNA to Ago

Next, the effect of several mismatch positions within a miRNA target on hAgo
ternary complex formation was investigated. All miRNA duplexes that contain
mismatches showed increased binding affinity to hAgol, whereas mismatches in
central or supplementary region were more effective than mismatches in the tail
region (the position of mismatches see Figure 5.10). While mismatches enhance
miRNA binding to hAgol, the opposite is true for hAgo2. All mismatches tested,
caused a slight reduction of K4, whereas mismatches in the supplementary region

caused a reduction up to a 10-fold lower Kg.

It seems likely that hAgo proteins show a preference for binding of different miRNA.
This may be caused by the position of mismatches within the duplex which
influences the binding properties differently. The data indicate a preference of
hAgol to bind mismatched targets, whereas a seed match might be sufficient for
proper binding since the second and third phase of hAgol-as2b/s2b-sm ternary
complex formation (ki2 wr and Kis tr in Figure 5.16) are similar to a fully paired

target. This indicates hAgol binds a miRNA target in a base-pair hybridization
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independent manner as long as the seed region is paired to the target RNA. For
hAgo2, the situation is different. s2b-sm is loaded to hAgo2 with only two phases
(Table 5.2), the third phase is missing which is proposed to represent the 3"-end of

guide RNA release from the PAZ domain.
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Figure 5.16 Pre-steady-state kinetics of ternary complex formation using a seed
matched target. Results of stopped-flow measurements of the assembly of hAgo/as2b™"
and s2b-sm ternary complex are shown. s2b-sm has a mismatched 3’-region. In case of
hAgol (A), the graph shows three phases with the following rate constants: Ki1 ops_ter: 31.9
(24.1) s7%, Kiz rer: 0.14 (£0.006) s™ and Kis e 0.009 (+0.0002) s™, which is very close to
what was observed for fully paired target. For hAgo2 (B), the experimental data were fitted
best to a double exponential equation. Here, the third phase is missing, which indicates
the seed matched target does not trigger the release of guide 3"-end from PAZ domain
(45).

5.3. PAZ domain is important for miRNA binding

5.3.1. Domain swapping

Compared to hAgo2, hAgol shows higher miRNA binding affinity. To investigate
which domain of hAgol is responsible for the differences observed in mismatched
target binding, domain-swapping experiments were conducted substituting each
functional domain of hAgo2 with the corresponding domain of hAgol. The MID
domain which binds to the 5°-end of guide RNA was not changed, because both
Agol and Ago2 most likely recognize the seed region in a comparable manner
using the MID domain. The chimera Ago2*%°*-""™! which is hAgo2 containing the
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PIWI domain of hAgol, did not show tighter mismatched target binding, but a loss
in cleavage activity (Figure 5.15 and 5.16). To test the influence of the N terminal
domain of hAgol, N and PAZ domains between hAgol and hAgo2 were
exchanged. By swapping the N and PAZ domains of hAgol to hAgo2, it was
possible to convert hAgo2 into a hAgol-like protein with a Kq for miRNA binding
similar to Wt hAgol. To further exemplify this point, the N domain or PAZ domain
from hAgol to hAgo2 was swapped separately, but Ago2"9%°*-"A? did not fold
properly causing N-terminal degradation products (Figure 5.4). As described
above (section 5.1.3), the PAZ domains were rearranged (split in two parts, PAZ1
and PAZ2) resulting in expressed chimeras with full length 124 kDa. Then all

chimeras were analyzed for cleavage functions.
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Figure 5.17 Effect of hAgol domains on target-RNA cleavage. Cleavage assays for
WT hAgol, hAgo2 and chimeras of hAgo2 are shown each containing single or double
domains of hAgol. For the assay 3.7 uM Ago protein, 100 nM guide RNA (as2b) and 2.5
nM target RNA s2b was used. Reactions were analyzed with 20% PAGE.

Slicer activities of wild type and chimeras were tested by a cleavage assay (Figure
5.17). First of all, none of the targets with mismatches was cleaved by any chimera.
The standard target s2b was cleaved by hAgo2, Ago2”9°*-N Ago279°1-PAZt gnd

Ago2°9°1-PAZ2 byt not by hAgol, Ago2”9°:-PW! or Ago2/9°-NPAZ | case of
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Ago2”9°-PW! “the PIWI domain of hAgol lacks amino acids in the “catalytic site”
which are critical for slicing activity. The inactivity of Ago2°9°*-NPA% might be due to
a difference in the nucleic acid binding channel which is formed by the N and the
PAZ domain.

The miRNA binding properties of Ago chimeras were analyzed by equilibrium and
pre-steady-state studies. The major differences between chimeras were observed
for Ago miRNA ternary complex formation (Figure 5.18), while overall the kinetics
between Wt hAgo (Table 5.4) and chimeras (Table 5.5) were comparable.

2A9°L_PAZL showed kinetic values very close to Wt hAgol. On the

Surprisingly, Ago
other hand, Ago2”9°-"A?2 more closely resembled Wt hAgo2. Considering the
minor difference of binding affinity compared to Ago2”%°'-", PAZ1 is the essential
region for binding of mismatched target.
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Ago2"9°1-PAZ2 Figure 5.18 Analysis of pre-steady-state
kinetics of chimeras during ternary
complex  formation  (as2b™"/m4).
Stopped flow binding data of a
mismatched target RNA (s2b-m4, 20 nM)
to an Ago/as2b complex [500 nM Ago
chimeras and 20 nM guide RNA

N
[=)
a

relative fluorescence
o
©
(9] ~
\\H\\H\\\\\ym‘mm

oo T (as2b™M)]. Experimental data were fitted
: Wi,
Wﬁ":m . . . . .
TRt to a triple exponential equation yielding
6.8 ! ! ! ! ! . .
’ l l l l : three phases with the rate constants given
0 200 400 600 800 1000 .
time (s) in the Table 5.5.

Table 5.5 Summary of equilibrium and pre-steady-state data of hAgo2 chimeras. For
simplicity, merely s2b-m4 was used as an exemplary mismatched target; for pre-steady-
state diagrams see Figure 5.18. Data concerning the dissociation process was not
determined since no significant difference was expected according to the data obtained

from the association experiments.

Kq (nM) Kig (M™ 8™ Kiz (5 Kiz (5™

Binary complex miRNA (Ago + as2b™¥/m4)

Ago2/90t-PWI 33.5 1.36 x10° 0.1 0.005
Ago2A901-NPAZ 10.5 1.25 x108 0.11 0.006

Ago2/9ot-N 21 0.8 x10° 0.07 0.003
Ago2/90t-PAzL 15 1.3 x108 0.134 0.07
Ago2/90t-PAZ2 31 0.6 x10° 0.06 0.004

Ternary complex (Ago/as2b™ + m4)

Ago2/a0t- PV 1.9 4.8 x10® 0.01 0.004
Ago2/90LNPAZ 0.1 4 x10°8 0.06 0.014

Ago2/9ot-N 0.85 3.7 x10° 0.025 0.004
Ago2°90t-PAzl 0.17 4.3x10° 0.04 0.01
Ago2/9°1-PAZ2 1 3.5x10° 0.016 0.003
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5.3.2. hAgol is evolutionarily more conserved than hAgo2

hAgol and hAgo2 proteins display a primary sequence identical of 84%, but seem
to have evolved independently because different Ago proteins exist in all
organisms. In this thesis amino acid sequence alignments of Agol and 2 among
different species were performed. It is remarkable that both Agol and 2 are highly
conserved in mammals. For example, they share 99 % identity from human to
mouse or rat. However, Agol has much less amino acid changes than Ago2
(Table 5.6). Moreover, there is not only a higher degree of identity among
mammals or vertebrates, hAgol shows even 73% identity with flies (Table 5.6). In
contrast, Ago2 shows a lower degree of identity in all respective comparisons; the
identity with flies is only 33 %. So it appears that hAgol is more conserved than
Ago2 during evolution, and one can speculate that hAgol preserved more
functions in lower organisms. On the other hand, hAgo2 might have obtained

some new functions in more advanced organisms.

Table 5.6 Sequence alignments of Agol and 2 among different species. The degrees
of identity of Agol and Ago2 between humans and other species are shown in percentage.
Identified amino acids numbers are given in brackets. All sequences are from the NCBI
Protein database. The alignments were done with Align Sequences Protein BLAST.

Homo Mus Rattus Danio  Drosophila  Arabidopsis
sapiens musculus norvegicus rerio melanogaster thaliana

Agol  100% 99% 96% 73% 43%
(857/857) (856/857)

Ago2 99% 99% 92% 33% 32%
(853/860) (852/860)

5.3.3. PAZ domain of hAgol is more flexible than in hAgo2

Ago is a well-known flexible protein, and nucleic acid binding triggers
rearrangement of the domains (42). Thus, in this thesis the structural flexibility
between hAgo2 binary (4W5N) and ternary complexes (4W50) were compared
using B-factors analysis, which describes the displacement of atoms from their
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mean position in a crystal structure and thus diminished scattered X-ray intensity.
Generally, according to the B-factors, the ternary complex is more stable than the
binary complex. Especially the C-terminal part of hAgo2 is stabilized by binding to
a short target. Notably, hAgo2 shows a more flexible MID domain in the binary
complex, but a more flexible PAZ domain in the ternary complex (Figure 5.19).
This indicates that seed region pairing of the target RNA stabilizes the MID domain
and activates the PAZ domain. It suggests a stepwise propagation for target

recognition from MID to PAZ although the details have not been understood yet.

hAgo2 binary complex hAgo2 ternary complex

B-factor (A?)

B-factor (A?)

1F 65 qo —_—

Figure 5.19 Normalized B factor analysis between binary and ternary complexes of
hAgo2. The PDB files 4W5N and 4W50 were used for binary and ternary complex
representation of hAgo2. The colors from blue to white and to red indicate B factors from
small to large. The structures are shown in surface representation.

Additionally flexibility comparisons between hAgol (4KRF) and hAgo2 (4W5N) by
B-factors, reveal hAgol was generally more stable than hAgo2, but with a very
flexible spot in the PAZ domain (Figure 5.20). From the sequence alignment it is
evident hAgol and hAgo2 differ by a few amino acids in the PAZ domain (Figure
5.21). This region is covered by the chimera Ago2”%*-PA?1 From the structure of
the protein, those differences are in a random coil located at the first half of PAZ
domain (Figure 5.20). Because of the major differences observed between hAgo2

79



Results

and Ago2”9°-PAZ1 this indicates that the flexible coil might play an important role
in MiRNA binding.

B-factor (A%) B-factor (A2)

IP 75 -120 1F 7% -120

Figure 5.20 Structure and B-factor difference of PAZ domain between hAgol and
hAgo2. The PDB files 4KRF and 4W5N were used for hAgol and hAgo2, respectively.
Circles indicate the difference in the PAZ domain. (A) Normalized analysis of binary
complexes of hAgol and hAgo2 are shown. The structures are shown as surfaces and the
colors from blue to white and to red indicate B factors from small to large. (B) Structure
differences in PAZ domain (ribbon representation) are shown. Differences in amino acid
positions are labeled in red.
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Figure 5.21 Sequence alignments of hAgol, hAgo2, and hAgo3. Secondary structure
elements extracted from the hAgol structure are shown above. Conserved amino acids
are in black and non-conserved amino acids are shaded blue. The location of the PL1,
PL2 and PL3 loops are labeled. Residues that make up the catalytic tetrad are indicated

with a red asterisk below. Amino acids differences between hAgo2 and Ago

DAQOL_PAZL oo

labeled by a red box. Modified from Faehnle et al. (55), with kind permission of Elsevier.
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5.4. CRISPR-Cas9 system

As described in the introduction, the CRISPR system works as adaptive bacterial
immunity against viruses and plasmids, using RNA to guide the silencing of
invading DNA. Cas9 from the CRISPR/Cas type Il system is becoming a powerful
tool in genome engineering because it is the sole protein responsible for the RNA-
guided DNA interference. In this thesis, the used techniques to obtain kinetic data

of Ago were applied to study the mechanism of CRISPR-Cas system.

5.4.1. Expression and purification of Cas9

Streptococcus pyogenes Cas9 (SpyCas9) was expressed from a pET-based T7
promoter-containing plasmid (pMJ806, from Addgene, www.addgene.org) in the E.
coli strain BL21 Gold DE3. The fusion protein construct contains an N-terminal
His6-tag, followed by a maltose-binding protein (MBP) polypeptide, a tobacco etch
virus (TEV) protease cleavage site, and the SpyCas9 sequence spanning residues
1-1368 (Figure 5.22). dCas9 (pMJ841, from Addgene) is constructed the same
way expect there are two amino acids mutated, Aspartate 10 to Alanine (D10A)
and Histidine 840 to Alanine (H840A), which inactivated the enzyme catalytically.
Both plasmids (pMJ806 and pMJ841) were transformed into E. coli BL21 (see
section 4.5.4), and proteins were expressed as described in section 4.6.1 “protein

expression”.

The purification protocol generally follows previously published procedures with
minor modifications (87, 133) and includes two chromatography steps:
immobilized metal ion affinity chromatography (IMAC) followed by size exclusion
chromatography (SEC). Briefly, cell lysate was bound in batch to Ni-NTA agarose
and the protein was eluted in elution buffer containing 200 mM imidazole.

The His6-MBP affinity tag was removed by cleavage with TEV protease, then the
cleaved Cas9 protein was separated from the fusion tag by purification via a
Superdex 200 16/60 column. Eluted protein was analyzed by SDS-PAGE. dCas9
was purified following the same procedure as for the wild-type Cas9 protein. For
method details see section 4.6.2 “protein purification”.
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Figure 5.22 Plasmid map of pMJ806
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Figure 5.23 SDS-PAGE analysis of recombinant Cas9 purification. (A) First
purification step by IMAC. Samples in the 8% SDS-PAGE from left to right are: protein
ladder, crude protein supernatant (S) and pellet (P), flow through 1 (wash buffer; FT1),
flow through 2 (wash buffer + 10 mM imidazole; FT2), and elutions (5 ml each; from 1 to
5). (B) His-tag cleaved by TEV protease followed by SEC to improve the purity. Samples
in the 8% SDS-PAGE from left to right are: protein ladder, elution from IMAC, elution

83



Results

treated by TEV protease, elution from SEC (with His-tag) and elution from SEC (His-tag
cleaved).

As Figure 5.23 shows, His-Cas9 protein which has a molecular weight of 202 kDa
carrying a His-tag was purified by the IMAC. Cas9 is reduced to 159 kDa when the

His-tag was removed.

5.4.2. Single guide RNA preparation

Originally Cas9 is guided by two RNAs, that is why it is called dual-RNA guided
DNA endonuclease. CRISPR RNA (crRNA) guide is composed of a 5°-terminal 20-
nt guide sequence, followed by an invariant repeat-derived sequence at the 3"-end;
trans-activating crRNA (tracrRNA) sequence remains identical for all guide
crRNAs, so partially base-paired to the 3°-end of crRNAs (87). Alternatively, Cas9
can be guided by a chimeric single-guide RNA (sgRNA) that combine the essential
parts of the crRNA and tracrRNA molecules in a single oligonucleotide chain
(Figure 5.24).

Guide sequence (20 nt)
5'- NNNNNNNNNNNNNNNNNNNNGUUUUA G A GCUuAG

T A
crRNA AJ/CGGlAAUAAAAU UgaACGAU AR
| -
GUCCGUUAUCAACUUG, Linker
g geeacocucAns’

UCGGUGCUU-3'  tracrRNA

Figure 5.24 Schematic representation of chimeric sgRNA. sgRNA was designed to
combine both sequences from crRNA and tracrRNA. The crRNA-derived (colored in blue)
and tracrRNA-derived (colored in red) sequences are connected by a 5-GAAA-3’
tetraloop linker (colored in purple).

In vitro transcription was performed to prepare sgRNA. The sequence was

designed according to crystal structures (110), which is shown in Figure 5.25.
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5'-GGAUAACUCAAUUUGUAAAAAAGUUUUA G A GCUAG

EEEEN A
C A
U~GGAAUAAAAUy CGAU ;A
A/ T GAA
GUCCGUUAUCAACUUG,

Figure 5.25 sgRNA used in this study. Annealed 83 nt RNA is shown. The 20 nt guide
region is colored in red and the linker is in blue.

For in vitro transcription, a custom DNA template was used. A few different
concentrations of NTPs and Mg?* were tested to get the highest transcription yield,
the used reaction condition is giving in Table 5.7. To get sufficient RNA, a 5 ml
scale reaction for in vitro transcription was performed. After the reaction the
product was mixed with loading buffer, loaded on a sequencing gel, the band of
interest was excised and RNA was recovered by electroelution using a Biotrap
device. The final RNA concentration was determined using spectrophotometry with

an UV wavelength of 260 nm. The amount of pure RNA was ca. 2.2 mg.

Table 5.7 In vitro transcription reaction

Final concentration

Transcription buffer 1x

Hybridized template* 1 uM
MgCl, 30 mM
NTPs 5 mM each
DTT 5SmM

T7 RNA polymerase 0.1 mg ml™*

*Hybridized template: first DNA template and T7 promoter oligonucleotide with a molar
ratio of 1:1.5 were denatured at 90°C for 5 min and second annealed while letting the
mixture slowly cool down to room temperature.
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5.4.3. Cleavage and gel shift assay using Cas9

After the preparation of Cas9 and sgRNA, the endonuclease function of Cas9 was
tested by cleavage assays. FAM-labeled 31 nt long oligonucleotide duplexes were
used in cleavage assays. The FAM-label is positioned at the 3"-end of the target
strand. The complementary unlabeled non-target strand contains the PAM 5°-
TGG-3" sequence (see 3.4.1). Target and nontarget strands were annealed by
mixing equimolar amounts to generate the oligonucleotide duplex (see 4.7.5).
Using the FAM-labeled substrate in the cleavage assay of Cas9 leads to a cleaved

product with a length of 17 nt.

0O 3 7 10 14 17 20 30 60 Time (min)

- = = o e = = = < DNA substrate

~ <€— cleavage product

Figure 5.26 Cleavage assay of Cas9 using a double-stranded DNA target. Cleavage
assays were conducted using 100 nM Cas9-sgRNA and 10 uM DNA duplex substrate.
The cleavage reaction was stopped at indicated time points and analyzed by
electrophoresis on a 16% denaturing (7 M urea) polyacrylamide gel. FAM caused
fluorescence was detected using a FLA9500 laser scanner.

To determine the cleavage rate of Cas9, cleavage assays were performed
applying single turnover and multiple turnover conditions, in which different ratios

of Cas9-sgRNA and DNA target were used. The results showed Cas9 is a multiple
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turnover endonuclease. The rate of single turnover is 0.14-0.17 s™ and 0.005-0.01
s for multiple turnover (Figure 5.27).
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Figure 5.27 Cas9-catalyzed target-DNA cleavage reactions. 25 nM Cas9-sgRNA (A) or
1 nM Cas9-sgRNA (B) was pre-incubated for 10 min at 37°C in cleavage buffer. Reaction
was started by adding 5 nM FAM-labeled target DNA duplex. Samples were taken at
different time points and analyzed by denaturing PAGE. Fitting of the experimental data to
a single exponential equation (A) yielded a rate constant of 0.14 (+ 0.01) s™ or to a double
exponential equation (B) yielded rate constants of 0.17 (+ 0.03) and 0.006 (+ 0.002) s™.
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Figure 5.28 Gel shift assay of Cas9-sgRNA with dsDNA substrate. Gel shift assays
were conducted using 10 nmol FAM labeled DNA duplex and the amount of Cas9-sgRNA
was increased from 0 to 40 nmol. (A) Binding was analyzed by electrophoresis on a 16%
native polyacrylamide gel and detected by a FLA9500 laser scanner. (B) Quantification of
the shifted bands was done using Image Quant 5.2.

The gel shift, or electrophoretic mobility shift assay was used to detect Cas9-
sgRNA/dsDNA complexes. The Cas9-sgRNA/dsDNA complexes were analyzed
using native PAGE and the gel was scanned using the FLA9500 laser scanner. By
increasing the amount of Cas9-sgRNA, the amount of free DNA substrates is
decreased. The final percentage of Cas9-sgRNA/DNA complex reached up to 95%
(Figure 5.28).

5.5. Mechanistic model of Cas9-sgRNA/nucleic acid interaction

After setting up the CRISPR-Cas9 system, it was tried to reveal the molecular
mechanism of nucleic acid binding and cleavage. So it was focused on studies of
Cas9-sgRNA dsDNA binding. Steady-state and pre-steady-state characterization
revealed more molecular details about target DNA recognition and cleavage by
Cas9.
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5.5. Mechanistic model of Cas9/nucleic acid interaction

5.5.1. Binding kinetics of Cas9

FAM-labeled DNA duplexes were used as the target substrates (Figure 5.29). The
fluorescence signal change was recorded by using a fluorescence spectrometer or
a stopped-flow instrument. Two dsDNAs with a FAM-label at different positions
were used in the measurements.

PAM

\

5 ATAACTCAATTTGTAAAAAATGGTATTGCGC-3  non-target
{:} - ACCATAACGCG  target™M

target sequence 20 nt

3y
| $
5-ATAACTCAATTTGTAAAAAATGCTATTGCGC-3 non-target™"

3- ACCATAACGCG-5 target

Figure 5.29 Schematic representation of FAM-labeled DNA duplexes. Boldface letters
indicate the position of the PAM and the guide RNA matching sequence in the target DNA

is underlined. The FAM label is located at the 3"-end of target™" or at position 14 of the
FAM

non-target™" (indicated by an asterisk).
A (target™™) B (non-target™™)
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Figure 5.30 Equilibrium titrations of DNA duplexes and Cas9-sgRNA. DNA duplexes
of target™ (A) or non-target™" (B) were titrated with increasing concentrations of Cas9-
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SgRNA complex. The best fit of the experimental data to a quadratic equation is shown by
the curves and give values for respective Kys of Cas/nucleic acid complexes of 0.03 (A)
and 0.04 (B) nM.

Equilibrium titrations (Figure 5.30) revealed a very tight binding between Cas9-

FAM FAM

SgRNA and target DNA. The binding affinities of target ™™ and non-target™™™ are

very similar and both in the range of 20-50 pM.

Pre-steady-state binding kinetics showed a three or four-step binding pathway
(Figure 5.31). In the presence of Mg** there are three phases for Cas9-sgRNA
binding to target™™ and four phases to non-target™". The second phase of Cas9-
sgRNA non-target™™ binding most likely represents an additional unrelated phase
compared to target™", because the other three phases have similar rate constants

with the three from target™".

A (target™M) B (non-target™™)

7.4

9 T

8,5

72 | /“ .

85 [~

relative fluorescence
T
"
1

relative fluorescence

0 0,2 0.4 8

6,8
0 200 400 600 0 200 400 600
time (s) time (s)

Figure 5.31 Pre-steady-state kinetic analysis of DNA duplex Cas9-sgRNA
association. Exemplary stopped-flow results are shown. Insets show the reactions on a
shorter time scale. Binding of Cas9-sgRNA complexes (100 nM Cas9 and 100 nM sgRNA)
to 20 nM target™ (A) or non-target™ (B) DNA duplex is shown. The binding buffer
contained 2 mM Mg?*. For (A), the data were fitted to a triple exponential equation yielding
three phases with the following rates: K. ops: 21.7 (¥1.1) ™, Kip: 0.1 (£0.004) s™ and k.3
0.006 (+0.00004) s™*. Data of non-target™" (B) were fitted to a quadruple exponential
equation yielding four phases: K. ops: 58 (20.7) s, kiz: 5.3 (20.5) s7, kia: 0.1 (20.002) s7*
and k.,: 0.009 (+0.0006) s*.
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5.5. Mechanistic model of Cas9/nucleic acid interaction

The fast first phase was dependent on the protein concentration while the others
were not. To relate the kinetically defined states to particular binding steps or
corresponding structural transitions, a comparison of them was made to the rates
from the cleavage assay. The analysis shows the second phase of Cas9-sgRNA

dsDNA (target™") complex formation (or third phase of Cas9-sgRNA dsDNA

FAM

complex formation using non-target ") is similar to the cleavage kinetic of single

turnover and the third phase of Cas9-sgRNA dsDNA (target™™) complex formation

FAM

(or fourth phase of Cas9-sgRNA dsDNA complex formation using non-target™") is

similar to the kinetic of multiple turnover.

FAM

Notably, the second phase of Cas9-sgRNA and non-target ™™ complex formation

was missing using target™™. This could represent an interaction of PAM and Cas9.

The PAM interacting domain is located in the core of the protein. So the position of

FAM may explain the missing phase in Cas9-sgRNA target™"

FAM

complex formation.
Since FAM is positioned at the 3"-end on target ™™ it is far from the protein center
compared to FAM on non-target™™. Thus, the PAM interaction may be too limited

to cause any change in a fluorophor that far away.

5.5.2. The effects of Mg?* on binding and cleavage

To further investigate the binding kinetics, the cleavage reaction was analyzed
without Mg®* (Figure 5.32). Because Cas9 is a Mg®*-dependent endonuclease, the

target DNA can not be cleaved in the absence of Mg**.

Compared to the Cas9-sgRNA dsDNA complex formation in the presence of Mg?*,
the last phase with the slowest rate is missing, which could represent the
“cleavage state”. But the third phase remained in the absence of Mg?*, which
might represent a transition independent of Mg?*. Additionally, the second phase

FAM complex formation showed up using target™",

of Cas9-sgRNA non-target
which was considered could not being detectable in the presence of Mg?* (Figure
5.31) because of the FAM position (see discussion section 6.5). It may represent a

rearrangement of the protein after binding.
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FAM FAM
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Figure 5.32 Pre-steady-state kinetic analysis of Cas9-sgRNA binding to dsDNA
without Mg?. The same measurements were performed as described in Figure 5.31 but
with a buffer containing 2 mM EDTA instead of 2 mM Mg**. The data were fitted to a triple
exponential equation with the following rates for target™" (A): K.y ops: 53.3 (6.4) s™, Kiz:
3.4 (+0.5) s and ki3: 0.18 (20.015) s™; and (B) Ki1_obs: 47.6 (£0.9) s, kiz: 6.5 (£0.7) s
and ki3: 0.1 (¥0.003) s™* for non-target™".

Cas9 is a Mg®*-dependent endonuclease with 3’-5’' exonuclease activity (87).
Therefore, it was attempted to investigate the pre-steady-state kinetics of the
cleavage reaction triggered by the addition of MgCl,. Figure 5.33 shows the
fluorescence change of pre-assembled Cas9-sgRNA/dsDNA complex rapidly

mixed with Mg?*.
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Figure 5.33 Pre-steady-state kinetic analysis of Cas9 cleavage reaction triggered by
Mg?". Cas9-sgRNA (50 nM) was bound to DNA duplex (20 nM) of target ™ (A) or non-
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5.5. Mechanistic model of Cas9/nucleic acid interaction

target ™ (B) in buffer without Mg?*, was rapidly mixed with buffer containing 4 mM Mg*".
The data were fitted to a triple exponential equation yielding three phases, with the
following rates for target™": (A) K1 ops: 5.5 (21) s™, kiz: 0.4 (20.04) s and k.s: 0.05
(20.02) s™ and (B) Ki1_obs: 39.8 (£1.7) s, kiz: 0.4 (£0.09) s™* and k,3: 0.011 (+0.003) s™*
for non-target V.

The first phase showed large fluctuation regarding amplitude and rate constants.
This arises most likely from mixing of the fluorophor with Mg?* and is not related to
any conformational transition of protein/nucleic acid complex. But the second and
third phases had very stable value and the rate constants are slightly faster but
comparable to the kinetics observed in the cleavage assays (Figure 5.27). The
second phase most likely represents a conformational change preceding cleavage
(slicing associated step) and the third phase corresponds to cleavage product
release. These results are in support of Cas9 is a multiple turnover endonuclease

(87), and indicate the cleavage is Mg?*-dependent but nucleic acid binding is not.

5.5.3. Influence of PAM on Cas9 nucleic acid binding

To test whether PAM recognition is a requirement of Cas9-sgRNA dsDNA binding
and cleaving, a DNA duplex with sequence changes (5’-TGG-3’ to 5-TTA-3’) in
the PAM region was used as a target (Figure 5.34). In cleavage assays, ho
cleavage product could be detected. In pre-steady-state analysis no signal change
beside the fast first phase could be observed (Figure 5.35).

Changed PAM

\ 4

5- ATAACTCAATTTGTAAAAAA TATTGCGC-3 nontarget-noPAM

{:}- AATATAACGCG target-noPAM ™M

Figure 5.34 Schematic representation of modified PAM target duplex. Boldface green
letters indicate the position of modified PAM sequence and the guide RNA matching
sequence in target DNA is underlined. The FAM-label is located at the 3"-end of target-
noPAM™M (indicated by an asterisk).
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Figure 5.35 Equilibrium and pre-steady-state analysis of binding of Cas9-sgRNA to
the modified PAM duplex. (A) dsDNA with modified PAM was titrated with increasing
concentrations of Cas9-sgRNA complex. The best fit of the experimental data to a
quadratic equation is shown by the curve, and give a value for respective Ky of 5.4 (+0.5)
nM. (B) Kinetic data of complex formation of dsDNA with modified PAM (20 nM) using
Cas9-sgRNA (100 nM) (obtained by stopped-flow measurements). Experimental data
were fitted to a single exponential equation yielding a rate constant of K., ops: 21.5 (22) s
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Figure 5.36 Equilibrium and pre-steady-state analysis of Cas9 DNA interaction in
the absence sgRNA. (A) dsDNA target was titrated with increasing concentrations of
Cas9. The best fit of the experimental data to a quadratic equation is shown by the curve,
and give a value for respective Ky of 5.6 (x1.2) nM. (B) Stopped-flow results of dsDNA (20
nM) and Cas9 protein association (100 nM). Experimental data were fitted to a single
exponential equation yielding a rate constant of ky;_gps: 13.2 (£2.5) s
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5.5. Mechanistic model of Cas9/nucleic acid interaction

Interestingly, the Ky for the modified PAM target is 5.4 nM as determined by
equilibrium titrations, which is more than 100-times lower as compared to the
results obtained using a target with unmodified PAM sequence. Moreover, binding
between Cas9 protein only and DNA duplex in the absence of sgRNA was
analyzed as a negative control (Figure 5.36). This set up revealed comparable
data to the experiment using the modified PAM target. The relatively tight binding
(Kq of 5.6 nM) shows that Cas9 has a high affinity for DNA oligonucleotides, this
tight binding could help searching for potential targets. On the other hand, usage
the Cas9-DNA binding affinity

dramatically, resulting in an exact positioning of the nucleic acid for further

of unmodified PAM sequence enhanced

interaction.
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Figure 5.37 Equilibrium and pre-steady-state analysis of Cas9-sgRNA and ssDNA
interaction. (A) ssDNA non-target™" was titrated with increasing concentrations of Cas9-
sgRNA complex. The best fit of the experimental data to a quadratic equation is shown by
the curve with a value for the respective Ky of 1.3 (0.3) nM. (B) Stopped-flow results of
Cas9-sgRNA complex (100 nM) ssDNA target non-target™ (20 nM) association.
Experimental data were fitted to a triple exponential equation yielding three phases with
the following rates: K.1 obs: 67.2 (£0.9) s, kiz: 2.2 (+0.03) s™ and k.s: 0.01 (+0.0007) s™.

To further investigate the importance of the PAM sequence, an analysis of the
binding affinity was performed using PAM only target to Cas9-sgRNA. Here, a

FAM ssDNA was used, containing the PAM sequence but without a target

non-target
strand pairing with sgRNA. The observed affinity (1.3 nM, Figure 5.37A) was much

lower than for the duplex (0.04 nM, see Figure 5.30), but higher than for a dsDNA
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without PAM sequence (> 5 nM; see Figure 5.35A). Pre-steady-state kinetic
analyzes revealed the presence of three phases (Figure 5.37B). Compared to the
four phases of Cas9-sgRNA dsDNA complex formation (Figure 5.31B), one phase
was not detected. Most likely the missing phase refers to the third phase of Cas9-
SgRNA dsDNA complex formation, which is supposed to represent unwinding of
dsDNA. Here, the remaining three phases of Cas9-sgRNA ssDNA complex
formation are suggested to represent (1) collision complex formation, (2) structural

transition triggered by PAM recognition and (3) target DNA release, respectively.

5.5.4. dCas9 missed one transition upon substrate binding

To further demonstrate that the slow phase observed during transient binding
analysis indeed represents a structural transition triggered by cleavage (compare
section 5.5.2), dCas9 was used as a reference. There are three phases observed
from pre-steady-state kinetic analysis (Figure 5.38A), which are very similar to
Cas9-sgRNA dsDNA binding without Mg?*. Compared to the results obtained with
active Cas9 (Figure 5.38B), the fourth phase is missing, which is the slow phase
equivalent to multiple turnover cleavage kinetic. This indicates the slowest phase
represents the release of cleavage products, which represents the rate limit step of

the cleavage reaction under multiple turnover conditions.
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Figure 5.38 Pre-steady-state kinetic analysis of dCas9 (or Cas9)-RNA binding to
dsDNA. The stopped flow data show binding of dCas9-sgRNA (A) or Cas9-sgRNA (B)
complex (100 nM) to 20 nM target DNA duplex using non-target™". The binding buffer
contained 2 mM Mg®". For dCas9, experimental data were fitted to a triple exponential
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5.5. Mechanistic model of Cas9/nucleic acid interaction

equation yielding three phases with the following rates: K.; ops: 84.5 (£6) s, ki,: 3.6 (+0.3)
s and ki3 0.3 (0.005) s™*. For Cas9, the data were fitted to a quadruple exponential
equation yielding four phases with the following rates: K.y ops: 56.9 (21.9) s, ki,: 3.5 (20.4)
s7%, K.z 0.11 (+0.004) st and k.4: 0.014 (+0.0005) s*.

The third phase in this experiment (Figure 5.38A) definitely does not represent the
cleavage reaction because dCas9 is catalytic inactive. Moreover, the third phase
here (k.3 of 0.3 s7%) is slightly faster than the corresponding phase in Cas9-sgRNA
dsDNA complex formation (k.3 of 0.11 s™*) or the single turnover rate. It suggests
this third phase might be a transition preceding cleavage, for example target
duplex unwinding or RNA-DNA heteroduplex formation. This indicates there is a
step preceding cleavage, which is detected during dCas9-sgRNA dsDNA

substrate association (ks in Figure 5.38A).

Next, the dissociations of dCas9-sgRNA/dsDNA or Cas9-sgRNA/dsDNA
complexes were analyzed by using 33-fold excess of non-labeled DNA as
competitor (Figure 5.39). Both graphs showed opposite signal change compared

to association experiments.

A (dCas9-sgRNA/dsDNA) B (Cas9-sgRNA/dsDNA)
T T T T T T T T ] T T T T T T T
UVUUINISRS e s .
68 |- T — 06 I~ R -
e o o
g / e L §
o - / 6,5 T T T Q I
8 /// 8 / — T T—T—T T T
2 / o 047 I 17
S 66 */' 645 | - E
© o 02 41
= L 2
T [/ 6.4 B ] L ]
® % 02 |- [ 1
64 |- — _ 0 i
6,35 Il Il 1 1
0 0,2 04 0 0,2 04
| | 1 | 1 | 1 | 0 1 | 1 1 1
0 20 40 60 80 100 0 200 400
time (s) time (s)

Figure 5.39 Pre-steady-state kinetic analysis of the dissociation of dCas9 (or Cas9)-
RNA/dsDNA complexes. 20 nM DNA duplex using non-target™" was pre-incubated with
dCas9-sgRNA (A) or Cas9-sgRNA (B) complex and then rapidly mixed with a 33-fold
excess of non-labeled competitor dsDNA. The change in fluorescence signal was
detected over time to determine dissociation rate constants. For dCas9, experimental data
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were fitted to a triple exponential equation yielding three phases with the following rates: k.
11 7.6 (20.6) s, ky: 0.1 (20.004) s* and ks 0.012 (+0.002) s™. For Cas9, the data were
fitted to a quadruple exponential equation yielding four phases with the following rates: k;:
10.3 (+0.4) s, k: 1.1 (#0.1) s, k.g: 0.05 (¥0.002) st and k.,: 0.003 (+0.0005) s™*.

Sum up, to investigate the molecular mechanism of CRISPR-Cas9 system,
steady-state and pre-steady-state studies of Cas9-sgRNA DNA binding were

performed. The overall kinetic data is shown in Table 5.8.

Table 5.8 Summary of equilibrium and pre-steady-state data of Cas9-sgRNA/DNA
complex formation. A comparison of Cas9-sgRNA DNA binding under different
conditions. Here, non-target™" used as ssDNA is, and pre-annealed target/non-target™"
used as dsDNA. Unless otherwise indicated, the binding buffer contains 2 mM Mg?*.

Cas9-sgRNA Cas9-sgRNA Cas9-sgRNA Cas9-sgRNA  dCas9-sgRNA

dsDNA dsDNA <SDNA dsDNA dsDNA
without Mg?* modified PAM
Kq (NM) 0.04 0.05 1.3 5.4 0.07
Ke1_obs (57) 58 47.6 67.2 21.5 84.5
Ko (s71) 5.3 6.5 2.2 - 3.6
Kes (57 0.1 0.1 0.01 - 0.3
Kea (s7) 0.009 - - - -
ki (s™h) 10.3 12 14 n.d. 7.6
ko (7Y 1.1 0.5 0.96 n.d. 0.1
ks (s 0.05 0.01 0.11 n.d. 0.012
Ka (s7H) 0.003 - - n.d. -

5.5.5. Influence of the seed sequence on Cas9 nucleic acid affinity

There is a 20 nt long sequence within the target DNA which hybridises with the
sgRNA whereas not the entire stretch does contribute to recognition and binding
(49). To evaluate the effects of partial complementarity on binding activity, target
strands of different lengths in the duplex region were analyzed (Figure 5.40). The
pairing “seed” region was considered to consist of 8-12 nt (49), and seeds with 8,
12 or 16 nt length were tested (Figure 5.41). Full length target (seed20) was

analyzed as standard target in section 5.5.1.
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5.5. Mechanistic model of Cas9/nucleic acid interaction

5-ATAACTCAATTTGTAAAAAA TATTGCGC-3' non-target ™M
3- ACCATAACGCG-5' target (seed20)

5-ATAACTCAATTTGTAAAAAATGGTATTGCGC-3  non-target ™™
3- ACCATAACGCG-5 target (seed16)

5-ATAACTCAATTTGTAAAAAATGGTATTGCGC-3 non-target ™M
3- ACCATAACGCG-5" target (seed12)

5-ATAACTCAATTTGTAAAAAATGGTATTGCGC-3  non-target ™™
3- ACCATAACGCG-5 target (seed8)

Figure 5.40 Schematic representation of targets with different seed lengths.
Boldface letters indicate the position of the PAM. The guide RNA matching sequence in
target DNA is underlined. The position of the FAM-label is marked with an outlined T.

Equilibrium titrations showed the affinities were decreased by reducing base
pairing within the seed region. There is a positive correlation between affinity and
length of the seed; a full length target has dozens-fold tighter binding affinity than a

target with an 8 nt long seed region.
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C (dsDNA-seeds) Figure 5.41 Equilibrium titrations of

7000 L different DNA duplexes with dCas-
SgRNA. DNA duplexes with partially
complementary targets were titrated with

6500 increasing concentrations of dCas9-

SgRNA complex. The best fits of the
experimental data to a quadratic

6000 equation are shown by the curves and

relative fluorescence

reveal values for respective Ky from
seed16 to seed8 of 0.1 (+0.02), 0.45
(x0.09) and 1.2 (x0.09) nM, respectively.
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a triple exponential equation yielding
three phases with rates given in Table
5.9.
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5.5. Mechanistic model of Cas9/nucleic acid interaction

Pre-steady-state studies were performed to reveal the details of short target
binding (Figure 5.42, Table 5.8). Since cleavage might interfere with the
dissociation reaction, inactive dCas9 was used for the dissociation measurements
here to exclude interference with substrate cleavage. The Kq was calculated from
association and dissociation rate constants and fits well with the Ky from

equilibrium measurements.

Table 5.9 Summary of equilibrium and pre-steady-state binding data for interaction
of targets with different seeds with dCas9-sgRNA. Numbers to the left represent
equilibrium measurements (Ky meas). Numbers to the right were calculated from the
corresponding association and dissociation rate constants (Kg_cay).

Ka-meas (M) kea(M*s™)  ka(s?h)  kia(s™)  ka(s™)  kis(s™)  ka(s®) K

seeds8 1.2 6.3x108 5.5 1.8 0.49 0.02 0.04 4.7
seed12  0.45 5.8x10° 4.7 2.1 0.41 0.18 0.06 0.52
seed16 0.1 6.1x10°8 5.8 2.0 0.50 0.37 0.018 0.11

seed20 0.04 5.5x10° 7.6 3.6 0.1 0.3 0.012 0.02

Compared to full length target, the biggest difference is observed for short target
with 8 nt seed sequence. Here, the signal went in the opposite direction and the
third phase k.3 was more than 10-fold slower compared to full length. Above, two
binding steps were suggested including the second phase k., representing PAM
interaction and the third phase k.3 representing RNA-DNA heteroduplex formation
of RNA guide and DNA target (Figure 5.38A). The results obtained with the 8 nt
seed sequence indicate that RNA-DNA heteroduplex formation might be

obstructed because of too less base pairing in the seed region.
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6. Discussion

In this PhD study, the interactions of non-coding small nucleic acids and
associated proteins were investigated in two distinct systems. The first one
describes hAgo protein-mediated RNAI pathways. Based on a mechanistic model
for the hAgo2-catalyzed RNA slicing reaction (128), the binding properties of
hAgol and hAgo2 were analyzed in detail to determine potential differences
between these two proteins. Relating transient kinetic data to conformational
changes of hAgo nucleic acid complexes, it could be shown that hAgol has higher
binding affinities for mismatched targets than hAgo2. This is a strong indication
that hAgol is involved in the miRNA pathway.

Recently, CRISPR was discovered as prokaryotic adaptive immune system,
including the associated enzyme Cas9 which is an RNA-guided endonuclease that
uses guide RNA strands to target invading DNA (87). Numerous studies were
reported in just a couple of years and Cas9 became a promising tool for genome
engineering (70, 71, 100). The second project in this thesis is about CRISPR-Cas9.
Here, the technique already used for kinetic studies of Ago was applied and
adapted for the investigation of the CRISPR/Cas system. By relating the obtained
experimental data to published structural and biochemical information, it was
possible to establish a minimal mechanistic model for Cas9-sgRNA DNA target

binding and cleavage, representing the first detailed model of such kind.

hAgo and SpyCas9 are nucleic acid assisted enzymes which are involved in gene
regulation. Target recognition is accomplished by base pairing, and regulatory
functions are fulfilled by binding to and cleaving of nucleic acids. Here, transient
kinetic analyses were related to corresponding mechanistic steps in two proposed
models. Furthermore, different targets as well as different conditions were tested,
which provided in-depth insights into complex interactions of protein and
corresponding target molecules. These findings allowed us to uncover new details

regarding hAgo as well as Cas9 associated regulation.
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6.1 A binding model for hAgo and nucleic acid interaction

6.1 A binding model for hAgo nucleic acid interaction

According to a previous study of the hAgo2-catalyzed RNA slicing reaction (45),
three kinetically distinct binding steps were defined relating structural transitions to
both binary and ternary complex formation. In the case of the ternary complex
(Scheme 6.1), the model includes a concentration dependent fast first phase and a
slower second and third phase corresponding to base pairing within the seed
region and release of the 3"-end from the PAZ domain, respectively (45). In the
present work an analogous binding mechanism was discovered for hAgol with
similar kinetic values. Thus, hAgol shows similar binding properties than hAgo2

but lacks the cleavage function.
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Scheme 6.1 Proposed kinetic model of ternary complex formation of hAgo2 and
SiRNA. The four domains of Ago (N, PAZ, MID and PIWI) are individually colored. The
relative positions of protein and RNA substrates during binding are indicated. Firstly,
hAgo2 forms a collision complex with the incoming target strand, followed by Watson-
Crick base pairing of the target RNA with the bound guide RNA, starting from the
prearranged seed-region. Further extension beyond nucleotide ~12 (calculated from the
5’-end of the guide) is restricted because of the 3"-end of the guide is bound to the PAZ
domain. Accordingly, the release of 3"-end of the guide from the PAZ domain is required
to complete guide and target hybridization. With kind permission of Dr. A. Deerberg (130).

The observed transitions for hAgo2 during target recognition are interpreted
structurally in scheme 6.1. Two steps of target strand interaction (seed base
pairing and 3’-end release) are also verified by a single-molecule FRET study of
Argonaute from Methanocaldococcus jannaschii (MjAgo) (44). The interaction
between Argonaute and DNA was studied using fluorescent dyes that were
covalently attached as probes at different positions of the protein and the DNA
guide. The FRET results demonstrated that the 3’-end of the guide strand is
released from the PAZ domain upon target strand loading. This is in agreement

with the pre-steady-state kinetic data of this thesis, which proposes that there is a
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comparable binding mechanism for both prokaryotic and eukaryotic Ago-mediated

silencing.

Studying hAgol, kinetic data of ternary complex formation indicated three binding
steps which are in agreement with the findings of hAgo2 (45). Furthermore,
mMIiRNA targets were tested for binding to hAgol or hAgo2, showing different
binding affinities and kinetics (see section 5.2.2). Notably, both hAgol and hAgo2
can bind to mismatched targets. Compared to fully paired siRNA, miRNA binding
was even tighter for hAgol. In both binary and ternary complex formation, all
mismatched targets tested showed stable binding to hAgo2 (Table 5.4), including
target s2b-sm which only match in the seed region. These results suggest that a
seed-match is sufficient for stable binding of a target to both hAgol and hAgo2.
However, hAgol binds tighter to miRNA than hAgo2.

Recently, single-molecule studies provided detailed insights into Argonaute-
nucleic acid interactions with a highlight on miRNA targeting (134, 135). Jo et al.
(135) used the single-molecule fluorescence technique to characterize the
interaction of hAgo2 with a small guide RNA. The study showed that target binding
by Argonaute protein can result in four distinct reaction pathways: transient binding,
stable binding, Argonaute unloading or target cleavage. Notably target cleavage
required extensive sequence complementarity but stable binding to hAgo2 is
efficiently established with the seed match only. This is supported by the study of
Chandradoss et al. (136), which suggests that the seed region is the minimal motif

required for stable target binding (nt position 2-8).

Furthermore, single-molecule imaging results published by Salomon et al. (134)
showed Ago proteins reshape the fundamental properties of nucleic acid
hybridization. In other words, Argonautes distinguish among substrates based on
sequence complementarity between guide and target. For example, mouse Ago2
binds tighter to miRNA than to siRNA targets, even though siRNA forms more
base pairs with the target. These findings reveal potential binding properties of

Argonaute which are beyond the rules for nucleic acid hybridization and suggest
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mMIiRNA targets could interact with Argonaute in a more sophisticated manner.
Similar to the results of Jo et al. (135), Salomon et al. also found that seed pairing

is required for rapid target finding and stable binding.

These recent publications (134-136) strongly support the seed-match rule:
Argonaute identifies miRNA targets by seed pairing, and this provides stable
binding to target sites. Notably, more than just base pairing between nucleic acids,
seed-match enables Argonautes to further regulate target binding and dissociation
by reshaping the rules for nucleic acid hybridization (134). These new findings
argue in support of tight binding of hAgo2 to miRNA targets. However, since
present studies mainly focus on hAgo2, the role of hAgol in the miRNA pathway is
still unclear. The kinetic data showed that miRNA binding properties of hAgo are
beyond the rules for nucleic acid hybridization, which provides a potential
explanation for miRNA target search and selection.

6.2 Argonaute and miRNA pathway

As described in section 6.1, seed-matching was reported to be sufficient for stable
binding of hAgo2 and the target (135, 136). It was proposed that mammalian Ago2
compared to fly Ago2, might be more optimized for miRNA interaction than for
SiRNA (115). In the present study, it was found that hAgol and hAgo2 are both
binding to miRNA. In the case of binary complexes, both hAgol and 2 bind to a
siRNA duplex equally tight, while hAgo2 shows a 3-fold lower affinity for miRNA
duplexes. Thus, hAgol appears to be more specialized for binding miRNA than
hAgo2. This especially holds true for ternary complexes where hAgo2 shows
significantly slower dissociation from complementary target RNAs which in turn
favours target cleavage. It appears that both proteins are involved in the miRNA
pathway, but Agol may be better suited for miRNA targets, because it binds faster
and tighter to mismatched duplexes.

As introduced in section 2.1.2, many studies indicated that SRNAs are sorted into
different Agos. This especially holds true for flies and worms (13). Many factors

such as 1) Dicer that processes the precursor, 2) the structure of the small RNA
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duplex, 3) the terminal nucleotides, 4) thermodynamic properties and 5) Ago
proteins could influence sorting (13, 137). Additionally, several reports indicate the
importance of a bias for U at the first position (48, 138—-140). The sRNA sorting
mechanism was mostly studied using the model system Drosophila melanogaster.
Unlike in mammals, there are two distinct Dicer proteins processing small RNA
duplexes in flies. Generally, miRNAs which are processed by Dicer 1 enter Agol
complexes. siRNAs processed by Dicer 2 prefer Ago2 complexes. Besides in flies,
sorting was also reported in Caenorhabditis elegans and Arabidopsis thaliana (23,
141). Worm miRNAs and siRNAs are partitioned among distinct Argonaute
subfamily proteins. miRNAs are sorted into ALG-1 (Argonaute-like gene 1) or
ALG-2, whereas siRNAs preferentially load to RDE-1 (RNAi defective 1) (141,
142). This also holds true for plant Argonautes: miRNAs processed by DCL1
(Dicer-like 1) are loaded to Agol; heterochromatic SRNAs (hcRNAs) prefer DCL3
and Ago4 and siRNAs load to Ago2. The major question is how small RNAs are
sorted and what is the function of Argonaute in SRNA sorting. In flies small RNAs
are actively sorted into Ago-containing complexes according to their intrinsic
structures. For example, a central mismatch favors sRNA loading into Agol (12).
In plants, the preferential loading by distinct Ago proteins is related to specific 5°-
nucleotides of the small RNAs. Arabidopsis thaliana Agol (AtAgol) shows a
strong bias towards a terminal U. AtAgo2 and AtAgo4 select sequences that begin
with an A and AtAgo5 mainly binds to RNAs starting with a C (22, 23, 143).

So in some less complex organisms, there is a sorting mechanism ensuring that
siRNAs and miRNAs are loaded to functionally distinct Ago-RISCs based on
duplex structure and 5°-nucleotide. Generally, Agol prefers binding of miRNAs,
whereas Ago2 associates with siRNAs. However, mammals seem to lack a strict
system for such small RNA sorting, because the mammalian Ago clade proteins
show no preference for specialized structural properties like for the 5°-nucleotide
(52, 144). It seems this might have gotten lost in mammals during evolution. The
SRNA duplexes with perfectly matched or bulged stems are loaded to either Agol
or Ago2 without distinguishability. Therefore, it is outstanding unresolved how and

why the sorting may have changed during the evolutionary journey.
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Wee et al. (115) published information concerning functional domains of sSRNA
guides as determined by the interaction with Argonaute (Figure 6.1A). It was one
of the references used for the design of the mismatch containing targets (Table 5.3,
Figure 5.10). The observed kinetic data using different targets (Table 5.4) are in
accordance with these proposed divided domains of sSRNAs and might be an
explanation for the sorting of miRNA. Moreover, according to their model (Figure
6.1B), fly Ago2-RISC forms in a cleavage competent conformation and cleaves the
target RNA completely. Mouse Ago2-RISC on the other hand has a slow catalytic
rate often allowing the target to escape before being sliced. Besides, siRNA from
fly Ago2 dissociates much slower than from mouse Ago2 and mouse Ago2 binds
much tighter to mismatched targets than fly Ago2 (115). All these results indicate
that mammalian Ago2 evolved towards miRNA regulation even though it is the
only enzymatically active Ago. From the basic sequence alignment of Agol and 2,
it appears Ago2 is evolutionarily more active than Agol. The comparison of human
and mouse Ago sequences shows both Agol proteins display exactly the same
sequence while there are seven amino acid exchanges for Ago2; there is a 73%
similarity among Agol between human and fly, but only 33% for Ago2. So the
apparent missing of a sorting mechanism is most probably due to the evolution of
Ago2, which involves miRNA regulation, taking over the function from Ago1l protein.

However, there are four Argonaute proteins in humans. Except hAgo4, which is
not expressed in most human cell lines and is the most divergent of the four
proteins, the remaining hAgo 1-3 all show high expression levels (59). So it is
believed that there are particular functions for the distinct Agos in humans
although the details remain unclear. Based on the kinetic data and the sequence
conservation of Agol among mammals, it was proposed that hAgol preferentially
binds miRNA. It might be more efficient than hAgo2 because of the faster
association of ternary complexes and it might be more specific because of a
different tolerance to mismatch positions (compared to Ago2, Table 5.4). This
strongly indicates that the selection mechanism in mammals is working differently
compared to less complex organisms since hAgo2 is involved in miRNA regulation.

But hAgol still might be the main player in the miRNA pathway; it is of major
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importance because of some specific features as discussed. Moreover, a recently
discovered Agol-specific SRNA with novel functionality suggests the sorting

mechanism is functional in mammals but maybe more sophisticated (27).

A ,, seed 3 supplementary
5’-pUGAGGUAGUAGGIgUGgAUAGU-3'
anchor central tail

B Fly Ago2
V PAZ
Mouse Ago2 MID: piwi
+
Target RNA

Product release
and enzyme
regeneration

Target

cleavage
K,,=1.00r0.1 nM

K.,= 6.1 0r 0.081 x 102 s~

K,=120or 13 pM

%

K,=3.7 or 20 pM

Figure 6.1 Model for RISC function. (A) Argonaute defines distinct functional domains
within the RNA guide. A small RNA guide can be divided into anchor (g1), seed (g2—g8),
central (g9—g12), 3"-supplementary (g13—g17), and tail (g18-g21) region. (B) A model for
RISC binding and cleavage of target RNA. The numbers for fly Ago2 are in black and the
numbers for mouse Ago2 are in red. Kp and k., were measured by an equilibrium
competition assay (adding competitor RNA to pre-incubated Ago2-RISC). Experimentally
determined Kp and ko were used to calculate Ko (= Koit /Kp). Ky = (Kot + Keat)/Kon- When Keg
<< Ko, Ku~Kp. Modified from Wee et al. (115), with kind permission of Elsevier.

6.3 Structural comparison between hAgo 1 and 2
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Ago proteins are found in all domains of life and share remarkable structural
conservation. The overall nucleic acid binding mechanism is the same regardless
of DNA or RNA substrates (145). However, recently interesting differences have
been discovered as more biochemical and structural information is obtained from
different Agos. For example, some Ago proteins strictly select their guide
substrates by the 5°-nucleotide (146) whereas others have the same cleavage
efficiencies regardless of the 5’-nucleotides (65). For the development of
therapeutics, there have been studies reported which indicate that chemical
modifications of therapeutically administered siRNAs or miRNAs can improve
serum stability and enhance efficiency of their delivery (147, 148). So the
important question here was, how structurally highly homologous proteins

differentiate between various substrates and act in different pathways.

hAgol and hAgo2 share 84% amino acid sequence identity and adopt quite similar
overall folding topologies, whereas there are no obvious structural differences that
could explain differential activity between hAgol and hAgo2 from a structural point
of view (55). Recent publications focus on activating enzymatically inactive hAgol
and hAgo3 to become slicers. This could be accomplished by two groups (54, 61)
using either domain swapping or DNA family shuffling. Besides the difference
within the catalytic center, it became obvious that mutations distal to the catalytic
center are of major relevance for the cleavage activity. These results revealed a
role for noncatalytic structural features for the enzymatic function of human Ago
proteins. This is a strong indication that the interaction between Ago and RNA or
other accessory proteins, for example TRBP [human immunodeficiency virus (HIV)
transactivating response RNA (TAR) binding protein] or PACT (protein activator of
the interferon induced protein kinase), could activate a rearrangement of different
Ago domains. A crystal structure of a hAgo2/guide/target ternary complex was
published recently (43). This structure serves as structural basis for Ago targeting
of mIRNA. The structures with or without target RNA suggest a stepwise
mechanism of miRNA recognition in which the initial target pairing with guide
nucleotides 2 to 5 promotes conformational changes that expose more nucleotides
for further target recognition. So far, only seed region pairing has been resolved
structurally using X-ray crystallography, while the non-seed region, including
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mismatches, remains unclear. However, the B-factor analysis showed that seed
pairing stabilizes the MID domain and activates the PAZ domain. Moreover, it was
reported some years ago (149), that the conformational flexibility and
rearrangement of the PAZ domain may be critical for regulation of miRNA binding.
The high flexibility of the N-terminus in the ternary complex shows that further
target pairing might involve the N-terminal part of Ago and likely triggers further

rearrangements.

The domain swapping experiments mentioned above, demonstrated that the N-
terminus of hAgol is supportive of high affinity miRNA binding, especially the
PAZ1 region. The function of the PAZ domain is still poorly understood and mostly
known for guide 3"-end binding. Recent research (150) suggest an additional role
for the Ago PAZ domain in mammalian miRNA pathways, which shows the PAZ
domain is required for Ago loading of slicing-independent RISC. Similar results
were found in Drosophila (DmAgo) (58). Here, the N-terminal lobe of Argonaute
regulates slicer activity, and the interactions with guide RNA determine whether
the target mMRNA enter a slicer-dependent or independent pathway. Notably,
lacking of PAZ domain blocked the silent Ago (hAgol, 3, 4) to form mature RISC
(150), which suggest that the PAZ domain is required for SRNA duplex unwinding
or ejection. Since the PAZ domain might be more important for hAgol than hAgo2,
it was expected to find some differences in the PAZ domain by structural
comparison between hAgol and hAgo2. The static structure however is very
similar and the most obvious difference was found in B-factors. A notable flexible
random coil was found in the PAZ domain of hAgol which is different from hAgo2,

and is exactly the major sequence difference between hAgo2-PAZ1 and hAgo2.

Overall, both hAgol and hAgo2 show strong interaction with either SiRNA or
MIiRNA, and the binding kinetic differences are less significant for binary than
ternary complex formation. It was assumed that they are both adapted to deal with
siRNA as well as miRNA, but sorting takes place during ternary complex formation
Ago2 shows slower dissociation from fully paired target RNAs whereas hAgol

shows faster association with mismatched targets. This suggests an adapted
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SRNA sorting system in humans, which is more sophisticated and complicated

than in the less complex organisms.

6.4 A kinetic model of Cas9 nucleic acid interaction

The CRISPR-Cas system is one of the breakthrough technologies in recent years,
which fruitfully stimulates related research. In the present study, the kinetics of
Cas9 nucleic acid interactions were measured. With the help of structural and
biochemical studies by others (110, 112), it was possible to relate the kinetic data
to conformational changes along the pathway. Here, three minimal mechanistic
models for Cas9 were proposed implementing the different pre-steady-state kinetic

measurements (Scheme 6.2).

The Cas9 nucleic acid interaction starts with PAM (protospacer adjacent motif)
dependent searching. Once PAM is recognized by a binary complex of Cas9-
sgRNA, dsDNA target unwinding and RNA-DNA heteroduplex formation is
triggered. Following target base pairing, the dsDNA is cleaved and the product is
released. The aim of the CRISPR-Cas9 project in the present study was to
establish a comprehensive minimal mechanistic model for Cas9-sgRNA/DNA
binding and cleavage. Based on the kinetic data of Cas9 nucleic acid interaction
measured applying different conditions, it was possible to propose a Cas9-sgRNA
dsDNA binding model (Scheme 6.3).
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Scheme 6.2 Analysis of Cas9-nucleic acid interactions by stopped flow
measurements applying different experimental conditions. Relating the pre-steady-
state data to the binding mechanism five steps k.; to k.s in the order of occurrence were
proposed (irrelevant of phase order in individual measurement), consistent with Scheme
6.3. Cas9-sgRNA+dsDNA was related to the stopped flow experiment of Cas9-sgRNA
dsDNA complex formation (Figure 5.31B). The pre-steady-state Kkinetic analysis
suggested four phases, with the following transitions: diffusion-controlled formation of a
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collision complex (k.;), PAM recognition (k.2), DNA unwinding and cleavage (k.s*) and
product release (k.s). dCas9-sgRNA+dsDNA was related to the stopped flow experiment
of dCas9-sgRNA dsDNA complex formation (see Figure 5.38A). Pre-steady-state kinetic
analysis suggested three phases, with the following transitions: diffusion-controlled
formation of a collision complex (k.1), PAM recognition (ki) and DNA unwinding (K.s3).
Furthermore, Cas9-sgRNA-dsDNA+Mg®* was related to the stopped flow experiment of
Cas9-sgRNA-dsDNA cleavage reaction triggered by Mg?* (Figure 5.33B). Pre-steady-
state kinetic analysis suggested two phases with the following transitions: a DNA cleavage
associated step (k.4*), which does not represent the actual chemical hydrolysis reaction,
and product release (k.s). kis* differ from k.3 because k.s* as it is proposed to include two
steps: DNA unwinding and a conformational change due to cleavage. However they could
not be differentiated because of the overlay of two phases.
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Scheme 6.3 Proposed kinetic model for Cas9-sgRNA dsDNA targeting and cleavage.
Cas9-sgRNA binds DNA target by a PAM-dependent search process. After PAM
recognition (ki) the target is loaded to Cas9. Starting with PAM melting, the ds DNA is
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sequentially unwound (k.3) followed by RNA-DNA heteroduplex formation. When the two
strands are separated and positioned within the corresponding domains, slicing occurs
(k+4). The DNA is cleaved, but the cleaved products initially remain bound to Cas9-sgRNA
and are subsequently released at a slow rate (k.s). The first fast phase (k.;) depends on
the concentration of binding partners, and represents a diffusion-controlled formation of a
collision complex. It is proposed that minimally there are five structurally defined steps for
the entire reaction. These are collision complex formation (k.;/k ), PAM recognition (kK../k.
), DNA unwinding including RNA-DNA hybridization (k.s/k3), DNA cleavage (k.s*) and
product release (k.s). The corresponding rate constants are: k;: 3.2 x 108 M*.s™, k4: 7.6
s! kiz: 3.6 s7H ki 0.1 578 kig: 0.3 87 kg 0.012 574 kiy: (n.d.), and Kys: 0.006 s ky—ks
were determined by stopped flow measurements and ks by DNA cleavage assay. k.4, the
actual chemical hydrolysis step was too fast to be determined accurately.

6.5 From kinetic data to mechanism

In the proposed model, five steps for Cas9-sgRNA dsDNA interaction were
defined (Scheme 6.3). Basically, these distinct steps can be divided into target
binding and target cleavage. The first three rate constants (k;—ks) represent target
binding. ks can only be observed when using dCas9 (or Cas9 in Mg?* free buffer)
and the remaining two steps (k.4 and kis) represent Mg?* dependent target
cleavage and product release. However, these five steps could not be observed

applying a single stopped flow measurement.

Four phases were observed during binding of non-target™" dsDNA to Cas9-
SgRNA using cleavage conditions with the first fast phase that depends on the
concentration of binding partners (Scheme 6.2, Cas9-sgRNA+dsDNA). The two
slow phases k.3* and ks are considered to be associated with slicing and release
of cleavage products, because they are very close to the kinetics observed during
substrate cleavage under either single or multiple turnover conditions. Comparing
these values to binding in the absence of Mg?”, it turned out that the slowest phase
ks is missing, which strongly suggests this phase might be associated with
cleavage. However, k., and k.3 were unaffected and close to the corresponding
rates in the presence of Mg®*, indicating these steps are Mg®* independent. This is
further supported by pre-steady-state analysis of dCas9-sgRNA dsDNA complex
formation. The binding kinetics of dCas9 were almost indistinguishable from those
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of Cas9 in experiments in the absence of Mg?*. Notably, the third phase (k:3=0.3
s™) of dCas9-sgRNA dsDNA complex formation (or Cas9-sgRNA dsDNA in the
absence of Mg®) is slightly faster than the third phase (k:3*=0.11 s™%) of Cas9-
sgRNA dsDNA complex formation applying cleavage condition. Thus, the phases
may represent different steps of reaction. The third phase of dCas9-sgRNA
dsDNA complex formation is definitely not related to cleavage because dCas9 is
catalytic inactive. For Cas9, the third phase is supposed to represent cleavage,
since the rate constant shows the same value as for substrate cleavage under
single turnover conditions. Moreover, cleavage was measured in stopped flow
experiments. For this a pre-assembled ternary Cas9-sgRNA-dsDNA complex was
rapidly mixed with Mg®* to trigger the cleavage reaction. Applying such conditions
two phases were observed which are supposed to represent a conformational
change associated with cleavage (Scheme 6.2, Cas9-sgRNA-dsDNA+Mg**). Here,
the corresponding rate k.4*=0.4 s is faster than the single turnover cleavage rate.
As a consequence, it is proposed that the third phase of dCas9-sgRNA+dsDNA
complex formation rather represents a step prior to cleavage, most likely RNA-
DNA heteroduplex formation (and DNA unwinding), which represents the rate-
limiting step of single turnover cleavage. Therefore, the observed third phase of
Cas9-sgRNA+dsDNA complex formation might actually include two steps: DNA

unwinding and slicing (Scheme 6.2).

According to a study of Sternberg et al. (112), the mechanism of Cas9 searching
for targets is associated with PAM sequences. Their single-molecule study
visualized transient interactions of Cas9 with PAM-rich sequences and showed
Cas9-sgRNA finds targets by three-dimensional diffusion, which helps to locate a
particular target within the vast amount of DNA in the cell (112). The equilibrium
and pre-steady-state studies point in the same direction: if no PAM is present, no
binding occurs. The modified PAM target used in this study had a very low binding
affinity for Cas9-sgRNA. Stopped flow experiments showed only one phase of
Cas9-sgRNA/modified PAM DNA complex formation. This was reasonable as
merely collision complex formation could be observed. Thus, PAM recognition is
the initial step, followed by R-loop formation. Recent single DNA molecule
supercoiling experiments enabled direct observation of R-loop formation in real
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time (113, 151). These results indicated R-loops propagate directionally starting
from the PAM and expanding toward the distal protospacer end. Moreover, it could
be shown that R-loop progression can be monitored close to base-pair resolution
and target recognition occurs exclusively through a directional R-loop-zipping
process (113). A recent structural study further revealed the interaction between
the PAM motif and Cas9 residues in the carboxy-terminal domain (CTD) of the
protein (110). The GG dinucleotide of the non-target strand is read out via major-
groove interactions with conserved arginine residues from the CTD. This suggests
a mechanism for PAM-dependent target DNA melting and RNA-DNA hybrid
formation. A few months ago, two distinct DNA binding modes were reported by
using single-molecule FRET (152). These results revealed that target recognition
initiates from the PAM and promotes with high fidelity via the seed sequence.
Although this single-molecule study was performed in the type | CRISPR-Cas
systems (using a large ribonucleoprotein surveillance complex called Cascade), it
suggests that the stepwise target recognition may also hold true for the type I
CRISPR-Cas9 system. So the mechanism of target binding is based on the
current understanding. Cas9 finds targets by searching for PAM, followed by PAM
melting (R-loop formation), and RNA-DNA hybrid formation (or dsDNA unwinding)
mediated by complementary seed sequences. These findings are the basis of a
model proposed by Sternberg et al. (Figure 6.3) (112). For PAM dependent target
searching, the process starts with random three-dimensional collisions of Cas9-
sgRNA and DNA. Cas9-sgRNA rapidly dissociates from non-PAM DNA which
greatly enhances efficiency. Once bound to a PAM sequence, Cas9 samples the
adjacent DNA for guide RNA complementarity. When the target matches a
sequence, an RNA-DNA heteroduplex forms, and R-loop expansion propagates
via sequential unwinding. If it is the correct target dsDNA will be cleaved and the
cleaved products remain bound to Cas9-sgRNA. It was observed that the
cleavage products remain tightly bound to Cas9-sgRNA in both single-tethered
“‘DNA curtains” and biochemical gel-shift assays (112). The cleavage assay and
stopped flow experiments also showed a slow rate of 0.006 s™. Cleavage product
release is suggested to be the rate-limiting step, which overall limits multiple

turnover cleavage processes.
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Figure 6.3 Model for target search, recognition and cleavage by Cas9-sgRNA.
Details are explained in the text see above. Taken from Sternberg et al. (112), with kind
permission of Nature Publishing Group.

6.6 The “seed” mechanism

Recent single-molecule studies of Argonaute provided molecular details for the
process of target finding, binding, cleavage, and release (5). The seed (nt position
2-8) is the minimal motif required and promotes stable association of Ago to
mMiRNA targets (136). This emphasizes the importance of the base pairing in seed
region for the accuracy of target selection. Together with crystal structure analysis
of hAgo2 bound to a miRNA guide and short RNA target sequences (43), this
suggests seed pairing is the key mechanism for target binding used by Argonaute
proteins during RNA interference in eukaryotes. In this study, a similar seed
mechanism for CRISPR-Cas9 was identified and characterized, apparently

indicating a possible convergent evolution of Ago and Cas9.

Here, binding affinities of Cas9-sgRNA to DNA strands comprising different seed
length from 8nt to 20nt were measured. The determined affinity was strongly seed-
dependent with a dramatically reduced affinity when the amount of base pairing in

the seed region drops below a certain threshold. This is in accordance with results
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from Sternberg et al. (112). Higher complementarity results in slower ks rates and
longer lifetime of the targets (Figure 6.3). A detailed pre-steady-state kinetic
analysis revealed, targets with a 12 or 16 nt seed length showed similar binding
properties compared to the 20 nt full-length target, but a target of 8 nt seed length
did not. Moreover, the 8 nt seed substrate did show the opposite fluorescence
signal change upon interaction with Cas9-sgRNA compared to the other three
targets with k.3 being 15-fold slower. Together, this indicates that a seed of 8 nts
might not be sufficient for proper binding to Cas9-sgRNA complex. According to a
recent study (116), a 10-nucleotide RNA “seed” sequence is required for initial
DNA interaction which is preordered in an A-form conformation.

Observations from crystal structures of Cas9 bound to sgRNA revealed the Cas9-
SgRNA complex is preorganized for target DNA recognition (116). Thus, structural
rearrangements might occur before target DNA duplex binding. Single-particle
electron microscopy reconstructions showed that the two structural lobes which
form the nucleic acid binding cleft perform a guide RNA-induced reorientation to
form a central channel in which DNA substrates can be bound (108). sgRNA
binding triggers a rearrangement of the PAM recognition region. Moreover,
structural observations of the PAM-dependent target DNA recognition was
reported by another crystallography study (110). It was revealed that target DNA
recognition is based on PAM-dependent searching followed by GG dinucleotide
interactions with conserved arginine residues from the Cas9 CTD (110).
Comparison of CTD before and after Cas9-sgRNA binding to DNA revealed the
CTD domain becomes structured to accommodate the PAM duplex. This is
followed by target DNA melting and RNA-DNA hybrid formation. These
conformational changes might cause the observed signal change in the
fluorescence experiments, when using DNA targets with a FAM label at different
positions (Figure 5.31). The 3"-end labeled DNA target™" showed a smaller signal
change and one phase less than the non-target™" with FAM in the 7™ position
(calculated from the PAM, or 14" position from 5’-end). Comparing the binding
data received with these two different substrates, it turned out that ki, from non-

FAM

target™™ could not be observed when using target™". It is believed the difference

arises due to the position of FAM of target™" being too far away from the protein
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center, especially the CTD, so interactions with CTD might not be detected using
target™™. For the same reason, the amplitude of the signal change is smaller than

for non-target™"

, Which has a FAM-label that is closer to the core of Cas9 protein.

After PAM-dependent DNA target recognition, the PAM region melts followed by
RNA-DNA hybrid formation. Since Cas9 has no energy dependent helicase activity,
the mechanism of local DNA unwinding remains unknown. A sequential, stepwise
unwinding mechanism was proposed by Sternberg et al. (112). According to that
formation of the RNA-DNA heteroduplex starts at the PAM sequence position and
proceeds sequentially towards the distal 5°-terminus of the target sequence, which
is consistent with a Brownian ratchet (153). Because the dsDNA unwinding might
rely on this thermal energy, a signal change in the opposite direction was
observed for the 8 nt seed target with an extremely slow k.3 rate constant. A
reasonable explanation might be a too short seed region provides too less energy
for unwinding, which in turn affects binding and cleaving. This is in agreement with

the requirement for a minimal 10 nt long seed sequence.

6.7 Outlook

In the present study, basic mechanistic models for both hAgol RNA binding and
Cas9-sgRNA DNA targeting and cleavage were established. The detailed kinetic
data from steady-state and pre-steady-state analyses in this study provide
information about protein nucleic acid complex formation. For Argonaute, | could
show that hAgol does bind mismatched targets differently compared to hAgo2,
highlighting preferential association of hAgol with miRNA. This suggest different
Argonautes having different functions, and supports the claim of sorting of short
RNA is relevant in humans. From a biotechnological point of view, usage of these
data could lead to the development of improved miRNA based drugs for biological
and clinical applications, especially potential markers for diagnosis (154). For
example, the technique here could be used as a platform for testing miRNA
targets in vitro. Affinity and binding kinetic data could help to predict the
therapeutically properties of RNA based drugs.
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Discussion

For Cas9 the model presented here is in support of previous models based on
structural and biochemical data (110, 112). It provides a clearer understanding of
this new remarkable tool. Applications of Cas9 were explosively expanding in the
past two years, but the clinical applications are limited by the potential high
amount of off-target effects. Therefore, improving target specificity and accurate
predicting potential off-targets remain a significant goal (155). The model system
in this thesis is suitable to measure not only the affinity of a given target but also to
determine the binding kinetics of each individual reaction step. This will be useful
in evaluating binding properties of DNA targets to reduce off-target effects. The
final goal is to generate higher fidelity Cas enzymes which can be safely used in

gene or cell therapy.
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Caenorhabditis elegans
carboxy-terminal domain
carboxy-terminus

cytidine 5'-triphosphate

Curie

centimeter

CRISPR RNAs
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