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1. Abbreviations
Amp

ampicillin

AP

alkaline phosphatase

APS

ammonium persulphate

ATP

adenosine triphosphate

as

antisense

BCIP

5-Bromo-4-Chloro-3-Indolylphosphate

bp

base pairs

BS

blasticidin

cAMP

5’-3’ cyclic adenosine monophosphate

cDNA

complementary DNA

DEPC

diethylpirocarbonate

CHAPS

3-[(3-Cholamidopropyl)dimethylammonio]-1-propanesulfonate

DAPI

4',6-Diamidino-2-phenylindole

DNA

deoxyribonucleic acid

DMF

dimethyl formamide

DMSO

dimethyl sulfoxide

DTT

dithiothreitol

dNTP

deoxyribonucleotide triphosphate

ds

double stranded

dsRBD

double stranded RNA-binding domain

EDTA

ethylenediaminetetraacetic acid

EMSA

electrophoretic mobility shift assay

Fig.

figure

G418

Geniticin

GFP

green fluorescent protein

h

hour

HEPES

N-(2-hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid)

IPTG

isopropyl-beta-D-thiogalactopyranoside

kb

kilo base pairs

kDa

kilo dalton

l

liter
1

M

molar

mA

milliampere

NBT

nitro blue tetrazolium chloride

NLS

nuclear localization signal

NP40

Nonident®P40

nt

nucleotide

OD

optical density

P

phosphate

PAA

polyacrylamide

PAGE

polyacrylamide gel electrophoresis

PCR

polymerase chain reaction

PEG

polyethylene glycol

RdRP

RNA-directed RNA Polymerase

PMSF

phenylmethylsulfonylfluorid

PNK

polynucleotide kinase

PTGS

posttranscriptional gene silencing

RNA

ribonucleic acid

RNAi

RNA interference

rNTP

ribonucleotide

rpm

rounds per minute

RT

room temperature

SDS

sodium dodecyl sulphate

ss

single stranded

TBE

Tris-Borat-EDTA

TBq

terabequerel

TEMED

N’N’N’N’-Tetramethylethylendiamin

Tris

Tris(hydroxymethyl)aminomethane

tRNA

transfer ribonucleic acid

u

unit

UTP

uridine triphosphate

UV

ultraviolet

V

volt

W

watt
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2. Summary
RNA interference (RNAi) is a recently discovered process, in which double stranded RNA
(dsRNA) triggers the homology-dependant degradation of cognate messenger RNA (mRNA).
First discovered in plants, where this silencing mechanism is known as post-transcriptional
gene silencing (PTGS), RNAi occurs in a variety of organisms, including C. elegans, D.
melanogaster and fungi. It has been shown recently that RNAi as well as antisense (as)
mediated PTGS works efficiently in Dictyostelium (Martens et al., 2002). The molecular
requirements of asRNA-mediated gene silencing and RNAi have been investigated and many
key components of the RNAi machinery in Dictyostelium have been identified. Among these
are three RdRP homologues, two Dicer homologues and five Argonaute homologues.
In a search for further components of the RNAi machinery, a new gene was identified, which
was called helF. HelF is a putative RNA helicase, which shows a high homology to the
helicase domain of Dicer, to the helicase domain of Dictyostelium RdRP and to the C.
elegans gene drh-1, that codes for a dicer related DExH-box RNA helicase, which is required
for RNAi. The aim of the present Ph.D. work was to investigate the role of HelF in PTGS,
either induced by RNAi or asRNA. A genomic disruption of the helF gene was performed,
which resulted in a distinct mutant morphology in late development. The cellular localization
of the protein was elucidated by creating a HelF-GFP fusion protein, which was found to be
localized in speckles in the nucleus.
The involvement of HelF in the RNAi mechanism was studied. For this purpose, RNAi was
induced by transformation of RNAi hairpin constructs against four endogenous genes in wild
type and HelF- cells. The silencing efficiency was strongly enhanced in the HelF K.O. strain
in comparison with the wild type. One gene, which could not be silenced in the wild type
background, was successfully silenced in HelF-. When the helF gene was disrupted in a
secondary transformation in a non-silenced strain, the silencing efficiency was strongly
improved, a phenomenon named here “retrosilencing”. Transcriptional run-on experiments
revealed that the enhanced gene silencing in HelF- was a posttranscriptional event, and that
the silencing efficiency depended on the transcription levels of hairpin RNAs. In HelF-, the
threshold level of hairpin transcription required for efficient silencing was dramatically
lowered. The RNAi-mediated silencing was accompanied by the production of siRNAs;
however, their amount did not depend on the level of hairpin transcription. These results
indicated that HelF is a natural suppressor of RNAi in Dictyostelium. In contrast, asRNA
3

mediated gene silencing was not enhanced in the HelF K.O, as shown for three tested genes.
These results confirmed previous observations (H. Martens and W. Nellen, unpublished) that
although similar, RNAi and asRNA mediated gene silencing mechanisms differ in their
requirements for specific proteins.
In order to characterize the function of the HelF protein on a molecular level and to study its
interactions with other RNAi components, in vitro experiments were performed. Besides the
DEAH-helicase domain, HelF contains a double-stranded RNA binding domain (dsRBD) at
its N-terminus, which showed high similarity to the dsRBD domain of Dicer A from
Dictyostelium. The ability of the recombinant dsRBDs from HelF and Dicer A to bind
dsRNA was examined and compared. It was shown by gel-shift assays that both HelF-dsRBD
and Dicer-dsRBD could bind directly to long dsRNAs. However, HelF-dsRBD bound more
efficiently to dsRNA with imperfect matches than to perfect dsRNA. Both dsRBDs bound
specifically to a pre-miRNA substrate (pre-let-7). The results suggested that most probably
there were two binding sites for the proteins on the pre-miRNA substrate. Moreover, it was
shown that HelF-dsRBD and Dicer-dsRBD have siRNA-binding activity.
The affinities of the two dsRBDs to the pre-let-7 substrate were also examined by plasmon
surface resonance analyses, which revealed a 9-fold higher binding affinity of the DicerdsRBD to pre-let-7 compared to that of the HelF-dsRBD. The binding of HelF-dsRBD to the
pre-let-7 was impaired in the presence of Mg2+, while the Dicer-dsRBD interaction with prelet-7 was not influenced by the presence of Mg2+.
The results obtained in this thesis can be used to postulate a model for HelF function. In this,
HelF acts as a nuclear suppressor of RNAi in wild type cells by recognition and binding of
dsRNA substrates. The protein might act as a surveillance system to avoid RNAi initiation by
fortuitous dsRNA formation or low abundance of dsRNA trigger. If the protein acts as an
RNA helicase, it could unwind fold-back structures in the nucleus and thus lead to decreased
RNAi efficiency. A knock-out of HelF would result in initiation of the RNAi pathway even
by low levels of dsRNA. The exact molecular function of the protein in the RNAi mechanism
still has to be elucidated.
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Zusammenfassung
RNA interferenz (RNAi) ist ein in jüngster Zeit entdeckter Mechanismus, bei dem
doppelsträngige RNA Moleküle (dsRNA) eine Homologie-abhängige Degradation einer
verwandten messenger-RNA (mRNA) auslösen. Nach der ursprünglichen Entdeckung des
RNAi-Mechanismus in Pflanzen, in denen er als post-transkriptionelles gene silencing
(PTGS) bezeichnet wurde, konnte er in einer großen Anzahl unterschiedlichster Organismen,
einschließlich C. elegans, D. melanogaster und einigen Pilzen nachgewiesen werden. In
vorangehenden Arbeiten (Martens et al., 2002) konnte gezeigt werden, dass sowohl RNAi,
als auch antisense (as) vermitteltes PTGS in Dictyostelium vorkommt. Die auf molekularer
Ebene beteiligten Proteine für die asRNA-vermittelte Gen Stilllegung und den RNAiMechanismus wurden untersucht, und es konnten einzelne Schlüsselkomponenten der RNAiMaschinerie in Dictyostelium identifiziert werden. Unter den bislang identifizierten Proteinen
befanden sich drei RdRP-homologe, zwei Dicer-homologe und fünf Argonaut-homologe
Proteine. Auf der Suche nach weiteren Komponenten der RNAi-Maschinerie konnte ein
neues Gen (helF) identifiziert werden. HelF ist eine putative RNA-Helikase mit einer hohen
Homologie zur Helikasedomäne der bekannten Dicerproteine, der Helikasedomäne der
Dictyostelium RdRP und zu dem C. elegans Gen drh-1, welches für eine Dicer-bezogene
DExH-box RNA Helikase codiert, die am RNAi-Mechanismus beteiligt ist.
Das Ziel dieser Arbeit war es, die Funktion von HelF im Zusammenhang des RNAi oder
asRNA induzierten PTGS zu untersuchen. Es wurde eine Unterbrechung des helF-Gens auf
genomischer Ebene (K.O.) vorgenommen, was bei den Mutanten zu einer veränderten
Morphologie in der späten Entwicklung führte. Die Lokalisation des Proteins in der Zelle
konnte mit Hilfe einer GFP-Fusion analysiert werden und kleinen Bereichen innerhalb des
Nukleus zugewiesen werden.
Im Weiteren wurde der Einfluss von HelF auf den RNAi-Mechanismus untersucht. Zu
diesem Zweck wurde RNAi durch Einbringen von RNAi Hairpin-Konstrukten gegen vier
endogene Gene im Wiltypstamm und der HelF--Mutante induziert. Im Vergleich zum
Wildtypstamm konnte im HelF--Mutantenstamm eine stark erhöhte „Silencing“-Effizienz
nachgewiesen werden. Ein Gen, welches nach RNAi Initiation im Wildtypstamm unverändert
blieb, konnte im HelF--Mutantenstamm erfolgreich stillgelegt werden. Durch sekundäres
Einführen einer Gendisruption im helF-Locus in einen Stamm, in welchem ein Gen nicht
stillgelegt werden konnte, wurde die Effizienz des Stilllegens deutlich erhöht. Dieses
5

Phänomen wurde hier erstmals als „Retrosilencing“ beschrieben. Mit Hilfe von
transkriptionellen run-on Experimenten konnte belegt werden, dass es sich bei dieser
erhöhten Stilllegungseffizienz um ein posttranskriptionelles Ereignis handelte, wobei die
Stillegungseffizienz von der Transkriptionsstärke der Hairpin RNAs abhängt. Für die HelF-Mutanten konnte gezeigt werden, dass der Schwellenwert zum Auslösen eines effizienten
Stillegens dramatisch abgesenkt war. Obwohl die RNAi-vermittelte Genstilllegung immer
mit der Produktion von siRNAs einhergeht, war die Menge der siRNAs nicht abhängig von
dem Expressionsniveau des Hairpin-Konstruktes.
Diese Ergebnisse legen nahe, dass es sich bei der HelF um einen natürlichen Suppressor des
RNAi-Mechanismus in Dictyostelium handelt. Im Gegensatz hierzu war die as-vermittelte
Stilllegung von drei untersuchten Genen im HelF-K.O. im Vergleich zum Wildyp
unverändert. Diese Ergebnisse bestätigten frühere Beobachtungen (H. Martens und W.
Nellen, unveröffentlicht), wonach die Mechanismen für RNAi und asRNA-vermittelte
Genstilllegung unterschiedliche spezifische Proteine benötigen.
Um die Funktion des HelF-Proteins auf der molekularen Ebene genauer zu charakterisieren
und die Interaktion mit anderen RNAi-Komponenten zu untersuchen, wurden in vitro
Versuche durchgeführt. Das HelF-Protein enthält, neben der DEAH-Helikase-Domäne eine
N-terminale Doppelstrang RNA bindende Domäne (dsRBD) mit einer hohen Ähnlichkeit zu
der dsRBD des Dicer A aus Dictyostelium. Die dsRNA-Bindungsaktivität der beiden dsRBDs
aus HelF und Dicer A wurde analysiert und verglichen. Es konnte mithilfe von GelRetardationsanalysen gezeigt werden, dass sowohl HelF-dsRBD als auch Dicer-dsRBD direkt
an lange dsRNAs binden können. Hierbei zeigte sich, dass die HelF-dsRBD eine höhere
Affinität zu einem imperfekten RNA-Doppelstrang besitzt, als zu einer perfekt gepaarten
dsRNA. Für beide dsRBDs konnte eine spezifische Bindung an ein pre-miRNA Substrat
nachgewiesen werden (pre-let-7). Dieses Ergebnis legt nah, dass es zwei Bindestellen für die
Proteine auf dem pre-miRNA Substrat gibt. Überdies hinaus konnte gezeigt werden, dass die
dsRBDs beider Proteine eine siRNA bindende Aktivität besitzen. Die Affinität beider
dsRBDs an das pre-let-7 Substrat wurde weiterhin mit Hilfe der Plasmon Oberflächen
Resonanz untersucht. Hierbei konnte eine 9-fach höhere Bindeaffinität der Dicer-dsRBD im
Vergleich zur HelF-dsRBD nachgewiesen werden. Während die Bindung der HelF-dsRBD
an das pre-let-7 durch die Anwesenheit von Mg2+ beeinträchtigt war, zeigte sich kein Einfluß
von Mg2+ auf das Bindeverhalten der Dicer-dsRBD.
Mit Hilfe der in dieser Arbeit gewonnen Ergebnisse lässt sich ein Model für die Funktion von
HelF postulieren. In diesem Model wirkt HelF durch Erkennen und Binden von dsRNA
6

Substraten als Suppressor von der RNAi im Kern. Das Protein kann als Überwachungsystem
gegen eine irrtümliche Auslösung von RNAi wirken, die durch zufällige dsRNA Faltungen
oder eine zu geringe Häufigkeit der siRNAs hervorgerufen sein könnte. Falls das Protein eine
Helikase-Aktivität besitzt, könnte es rückgefaltete RNA Strukturen im Kern auflösen, was
sich in einer verringerten RNAi-Effizienz wiederspiegelt. Durch Ausschalten des helF-Gens
würde nach diesem Modell eine erfolgreiche Auslösung von RNAi schon bei sehr geringer
Mengen an dsRNA möglich werden. Das Modell erlaubt, die exakte molekulare Funktion des
HelF-Proteins im RNAi-Mechanismus weiter zu untersuchen.

7

3. Introduction
3. 1. RNA-mediated gene silencing
Gene silencing mediated by double stranded RNA (dsRNA) is a sequence specific
mechanism, leading to reduction of gene expression in eukaryotic cells. The first evidence of
this phenomenon was obtained in plants, from experiments aiming to overexpress a gene, that
is responsible for flower pigmentation in petunia (Napoli et al., 1990). Contrary to the
expectations, both the transgene and the endogenous gene were suppressed, and the observed
phenomenon was called “co-suppression”. RNAs derived from both the transgene and the
endogenous genes were degraded, resulting in the loss of the pigmentation phenotype.
Similarly, when plants were infected with an RNA virus containing a fragment of a plant
gene, the endogenous gene was silenced, a phenomenon called “virus-induced gene
silencing” (VIGS) (Angell and Baulcombe, 1997; Ruiz et al., 1998) . Similar to these forms
of posttranscriptional gene silencing (PTGS) in plants, overexpressed transgenes induced
gene silencing at the post-transcriptional level in Neurospora crassa, where the phenomenon
was termed “quelling” (Cogoni et al., 1996; Romano and Macino, 1992). However, the
significance of all these observations was not understood until the discovery of RNA
interference (RNAi) in C. elegans, where double stranded RNA (dsRNA) induced sequence
specific gene silencing (Fire et al., 1998). RNAi since has been linked to many previously
described silencing phenomena. Now there are many experimental evidences that the basic
mechanism and proteins involved in RNA silencing are conserved across kingdoms.
The RNA-mediated silencing can be divided into four major pathways that can partially
overlap: (1) RNAi, which leads to sequence-specific mRNA degradation; (2) micro-RNA
(miRNA) guided translational inhibition; (3) RNA-directed epigenetic chromatin remodeling
such as DNA cytosine (C) methylation and histone methylation (Matzke and Birchler, 2005);
(4) antisense RNA-mediated gene silencing (Kuhlmann et al., 2005b).
3. 1. 1. Mechanism of RNAi
Two overlapping but distinct RNA silencing pathways in plants and animals are the siRNA
and the miRNA pathway.
The siRNA pathway is initiated by the presence of a perfect dsRNA (Fire et al., 1998). The
dsRNA is processed into 21- to 24-nucleotide RNA duplexes, called small interfering RNAs
8

(siRNAs) (Bernstein et al., 2001; Billy et al., 2001; Zamore et al., 2000) by an RNase-III like
enzyme named Dicer, originally identified in Drosophila melanogaster (Bernstein et al.,
2001). In mammals and D. melanogaster, siRNAs direct the mRNA cleavage as a part of a
protein-siRNA complex called RNA-induced silencing complex (RISC) (Hammond et al.,
2000), which mediates the degradation of mRNAs that are fully complementary to one of the
siRNA strands.
3. 1. 2. Dicer
One of the key components in the RNA-mediated mechanism of gene silencing is Dicer, a
multidomain ribonuclease. The mammalian prototype Dicer contains an N-terminal DExHtype RNA helicase/ATPase domain, followed by DUF283, a domain with unknown
functions, a PAZ domain, two neighboring RNase-III domains (RIIIa and RIIIb), and a Cterminal double stranded RNA-binding domain (dsRBD). Processing of dsRNAs by Dicer
yields siRNAs - duplexes of about 21 nucleotides in length, which possess 5’ phosphates and
2-nucleotide 3’ overhangs (Elbashir et al., 2001). Dicer proteins have been found in all
eukaryotic organisms, studied so far, with the exception of S. cerevisiae. Several organisms
possess more than one Dicer. Drosophila melanogaster, for example, has two Dicer genes:
Dicer-1 (DCR-1), which preferentially processes miRNA precursors (Lee et al., 2004), and
Dicer-2 (DCR-2), which is required for processing of long dsRNA (Lee et al., 2004; Liu et
al., 2003; Pham et al., 2004). In Arabidopsis thaliana there are four Dicer-like proteins
(DCL1-DCL4). DCL-1 is required for processing of pre-miRNAs (Kurihara and Watanabe,
2004); DCL-2 for viral siRNAs; DCL-3 is involved in endogenous siRNA biogenesis (Xie
et al., 2004) and DCL-4 in biogenesis of transacting siRNAs (Xie et al., 2005). Only one
Dicer (DCR-1) has been identified in C. elegans (Grishok et al., 2001; Knight and Bass,
2001) and in vertebrates. In zebrafish and mouse, the Dicer-encoding gene is essential
(Bernstein et al., 2003; Wienholds et al., 2003).
In mammalian cells, Dicer is localized in the cytoplasm (Billy et al., 2001; Provost et al.,
2002), while in plant cells, at least one of the Dicer proteins is nuclear (Hiraguri et al., 2005).
Human Dicer cleaves dsRNA preferentially from the ends and the cleavage is ATPindependent (Zhang et al., 2002), in contrast to the finding that generation of siRNAs by
invertebrate Dicer requires ATP (Ketting et al., 2001; Liu et al., 2003). Recent analysis of
mutants of recombinant human Dicer led to a model for processing of dsRNA and premiRNAs (Zhang et al., 2004). The enzyme functions as a monomer, containing a single
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processing center formed by intramolecular dimerization of the two RNase III domains. Each
of them has one catalytic site and cleaves one of the two strands of the dsRNA, generating
products with 2-nt 3’ overhangs. The PAZ domain of Dicer is responsible for the recognition
of the dsRNA ends with 3’overhangs, while the function of the dsRBD is probably
“positioning” of the dsRNA towards the active catalytic center.
3. 1. 3. miRNA pathway
Micro-RNAs (miRNAs) are 21-nt regulatory RNAs, expressed in metazoan animals and
plants. miRNAs are transcribed as long primary transcripts (pri-miRNAs), which are
processed in the nucleus by another RNase-III-like endonuclease, called Drosha (Lee et al.,
2003). Drosha is specifically required for the processing of the miRNAs, but not for the
processing of long dsRNAs. Drosha processes the pri-miRNA into precursor miRNA (premiRNA), 60-80 nts long structures folding into a characteristic fold-back hairpin, bearing a 5’
phosphate and a 2-nucleotide 3’ overhang (Basyuk et al., 2003; Lee et al., 2003). The premiRNAs are exported to the cytoplasm by exportin-5, a nuclear export receptor that binds
directly and specifically the correctly processed pre-miRNAs, in a RanGTP-dependent
manner (Lund et al., 2003). In the cytoplasm, pre-miRNAs are processed by Dicer to yield
mature miRNAs (Grishok et al., 2001; Hutvagner et al., 2001; Ketting et al., 2001).
In animals, miRNAs regulate the gene expression by imperfect base pairing to the 3’untranslated region (3’-UTR) of mRNAs (Ambros, 2004; Olsen and Ambros, 1999), thus
inhibiting the translation. Recently, it was demonstrated that this can be due to miRNPs
(microribonucleoprotein particles) interfering with the recognition of the mRNA 5'-cap
structure, thus inhibiting the translation initiation (Pillai et al., 2005).
Plant miRNAs show almost perfect complementarity to target mRNA and they function in a
way similar to siRNAs, triggering degradation of the mRNA (Jones-Rhoades and Bartel,
2004; Llave et al., 2002; Rhoades et al., 2002). Similar to siRNAs, miRNAs enter a protein
complex, called microribonucleoprotein particles (miRNP) (Mourelatos et al., 2002), or
miRISC. Both complexes (RISC and miRNP) share some components - proteins of the
Argonaute family. In vivo and in vitro studies have shown, that both complexes are
interchangeable, which explains the ability of miRNAs to act as siRNAs and vice versa.
Whether they target specific mRNAs for cleavage or for translational repression, depends on
the degree of complementarity between the small RNA and the target (Doench et al., 2003;
Hutvagner and Zamore, 2002; Zeng et al., 2003).
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Drosha homologues can be found only in the genome of mammals, Drosophila and C.
elegans. Plants do not encode a Drosha homologue and in Arabidopsis the miRNA biogenesis
is carried out by one of the four Dicer proteins (DCL-1), localized in the nucleus.
3. 1. 4. Effector complexes
Dicer cleavage is followed by incorporation of siRNAs and miRNAs into big
ribonucleoprotein complexes - RISC and miRNP, respectively, where they serve as guides for
the selection of silencing targets based on sequence complementarity. Core components in
these complexes, are Argonautes (Agos), a big family of proteins with characteristic PAZ (for
Piwi-Argonaut-Zwille) and PIWI domains. The PIWI domain of mammalian Ago2 and HIWI
has been implied in interactions with human Dicer (Tahbaz et al., 2004). Most eukaryotic
organisms have several Ago homologues – human has eight, Arabidopsis - ten and C. elegans
- twenty seven. It has been proposed, that different Ago proteins might specify distinct RISC
functions. This is clearly demonstrated in Drosophila, where Ago2 functionally associates
with DCR-2, whereas Ago1 associates with DCR-1. The results correlate with the finding
that DCR-1 is responsible for miRNA maturation and DCR-2 for siRNA maturation.
During RISC assembly, the siRNA/miRNA is unwound and only one of the two strands is
loaded onto the RISC complex (the guide strand), while the other one (passenger strand) is
degraded (Schwarz et al., 2003). The selection of the guide strand is done according to the
“asymmetry rule” - the incorporated strand is the one whose 5’ terminus is at the
thermodynamically less stable end of the duplex (Khvorova et al., 2003; Schwarz et al.,
2003). In Drosophila, a dsRNA binding protein R2D2 forms an intermediate complex with
Dicer-2 (DCR-2), bridging the initiator and effector steps by facilitating siRNA incorporation
into the RISC. R2D2 senses the differential stability of the two ends and binds to the more
stable siRNA end (Liu et al., 2003), thus determining which strand will enter RISC. Similar
R2D2-related proteins are likely involved also in other organisms. In the following step,
siRNAs undergo unwinding and the R2D2-Dicer-2 complex is replaced by Ago2, which
occurs in a complex, known as RISC loading complex (RLC) (Tomari et al., 2004b), a
complex that initiates the formation of RISC, similar to the complex R2 (Pham et al., 2004).
Recently, the “slicer” (cleaving) activity of the RISC complex was identified (Liu et al.,
2004; Meister et al., 2004) and it was shown that mammalian Ago2 is the enzyme responsible
for messenger RNA cleavage that cuts the target opposite to the center of the guide strand .
The slicer activity has been mapped to the PIWI domain in Ago proteins by mutagenesis
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studies. This finding was supported by crystal structure analysis of the Argonaute protein
from Pyrococcus furiosus (Pf-Ago) (Song et al., 2004), which revealed that the PIWI domain
has structural similarities to the bacterial RNase H domain. Several biochemical and
crystallography studies suggest that the Ago PAZ domain interacts with the 3’ end of the
guide strand (Lingel et al., 2004; Ma et al., 2004). The 5' mRNA fragments generated by
RISC cleavage are rapidly degraded from their 3' ends by the exosome, whereas the 3'
fragments are degraded from their 5' ends by Xrn1 (Orban and Izaurralde, 2005).
3. 1. 5. RNA-Directed RNA Polymerases
RNA-directed RNA polymerases (RdRPs) are required for RNA interference in most of the
organisms studied so far. C. elegans (Sijen et al., 2001; Smardon et al., 2000), N. crassa
(Cogoni and Macino, 1999), S. pombe (Hall et al., 2002), A. thaliana (Dalmay et al., 2000;
Mourrain et al., 2000) and D. discoideum (Martens et al., 2002) all encode RdRPs that are
required for RNAi. These proteins share a common sequence motif, that is distantly related to
the catalytic domain of DNA-dependant RNA polymerases. However, no RdRP homologues
were identified in mammals and flies. Generally, RdRPs can mediate primer-dependant and
primer-independent RNA silencing by synthesis of complementary RNA. In this silencing
pathway, the dsRNA is an intermediate rather than the trigger, where the RdRP recognizes
transgene transcripts or antisense transcripts as “aberrant” and converts them to dsRNA. The
RdRP-derived dsRNAs are then cleaved by Dicer. The RdRP-mediated gene silencing was
reviewed recently (Kuhlmann et al., 2005b).
3. 2. DExD/H - box RNA helicases
RNA helicases represent a large family of proteins that can be found in almost all organisms.
They are enzymes, thought to unwind dsRNA molecules in an energy-dependant manner
through hydrolysis of NTP. Although RNA helicase activity has only been demonstrated for a
few proteins, it is generally believed that all members of the largest subgroup, the DEAD and
DEAH-box proteins, exhibit this activity.
Comparison of the conserved domains and the three-dimensional structure of the enzymatic
core reveals a close relationship between DNA and RNA helicases (Soultanas and Wigley,
2001). Based on the sequence similarities, DNA and RNA helicases are classified into six
different superfamilies (SF). All helicases are characterized by the Walker A and B motif

12

(motif I and II in SF1 and SF2), which is an NTP binding motif, found in many NTPase
enzymes (Smith and Rayment, 1996; Walker et al., 1982)
RNA helicases, which belong to SF1 and SF2, are identified by the presence of seven to nine
conserved motifs (Cordin et al., 2004; de la Cruz et al., 1999). These motifs are involved in
binding of NTP, generally ATP that is hydrolysed to provide the energy for unwinding the
dsRNA. The DEAD-like and DEAH-like proteins of the SF2 class are the largest families of
RNA helicases (Rocak and Linder, 2004). DEAD-box proteins are named according to the
characteristic sequence of motif II Asp-Glu-Ala-Asp (D-E-A-D) (Linder et al., 1989), while
the proteins from the DEAH –box family have a histidine residue in place of the second
aspartic acid in motif II. Both families share several common domains, therefore they are
often referred to as DExD/H proteins. Other domains are more divergent - for example, the
DEAD motif is always found together with the HRxGRxGR motif (motif VI), whereas
DEAH-box proteins are always associated with QRxGRxGR.
In vitro RNA-dependent ATPase activity has been demonstrated for several RNA helicases;
however, in vitro ATP-dependent unwinding has been demonstrated only for a limited
number of them (Rocak and Linder, 2004). The smallest protein (~ 400 amino acids) showing
RNA unwinding activity in vitro is eIF4A (Rogers et al., 2001).
DExD/H box proteins are involved in different cell functions including mRNA synthesis, premRNA splicing, ribosome biogenesis, translation and RNA decay. Although

they are

believed to unwind dsRNA, these proteins may also act as “RNA chaperones” by facilitating
RNA folding by preventing or reversing misfolded states (Lorsch, 2002). Recently, it has
been shown that the function of RNA helicases involves also dissociation of an RNA-protein
complex (RNPase activity) (Fairman et al., 2004). Two unrelated DExH/D proteins were
shown to catalyze protein displacement independent of RNA unwinding by binding to singlestranded RNA and translocation along the RNA until they encountered a bound protein. This
event would then be sufficient to weaken the RNA–protein interaction and eventually lead to
the dissociation of the protein–RNA complex.
3. 3. DExD/H - box RNA helicases, involved in RNAi
Members of the DExH/DEAH box family of ATP-dependant RNA helicases have essential
roles in the RNAi mechanism. The Dicer helicase domain is highly conserved in many Dicer
enzymes (Fig.1). In Drosophila the processing of dsRNA to siRNAs by recombinant DCR-2
is ATP-dependant and requires a functional RNA helicase domain in DCR-2 (Lee et al.,
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2004; Liu et al., 2003; Nykanen et al., 2001). Nevertheless, the Drosophila DCR-2 does not
unwind siRNA duplexes in vitro (Tomari et al., 2004b). This implies that an additional, so far
unknown RNA helicase might be required for siRNA unwinding. For human Dicer, no ATPdependence of dsRNA processing was observed (Provost et al., 2002; Zhang et al., 2002)
and the function of the DExH domain is still not clarified. One assumption is that the helicase
domain may promote the translocation of the enzyme along the dsRNA or a structural
rearrangement of the substrate is required for cleavage (Bernstein et al., 2001; Nykanen et al.,
2001).
Several RNA helicases have been implied in RNA silencing. In Chlamydomonas reinhardtii,
a DEAH-box RNA helicase, Mut-6, is involved in the degradation of misspliced and nonpolyadenylated transcripts and also in transgene silencing. Loss of RNA silencing in Mut-6
mutants was shown by enhanced transposition of the retrotransposon TOC1 and the DNA
transposon Gulliver (Wu-Scharf et al., 2000) . Genes with similar functions have been also
characterized in C. elegans (Ketting et al., 1999). Here, the mut-7 gene encodes a member of
the RNaseD protein family, which is required for RNAi and transposon silencing in the
germline. Another gene in C. elegans, mut-14, encodes a putative DEAD-box helicase,
whose helicase activity is required to permit de novo RNA synthesis by an RNA-dependant
RNA polymerase (Tijsterman et al., 2002). This could be triggered by an oligo asRNAs, and
the mut-14 gene product was found to be essential for gene silencing. In Arabidopsis, the
putative helicase SDE3 is required for PTGS. Arabidopsis plants carrying mutations in the
SDE3 locus are defective in PTGS triggered by GFP, but not by tobacco rattle virus (TRV). It
was proposed that SDE3 mediates the conversion of ssRNA into dsRNA. If the dsRNA itself
is the trigger, then the silencing is not affected by SDE3 mutations (Dalmay et al., 2001).
Therefore, SDE3 seems to play a role in the production of siRNAs that are derived from an
RdRP (Himber et al., 2003).
In C. elegans, two DExH-box helicases, DRH-1 and DRH-2 (dicer related helicase) were
identified (Tabara et al., 2002). DRH-1 and -2 share 81% identity and their helicase domains
are more similar to that of Dicer than to any other helicase domains in C. elegans or other
organisms. DRH-1/2 were identified in a complex with DCR-1, RDE-1, an Argonaut
homologue, and RDE-4, a double-stranded RNA-binding protein, that is essential for RNAi
in C. elegans. Knock-down mutants of DRH-1/2 displayed inhibition of RNAi against a
second gene. It has been proposed that the RNA helicases have a role in the initiation step of
RNAi , perhaps by unwinding the dsRNA to enable their processing by Dicer, or alternatively
by transfer of the dsRNA from RDE-4 to the active site in Dicer.
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In Drosophila, the RNA DEAD-box helicase Spindle-E (homeless) is required for RNAi
activation upon oocyte maturation (Aravin et al., 2004; Kennerdell et al., 2002). Spindle-E is
also essential for silencing of retrotransposons and for endogenous RNAi-based repression of
the Stelate-repeat locus in testes (Aravin et al., 2004). In mammalian cells, a putative DEADbox RNA helicase, Gemin3, co-purifies with the Argonaut homologue eIF2C2 (Ago2) and is
a component of miRNPs (Mourelatos et al., 2002). Among all RNA helicases, implicated in
RNA silencing, only one has been characterized in details. In Drosophila, the putative
DEAD-box helicase Armitage is required after Dicer processing for RISC assembly (Tomari
et al., 2004a). Armitage mutants support early steps in the RNAi pathway but are defective
for the production of active RISC, suggesting a role for Armitage downstream of the
conversion of dsRNA into siRNA, but upstream of target recognition by RISC.
3. 4. Double-stranded RNA binding proteins
The double-stranded RNA binding proteins share a common dsRNA binding domain
(dsRBD). The dsRBD, approximately 70 amino acids in length, specifically binds dsRNA but
does not interact with ssRNA or DNA (Bass et al., 1994; St Johnston et al., 1992). The
domain was first identified 10 years ago in the Xenopus laevis RNA-binding protein A
(XlrbpA) (St Johnston et al., 1992). The dsRBD is found in all organisms. The functions of
dsRBD-containing proteins vary and include RNAi, RNA localization, RNA editing and
translational repression. The best characterized dsRBDs

are those in the adenosine

deaminases (ADAR1 and ADAR2), the protein kinase PKR, Drosophila Staufen, a protein
that is responsible for mRNA localization, and in RNase III (Hammann, 2005). The only
common feature, that all these dsRBD-containing proteins share, is the ability to bind
dsRNA. Crystallography studies revealed that the dsRNA interacts with the sugar-phosphate
backbone without any direct base contact, therefore generally lacking sequence specificity,
although one specific G-C interaction with the Pro140 was reported for the second dsRBD of
Xlrbpa, bound to an RNA duplex of 10 bp (Ryter and Schultz, 1998). However, most of the
dsRBD proteins exhibit a sequence specific binding to their substrate RNA and it is becoming
clear that dsRBDs most likely identify their targets by recognition of secondary and tertiary
RNA structures (Hammann, 2005; Ramos et al., 2000).
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3. 5. Double-stranded RNA binding proteins, involved in RNAi
Until now, several dsRBD-containing proteins have been implicated in RNAi. Dicer
(described above) contains a single dsRBD at its C-terminus. R2D2 contains two dsRBDs
(R2) and is associated with one of the two Drosophila Dicer proteins – Dcr-2 (D2) (Liu et al.,
2003). A similar role has the Rde-4 protein from C. elegans (Tabara et al., 2002). It has also
two tandem dsRBDs, interacts with Dicer and is required for RNAi. Rde-4 interacts also with
Rde-1, an Ago2 homologue and a component of RISC. However, although the two proteins
show sequence similarities, they are involved in different steps of RNAi machinery – Rde-4
takes part in the initiation step of RNAi in C. elegans, while R2D2 bridges the initiator and
effector steps in Drosophila. Recently, two groups reported about the functions of TRBP (the
human immunodeficiency virus transactivating response RNA-binding protein) as a
functional ortholog of R2D2 in mammals (Chendrimada et al., 2005; Gregory et al., 2005;
Haase et al., 2005). TRBP, which contains three dsRBDs, is an integral component of a
Dicer-containing complex and it recruits the Dicer complex to Ago2, the catalytic center of
RISC, for microRNA processing and gene silencing.
Beside TRBP, also other dsRBD-proteins are involved in the miRNA pathway. Drosha (Lee
et al., 2003), Pasha (Denli et al., 2004) and HYL1 (Hiraguri et al., 2005) are several
examples of the increasing number of dsRBD proteins, taking part in RNA silencing
mechanisms.

3. 6. RNA mediated silencing in Dictyostelium
Antisense (Nellen et al., 1992), as well as RNAi mediated gene silencing (Martens et al.,
2002) are functional in Dictyostelium. Transgenes, as well as endogenous genes could be
successfully silenced by in vivo expression of a hairpin RNA and the silencing event was
accompanied by sequence-specific siRNA production (Martens et al., 2002). Moreover, one
of the few experimentally well characterized endogenous antisense RNAs in eukaryotes was
discovered in Dictyostelium (Hildebrandt and Nellen, 1992). It was shown that the psvA (prespore-vesicle-A) gene was developmentally regulated by expression of a cis-encoded
antisense RNA.
Homologues of many key components of the RNAi mechanism were identified in
Dictyostelium and functionally characterized. There are three RdRP homologues – RrpA,
RrpB and RrpC. One of them (RrpA) is strictly required for RNAi (Martens et al., 2002),
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while all three are needed for antisense-mediated gene silencing (Martens and Nellen,
unpublished results).
There are two Dicer-like proteins in Dictyostelium, Dicer A (drnA) and Dicer B (drnB).
Indeed, double-stranded RNase activity was discovered in cytosolic extracts from
Dictyostelium, resulting in ~23 nt products, and the activity was partially purified (Novotny
et al., 2001). However, only shortly before the completion of the Dictyostelium genome
(Eichinger et al., 2005), in the course of the present work, the correct sequence of the two
RNase III homologues was established.
The domain structure of the two Dictyostelium Dicers is quite different from the typical
domain structure of other Dicer homologues (Fig. 1). They lack the N-terminal helicase
domain, as well as the PAZ and DUF domains. However, a Dicer-related helicase domain is
encoded in the N-terminal part of the RdRPs. The domain structure of the proteins suggests,
that they might reside in one complex, thus contributing different domains and activities for
executing the silencing mechanism in Dictyostelium (Kuhlmann et al., 2005b). The position
of the dsRBD in the Dictyostelium Dicers is also unusual, as they reside at the very beginning
of the proteins (N-terminally). This, however, is a typical feature of all putative proteins with
dsRBD in Dictyostelium. Both Dicers contain nuclear localization signals (NLS), which
suggests that they might also act in the nucleus, where they could function as a Drosha
homologue in processing pri-miRNAs. However, at present, there is no experimental
evidence for the existence of miRNAs in Dictyostelium.
Five Argonaute homologues are identified in Dictyostelium – agnA-E. Their functions and
involvement in RNAi are under investigation.
Recently, a homologue of eri-1, an endogenous inhibitor of RNAi in C. elegans (Kennedy et
al., 2004) was identified in Dictyostelium. The gene was named eriA and Northern blot
analysis revealed constitutive expression of the mRNA during development, as well as
upregulated expression in several RNAi K.O. mutants (M.Kuhlmann, unpublished results).
The function and a presumed involvement of the Dictyostelium EriA in the RNAi mechanism
are currently under investigation.
3. 7. Inhibitors of silencing
RNAi and miRNA pathways are also subject to regulation. A possibility to down regulate the
silencing pathway might be inhibition of the uptake or processing of dsRNA, or inhibition of
the amplification, spreading or stability of siRNAs.
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Only several negative regulators of RNAi have been reported until now. In C. elegans,
neuronal genes are refractive to RNAi. Screens for mutants with increased sensibility to
RNAi in the nervous system of C. elegans led to the identification of eri-1 (enhanced RNAi)
(Kennedy et al., 2004). Eri-1 encodes an RNase-III related protein, which specifically
degrades siRNAs in vitro. Eri-1 mutants accumulate more siRNAs in the cytoplasm than the
wild type animals. The protein is expressed most highly in the gonad and a subset of neurons,
suggesting a tissue specific regulation of RNAi efficiency.
Another negative regulator of RNAi in C. elegans is RRF3 – one of the four putative RdRP
(Simmer et al., 2002). It presumably competes for templates or primers for RNA
amplification, thus acting as a dominant negative factor.
In many organisms, RNAi plays a role as an immune defense against RNA viruses and
transposable elements. As a response, many plant and some animal viruses encode
suppressors of RNAi that inhibit different steps of the silencing pathway. (Voinnet, 2005).
One of the viral suppressor proteins, p19, from the plant tombusvirus, suppresses the RNAi
by efficiently binding to the siRNAs, so that they cannot target the viral RNA (Dunoyer et
al., 2004; Lakatos et al., 2004). Another viral strategy for RNAi suppression is inhibition of
Dicer or RISC components, as by HC-Pro from potyvirus, by still not elucidated mechanism
(Voinnet, 2005).
DExD

HELICc

DUF

PAZ

RNasesIII

dsRBD

H.s. Dicer
D.m. dcr-1
D.m. dcr-2
C.elegans dcl-1
Dictyostelium
DrnA
DrnB
RdRP

RrpA
RrpB
RrpC

Fig. 1 Domain structure of several Dicer proteins and RdRP proteins from
Dictyostelium. H.s. Homo sapiens, D.m. Drosophila melanogaster. The conserved domains
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determined
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(CD-Search)
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi).
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3. 8. Dictyostelium discoideum as a model organism
Dictyostelium discoideum is a unicellular amoeba, which lives in the forest soil and feeds on
bacteria. It is a relatively simple organism, which diverged from the evolutionary tree after
the plants and animals separated, but before the divergence of the fungi. During the
vegetative part of its life cycle, the cells multiply by mitotic division. When the food source is
exhausted, a multicellular developmental cycle is initiated, which results in the formation of
fruiting bodies, consisting of essentially two types of cells: stalk cells and spores. However,
the stalk cells are not a homogenous population. The stalk cells form the support of the spore
head. In the presence of nutrients, the spores germinate and release single amoebae to start
the whole life cycle from the beginning (Fig. 2).
The cells continuously monitor both their own density and the density of the food source by
secretion of a glycoprotein called prestarvation factor (PSF). Its concentration serves to
monitor cell density (Clarke et al., 1988). The response of the cells to PSF is inhibited by the
bacteria used as a food supply, and this allows the cells to determine their own density in
relation to bacteria and to prepare themselves for starvation. When the ratio cell density/food
source reaches a certain threshold level, the cells activate their developmental program.
Aggregation of individual Dictyostelium cells into multicellular aggregates occurs by
chemotaxis. A few hours after starvation some cells start to periodically synthesize and
release 3’-5’ cyclic adenosine monophosphate (cAMP) into the extracellular medium, which
diffuses to the neighboring cells (Konijn, 1968). They detect the signal by cell surface cAMP
receptors. These receptors belong to the class of seven transmembrane domain, G proteincoupled, receptors. They possess an extracellular cAMP-binding domain and an intracellular
effector domain. The signal is transferred to the cytoskeleton, resulting in directed movement
up the cAMP gradient. Binding of cAMP to the receptor triggers at the same time a process
of cAMP production (activation of adenylyl cyclase) followed by secretion (relay). In the
medium, cAMP is degraded by an extracellular phosphodiesterase, thus clearing the
environment for the next cAMP pulse.
Approximately 105 cells aggregate (Firtel, 1996; Gerisch et al., 1975) by forming tight cell to
cell contacts mediated by cell surface adhesion molecules (Fig.2). The aggregates form a
mount, which erects and extends up in the air, to form a standing slug (1-2 mm long). The
slug falls over and migrates away in the range of centimeters. The slug has a distinct polarity,
with a tip at the anterior end, which guides its movements. The slugs leave behind a slime
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track consisting of extracellular matrix. After stopping migration, the slugs go through a
“Mexican-hat-structure” to finally form the fruiting body.
There is evidence that the cell cycle state in which the cells first suffer starvation predisposes
them to differentiate into either prestalk or prespore cells. Within the aggregate, the cells in
the tip and in the anterior 20% of the slug have differentiated into prestalk cells, while 80% of
the cells in the posterior are prespore cells (Bonner, 1952). During culmination, prestalk cells
migrate downwards through the prespore mass like an “inverted fountain”. They vacuolize
and form a rigid (cellulose) stalk. The prespore cells shrink and synthesize a solid spore coat,
which makes them resistant to environmental changes. The whole life cycle takes about 24
hours. Upon suitable environmental conditions the spores germinate again to vegetative cells
(Loomis, 1975).
Dictyostelium is an excellent and well-established model organism. Recently the genome of
Dictyostelium has been completely sequenced and assembled (Eichinger et al., 2005). Due to
its haploid genome, the knock-out of genes by homologous recombination is relatively
simple. The cell cycle of 8 hours in axenic medium enables fast selection of mutants and
growth of large amounts of cells in a short time. Furthermore, the transition from separately
growing vegetative cells to a multicellular structure allows studies on cell differentiation and
development, signal transduction, chemotaxis, etc. Efficient methods have been established
for transformation of Dictyostelium with integrating (Firtel et al., 1985; Nellen and Firtel,
1985; Nellen et al., 1984) and extrachromosomal vectors (Firtel et al., 1985), ectopic
expression of genes with appropriate expression vectors (Witke et al., 1987), marker genes
like GFP, β-galactosidase, gene knock-outs by homologous recombination (De Lozanne,
1987; Witke et al., 1987) and gene knock-downs by antisense gene constructs (Crowley et
al., 1985; Knecht and Loomis, 1987) or RNAi constructs (Martens et al., 2002). Furthermore
the REMI technique (Restriction Enzyme Mediated Integration) is a powerful method for
insertional mutagenesis (Kuspa and Loomis, 1992).
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Fig. 2 Developmental cycle of Dictyostelium discoideum. a – vegetative cycle; b
– streaming; c – aggregate; d – migrating slug; e – Mexican hat; g – mature
fruiting body (www.ruf.rice.edu/~evolve/Lifecyclefig.htm).

4. Results
4. 1. Results, submitted for publication
Popova, B., Kuhlmann, M., Hinas, A., Soederbom, F., Nellen, W. (2005). HelF, a putative
RNA helicase acts as a nuclear suppressor of RNAi but not antisense mediated gene
silencing. Nucleic Acids Res, submitted.
The Dicer assay was done by M. Kuhlmann (Fig. 6). The Northern blot of siRNAs was done
by A. Hinas (Fig. 9C).
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Abstract
We have identified a putative RNA helicase from Dictyostelium that is closely related to drh1, the
“dicer-related-helicase” from C. elegans and that also has significant similarity to proteins from
vertebrates and plants. GFP-tagged HelF protein was localized in speckles in the nucleus.
Disruption of the helF gene resulted in a mutant morphology in late development. When
transformed with RNAi constructs, HelF- cells displayed enhanced RNA interference on four
tested genes. One gene that could not be knocked down in the wild type background was
efficiently silenced in the mutant. Furthermore, the efficiency of silencing in the wild type was
dramatically improved when helF was disrupted in a secondary transformation. Silencing
efficiency depended on transcription levels of hairpin RNA and the threshold was dramatically
reduced in HelF- cells. However, the amount of siRNA did not depend on hairpin transcription.
HelF is thus a natural nuclear suppressor of RNA interference. In contrast, no improvement of
gene silencing was observed when mutant cells were challenged with corresponding antisense
constructs. This indicates that RNAi and antisense have distinct requirements even though they
share parts of their pathways.
Introduction
RNAi has been discovered by a stringent evaluation of antisense RNA mediated gene silencing.
Fire et al. observed that dsRNA was a substantially better trigger for gene knock-downs in C.
elegans than antisense RNA (1). This was in contrast to previous models that predicted a direct
hybridization between the complementary mRNAs and antisense RNAs. The observation also
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suggested that antisense mediated gene silencing was essentially due to contaminating dsRNA.
Consequently, antisense RNA experiments were since then regarded as the same or at least very
similar to RNAi. However, a rigorous comparison between antisense RNA and RNAi has not yet
been performed.
The standard model for the mechanism of RNA interference involves the RNaseIII related
enzyme Dicer that digests dsRNA into 21bp fragments (siRNAs) with two nucleotides 3’
overhangs (2). According to the “weak-bond-5’-rule” (3) one of the strands is preferentially
transferred to an enzyme complex RISC (RNA induced silencing complex) that is thus targeted to
a specific mRNA (4). A nuclease activity that is associated with RISC, the Argonaute-2 (5-7)
hydrolyses the mRNA in the centre of the hybrid, RISC is then released to target the next mRNA
molecule.
Despite the fact that major components like Dicer, Argonaute proteins, different other paz/piwi
domain proteins, various putative RNA helicases and others are highly conserved throughout
evolution, the ubiquitous RNAi pathway has evolved some specialties in different organisms.
RISC for example has been defined in Drosophila and mammals but lacks stringent evidence in
plants, C. elegans, Neurospora and Dictyostelium. In contrast, all of the latter species require
RNA directed RNA polymerases (RdRPs) for RNA interference but these enzymes appear not to
be encoded in the mammalian and in the Drosophila genome.
So far, most proteins that have been identified in the RNAi pathway are required for efficient
gene silencing. Except for viral inhibitors of RNAi (8, 9), there are only two examples that
formally act as endogenous inhibitors of RNAi and result in enhanced silencing when the
corresponding genes are knocked out. The C. elegans rrf-3 gene, a putative RdRP (10), provided
the first evidence for negative modulation of RNAi. In the rrf-3 loss-of-function mutant, even
genes that were refractile to RNAi in the wild type background could be efficiently
downregulated. More recently, the eri-1 gene in C. elegans that encodes a siRNA degrading
enzyme was defined as a second negative RNAi regulator (11).
Though RNAi is by now a routine tool for gene silencing in many model organisms, important
details of the mechanism are still unknown. Further components of the machinery are identified
but their functions in transgene induced silencing as well as their endogenous, physiological tasks
are insufficiently understood.
In Dictyostelium, many of the components of the RNAi machinery have been identified (12).
Surprisingly, both Dicer-related genes drnA and drnB do not encode the N-terminal helicase
domain found in Dicer proteins of other species. Instead, helicase domains are found in the Nterminus of the three RdRPs rrpA, rrpB and rrpC (formally dosA) suggesting exon swapping
between Dicers and RdRPs and implying that both proteins may work in concert (12). By routine
searches in the Dictyostelium genome (13), we now identified a new gene, helF, with high
similarity to the helicase domain usually found in Dicer proteins and to a separate gene from C.
elegans termed drh-1 for “Dicer related helicase” (14). The participation of HelF in RNA
mediated gene silencing was highly suggestive. We therefore generated a HelF knock-out strain
and investigated the performance of RNAi in the mutant background. In addition, we directly
compared antisense mediated gene silencing and RNAi on a set of tester genes in the mutant and
the wild type.
Material and Methods
Cell biological methods
Dictyostelium AX2 cells and transformants were grown on bacterial lawns of Klebsiella
aerogenes, in suspension culture or on plates with HL5 medium. Cells were developed on filters
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in a moist chamber, synchronous development was monitored microscopically. After 16 hours,
cells were washed off the filters and collected by centrifugation.
Dictyostelium transformation was carried out as described previously (15). Transformation with
vectors containing the G418 resistance cassette resulted in multi-copy tandem integration into the
genome. Co-transformation was done as described in Nellen and Firtel (16). Transformants were
subcloned on Klebsiella aerogenes plates and single clones from usually two independent
transformations were examined. Disruption of the helF gene was done by homologous
recombination. Genomic fragments of 1044 bp and 896 bp from the HelF region (position –991
to 54 and position 982 to 1877 in the HelF gene) were cloned left and right of the BSr cassette
(17, 18) Dictyostelium cells were transformed with the isolated 3383 kb fragment cut out with
BpiI. Successful disruptants were identified by colony PCR and confirmed by Southern blot
using the 1037 bp fragment cut out from the left arm with EcoRI and XbaI as a radio-labelled
probe.
RNA preparations and Northern blotting
Total cellular RNA was prepared as detailed previously (19). For Northern blots, 10µg of total
cellular RNA were separated on a 1.8% agarose gel containing 20mM guanidiniumthiocyanate
and blotted to a nylon membrane. Prehybridization and hybridization were carried out as
described (20). Radioactively labelled in vitro transcripts were used as probes. In vitro
transcription was carried out with T7 and SP6 RNA polymerase as recommended by the
manufacturer (MBI, Fermentas).
For Northern blot analysis of small RNAs, 20µg total RNA per lane were separated on a 12%
polyacrylamide gel containing 7M urea in 1xTBE and electroblotted to a Hybond N+ membrane
(Amersham). Prehybridization and hybridization were carried out at 42oC in a buffer,
containing1% BSA, 1mM EDTA, 0.5M NaPO4 pH 7.2, 7% SDS. Oligo probe (20 nts) was used
for the hybridization, end-labeled with γ-32P-ATP and T4-PNK (MBI, Fermantas). The
membrane was washed two times for 10min at 42°C with 2xSSC containing 0.1% SDS, twice
with 1xSSC, 0.1% SDS and twice with 0.5xSSC, 0.1% SDS, and exposed on an imaging plate for
analysis in a Fuji Phosphorimager.
In vitro transcription and nuclear run-on transcripts
The discoidin full length cDNA was cloned in pGemT-Easy, the vector was linearized with
Bsp120I and SP6 Polymerase was used for in vitro transcription, resulting in a discoidin antisense
transcript of approx. 600 nts. Actin15 antisense RNA and GFP sense RNA were transcribed with
T7 or SP6 Polymerase from the appropriate, linearized pGEM vectors. The transcripts were
digested with DNase (RNase free) to eliminate the DNA template. The reaction mixtures were
extracted with phenol/chloroform, precipitated with ethanol and resuspended in DEPC-treated
water. By slot blotting, 1µg of discoidin antisense RNA, 1µg of GFP sense RNA and 100ng of
actin antisense RNA were transferred to a nitrocellulose membrane using a vacuum slot blot
device. Nuclear run-on transcription was performed as previously described (20). Purified
radiolabelled transcripts were hybridized to the slot blots in a volume of 1ml for 48 hours at 50°C
in hybridization buffer containing 50% formamide, 50mM sodium phosphate (pH 6.5) and
5xSSPE, washed in a low salt buffer (0.2xSSC, 0.1% SDS) and exposed on an imaging plate for
analysis in a Fuji Phosphorimager.
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Western and colony blotting
Western blotting and protein detection was done as described (21) using the monoclonal
antibodies 80-52-13 for discoidin and 176-3D6 for coronin and an alkaline phosphatase coupled
secondary antibody. For colony blotting (22) the same antibodies were used.
Vector constructs
Fragments of the discoidin, coronin, sp96 and thioredoxin genes were obtained by PCR with
primers, containing suitable restriction sites. The RNAi hairpin constructs were introduced into
the pDneo2 vector (23). A gene fragment in sense orientation was fused to the Actin6 promoter,
followed by a second longer fragment in antisense orientation. Transcription of the constructs
formed a fold-back RNA with loop and dsRNA sizes of 259 bp and 509 bp (discoidin), 261 bp
and 642 bp (coronin), 393 bp and 321 bp (thioredoxin), and 250 bp and 405 bp (sp96) (see
Supplementary Material).
The discoidin and thioredoxin antisense constructs comprised the whole coding sequence of the
gene and were cloned in the pDneo2 vector in antisense orientation to the Act6 promoter. The
coronin antisense vector has been previously described (24).
A helF-gfp fusion gene under the control of Actin15 promoter was constructed. The helF coding
sequence was amplified by PCR using the primers:
Forward: 5’-AAGAATTCAAAATGACTAAAAATGATTTACAAACT-3’
Reverse: 5’-AAGGATCCCTCTAAATTTTTAATTAAATTATAAATT-3’
and cloned via EcoRI and BamHI into the vector pdD-GFP to create a C-terminal GFP fusion.
Fluorescence Microscopy
Cell were fixed at -20oC in methanol for 20min, washed three times with 1xPBS and stained with
DAPI (1mg/ml, diluted 1:15,000 in 1xPBS). The fixed cells were imbedded in Gelvatol and
analyzed with a Leica DM IRB inverted fluorescence microscope. For image acquisition a Leica
DC 350F digital camera and IM50 software were used. Images were processed in
AdobePhotoshop.
Criteria for silencing efficiency
The expression levels of mRNAs in Northern blots were normalized to the loading of rRNA and
calculated as a percentage of the expression level in wild type. Clones showing expression levels
less then 10% of the wild type signal were considered as silenced; clones with expression levels
between 10 and 50% were considered as partially silenced, and clones with less than 50%
reduction were considered as non-silenced. By evaluation of Western blots, the corresponding
bands were referred to the internal loading control (discoidin or coronin), and normalized to the
wild type signal. For colony blots, quantitation was not possible and clones were only categorized
as silenced and non-silenced.
Dictyostelium strains
AX2, AX2::HelF- , AX2::act15-HelF-GFP
Accession numbers
HelF: DDB0168963, Chromosome 2, coordinates 2103998 to 2106511, Crick strand (DictyBase,
http://dictybase.org).
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Results
HelF is a single copy gene with homology to Dicer related helicases.
The helF gene was identified by BLAST searches in the Dictyostelium data base using the Dicer
helicase domain as a query sequence. A continuous open reading frame of 2511bp encoding a
putative protein of 837 amino acids was found on chromosome 2, region DDB0168963 (25).
Domain analysis suggested an N-terminal double stranded RNA binding motif (26) and a Cterminal RNA helicase motif of the DEAH family. The highest similarity within the DEAH
domain was found with drh-1 from C. elegans (14) (53%), the helicase domain of C. elegans
Dicer (43%), the helicase domain of DCL1 (51%), a Dicer-like protein from A. thaliana and the
helicase domains of Dictyostelium RrpA and RrpB (47%). It should be noted that for all these
putative RNA helicases, the enzymatic activity has not yet been demonstrated. Furthermore,
some of the motifs that have been shown to be essential for helicase activity (27) are altered or
not present in helicases that have been implicated in RNAi. However, other amino acid sequences
and additional boxes appear to be conserved in helicase-like genes that are involved in RNAi. For
example, in the position of the conserved SAT box, the GLTAS peptide sequence is found in
drh1, dcr1, DCL1, helF, rrpA and rrpB. Striking similarities are also detected in the C-termini of
these proteins in the TSVXEEGXDV sequence that is usually not conserved in DEAH proteins
and in QSRGRAR, a typical C-terminal helicase domain, that usually has some small variations
(27, 28). Fig. 1 shows an amino acid alignment of HelF and a selection of related putative RNA
helicases.
Southern blot analysis of genomic Dictyostelium DNA confirmed the results of the data base
search that helF is a single copy gene (Fig. 2A). By Northern analysis, no mRNA could be
detected, but semi-quantitative RT-PCR showed that helF was expressed at approximately the
same levels throughout the 24 hours developmental cycle of Dictyostelium (data not shown).
HelF knock-outs display prolonged slug migration and preferentially develop to stalk cells.
To investigate the function of HelF, gene knock-outs were constructed by homologous
recombination. DNA from two disruption strains is shown in the Southern blot in Fig. 2A. A
digestion of genomic DNA with EcoRI and XbaI resulted in an expected 7.6kb fragment in the
wild type and a 1kb fragment in the disruption strains. RT-PCR analysis confirmed the lack of
HelF expression in the disruption strain (Fig. 2B). Mutants were then examined for phenotypic
alterations during development. When grown on a lawn of Klebsiella aerogenes, development
proceeded in parallel to the wild type until approximately 10h, then the mutant lagged behind,
displayed a prolonged slug stage and migrating slugs left long tails of stalk-like structure behind.
Some slugs were extremely large. A reduced number of culminants was observed after prolonged
development on filters. These gave rise to a reduced number of fruiting bodies (10fold decreased
in comparison to the wild type), some of them with aberrant stalks. Plaques were covered with an
extensive network of dead stalk originating from the long slug tails (Fig. 3). As indicated by the
appearance of mature fruiting bodies, the penetrance of the phenotype was not complete.
Localization of HelF
Most of the RNAi machinery is localized in the cytoplasm. Although HelF does not contain a
conventional nuclear localization signal (NLS), a 76,7% probability for nuclear localization was
predicted when analyzed by the PSORT II program with Reinhardt’s method for
cytoplasmic/nuclear discrimination (29). We constructed a C-terminal HelF - GFP fusion gene
under the control of the actin15 promoter and transformed it into wild type cells. Transformants
were cloned and examined by fluorescence microscopy. As shown in Fig. 4A, HelF-GFP was
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predominantly found in nuclear speckles. By confocal microscopy, approximately 10 to 20 foci
were found per nucleus. Though the nature of these foci is not known, the distinct localization
was clearly different from other overexpressed nuclear proteins, e.g. the heterochromatin proteins
HcpA and HcpB (Kaller and Nellen, submitted) or DnmA (30). When GFP alone was expressed
from the actin15 promoter, the entire cell was stained (Fig. 4B) and GFP coupled to a nuclear
localization signal resulted in a diffuse staining of the entire nucleus (31). This argued against a
localization artefact of HelF-GFP and we thus concluded that endongenous HelF localized to the
nucleus.
HelF knock-outs display increased silencing by RNAi
HelF-KO strains were then transformed in parallel to wild type strains with RNAi hairpin
constructs directed against the endogenous genes discoidin, coronin, thioredoxin and the spore
coat protein gene sp96. The inverted repeat sequences were transcribed from the actin6 promoter
and constructs were integrated in multicopy tandem arrays into the genome (16). Gene silencing
was monitored by colony blots and Western blots for coronin and discoidin and by Northern blots
for thioredoxin and sp96. Fig. S1 provides representative examples of the results. The data from
at least two independent transformations are summarized in Fig. 5.
For discoidin, RNAi mediated gene silencing was increased from 47% of the examined clonal
isolates in the wild type background to almost 100% in the HelF- background when cells were
grown in suspension culture. When cells were grown on a lawn of Klebsiella aerogenes, RNAi
mediated silencing was usually not observed when clones were processed for colony blots (12).
However, in the HelF-KO background, a significant number of clones displayed no detectable
discoidin expression (Fig. S1 and 5). For coronin, RNAi mediated gene silencing was never
observed in the wild type background. In helF disruptions, approx. 60% of the clonal isolates
expressed no coronin (Fig. S1 and 5).
For thioredoxin, complete silencing was found in 15% and partial silencing by 45% of RNAi
transformants in the wild type background, while 94% of the clones displayed complete silencing
in the mutant strain (Fig. S1 and 5).
The spore coat protein gene sp96 is expressed in late development around the time when the
phenotype of the HelF-KO strain was detectable. To address the question if the HelF knock-out
had an influence on late gene expression and, more importantly, to see if the RNAi enhancing
effect was also observed with late developmental genes, we transformed wild type and HelF- cells
with a sp96-RNAi hairpin construct. RNA isolated from cells developed for 16 hours on filters
showed complete silencing in 9% and partial silencing in 47% of the transformed clones in wild
type background. In the mutant background, the number of completely silences clones (77%) was
increased 8 fold (Fig. S1 and 5).
Even though HelF is mostly nuclear and the RNAi machinery mostly cytoplasmic, it was possible
that the enhancement of silencing in the mutant was due to an inhibition of Dicer activity by HelF
in the wild-type strain. To test this, we performed in vitro Dicer assays (32) and found that the
activity was not enhanced in the mutant (Fig. 6). It was therefore unlikely that HelF directly
interacted with Dicer and decreased its nucleolytic activity or processivity in wild type cells.
Disruption of HelF does not enhance antisense RNA mediated gene silencing
Since antisense mediated gene silencing is mostly considered to employ the same pathway as
RNAi, we were interested to see if a HelF disruption had a similar enhancing effect in antisense
experiments. Discoidin, thioredoxin and coronin were used as target genes and wild type as well
as the HelF- strain was transformed with antisense constructs directed by the actin15 promoter.
As shown in Fig.S2 and 7, about 50% of the discoidin antisense transformants were silenced in
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colony blots and Western blots in the wild type as well as in the HelF disruption strain. For
coronin, minimal, partial silencing (< 5%, n > 50) was observed in colony blots of either strain
(Fig. S2 and 7). Similarly, no silencing of the thioredoxin gene family could be found on the
RNA level in both cell lines (Fig. S2 and 7) even though efficient antisense transcription could be
seen (Fig. S2). In contrast to RNA interference experiments, antisense mediated gene silencing
was also not enhanced in colony blot assays for discoidin and coronin. The data provided further
evidence that even though antisense and RNAi mediated gene silencing share common
components, there are specific factors that influence one but not the other pathway.
Retroactive enhancement of silencing
In all model organisms, RNAi usually does not result in complete silencing in all cells or clonal
isolates. For unknown reasons, the physiological status of a cell, the integration site of the
construct or other parameters appear to influence the efficiency of the knock-down. Since HelF
was considered to be a regulator of silencing efficiency, it was of interest to see if silencing could
be retroactively improved by disrupting the helF gene in an inefficiently silenced strain.
Two non-silenced clones transformed with a discoidin RNAi vector were selected. One of them
(Disci9/WT) showed partial silencing, the other one (Disci10/WT) appeared completely
unaffected in discoidin expression.
Both clones had been propagated for several weeks and in multiple Western blots expression
levels were stable. Cells were supertransformed with the helF disruption construct and, after
selection for the disruption vector, subcloned on a bacterial lawn. Colony blots (not shown)
showed complete silencing in 20 randomly selected colonies for Disci9 (Fig. 8A). Ten of these
were examined by PCR for successful disruption of the helF gene and all proved to have the
vector integrated into the target gene (Fig. 8B). Western blots with an anti discoidin antibody
were performed on all 20 clones (Table 1), four representative examples are shown in Fig 8A.
For strain Disci10, 12 out of 24 colonies displayed silencing in colony blots and were confirmed
in Western blots (7 completely, 5 partially silenced, see Table 1). Subsequent analysis of helF
disruption showed that all silenced clones had the HelF gene disrupted. One clone had a gene
disruption but did not show improved silencing. Though helF disruption did not result in 100%
silencing in all clones it still improved RNAi efficiency significantly.
The data suggested that the Disci9 and Disci10 strains contained dsRNA that was either
expressed below a required threshold level or had structural features that did not allow for
efficient silencing. With the disruption of helF, the requirements for silencing were less stringent
and the sub-optimal dsRNA was sufficient for PTGS.
HelF enhanced gene silencing is posttranscriptional
As shown in Fig. 9A, Disci9 and Disci10 in wild type (/WT) and mutant (/helF-) background
displayed different levels of steady state mRNA in Northern blots. Since the two silenced clones
Disci9/HelF- and Disci10/HelF- originated from their partially silenced parent Disci9/WT and
non-silenced parent Disci10/WT respectively, they both had the same integration site and copy
number of the RNAi construct. Therefore a direct comparison of the two strains was possible.
In order to confirm that the enhancement of silencing by HelF disruption was a posttranscriptional event, we performed run-on assays. Actin15 was used as an internal control to
determine the relative amount of nascent discoidin transcripts; GFP sense transcripts served as a
negative control (see Fig. S3).
Transcription levels were measured in nuclei from wild type cells and Disci clones, showing
different levels of silencing. Disci1/WT and Disci2/WT showed complete silencing, Disci9/WT
was partially silenced, and Disci10/WT did not show any silencing at all (see above). Clones
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Disci9/HelF- and Disci10 /HelF- came from the retrosilencing experiment described above and
were completely silenced.
Relative transcription levels of discoidin were determined by calculating the ratio of discoidin
and actin transcripts hybridized to the blot. A full length in-vitro antisense transcript of discoidin
that recognized both the mRNA and the hairpin transcripts was used as a target on the filter (Fig.
S3). This was done in order to obtain comparable signals with the same specific radioactivity for
both transcripts. Probing on antisense was also done for a selected set of clones to prove the
integrity of the hairpin in run-ons.
Different levels of hairpin expression were detected in individual clones (Fig. 9B and Fig. S3).
These levels correlated to the level of discoidin silencing in the wild type background. In two
independent clones, that were completely silenced (Disci1 and Disci2), the level of hairpin
expression was approximately 16 fold higher than the level of endogenous discoidin mRNA. A
partially silenced clone (Disci9) revealed an intermediate level of hairpin expression (~7 fold
higher) and a non-silenced clone (Disci10) showed a low, only 2 fold higher level of hairpin
expression than that of mRNA. Thus, low expression levels of hairpin constructs could not
initiate silencing in the wild type.
Both pairs, Disci10/WT and Disci10/HelF- as well as Disci9/WT and Disci9/HelF-, displayed the
same relative levels of run-on transcripts thus demonstrating that transcription was not impaired
by disruption of helF and that silencing was truely on the posttranscriptional level.
Most importantly, Northern blots on small RNAs further supported the notion that gene silencing
was posttranscriptional: only in efficiently knocked-down strains but not in the wild type or in
non-silenced strains, discoidin specific siRNAs could be detected. Surprisingly, the quantity of
siRNAs was the same in all silenced strains and did not depend on the expression level of
hairpins (Fig. 9C).
Hairpin transcripts are completely degraded
Since the levels of siRNA did not correlate with the amounts of hairpin run-on transcripts, we
examined the accumulation of dsRNA in Northern blots. RNA from clones displaying different
expression levels was hybridized with a discoidin sense probe (Fig. 10) in order to specifically
detect the hairpin transcript. Surprisingly, no dsRNA was detected at all, even in strains that
synthesized 16 fold more hairpin than the endogenous discoidin mRNA. This confirmed the
Northern blot results obtained with an antisense probe that also did not detect the hairpin
transcript (not shown). We conclude that most of the original dsRNA was degraded but not diced
to siRNAs.
Discussion
HelF is a new component involved in the RNAi pathway. Similar to the putative RNA directed
RNA polymerase rrf-3 (10) and eri-1 (11) in C. elegans, HelF is a negative regulator and thus
implies a control of endogenous RNAi mechanisms. Functional components of the RNAi
machinery like Dicer and RISC have been isolated from the cytoplasm (32-34). Related nuclear
proteins like DCL4 (35, 36), Drosha (37), the RITS complex (38) and possibly some RdRPs are
apparently not involved in posttranscriptional gene silencing but rather in processing of miRNAs,
transacting siRNAs and in RNA mediated DNA methylation. Unexpectedly, HelF-GFP is mostly
nuclear and accumulates in distinct speckles. We propose that HelF plays a regulatory role in
very early steps where a cell has to distinguish between genuine transcripts that may have
fortuitous double stranded fold-back regions (39) and truely aberrant RNAs that should induce
the RNAi pathway.
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Our experiments on retroactive silencing support the notion that recognition of RNA as a target
for RNA interference is important. To date it is not known, why RNA interference fails in some
cases. In C. elegans, specific cell types (mostly neuronal cells) are refractive to RNAi (40),
probably due to different biochemical properties like e.g. high expression of eri-1 (11). However,
in Dictyostelium vegetative cells are of a single type. Differences in silencing efficiency should
therefore be due to intrinsic features of transcripts from the RNAi constructs. These may either be
synthesized in insufficient amounts, not provide good Dicer substrates or they may not be
exported from the nucleus. The two non-silenced strains Disci9 and Disci10 apparently expressed
potentially functional dsRNA but this was not recognized as such in the presence of HelF.
Run-on experiments with these retroactively silenced strains clearly showed that HelF acted
posttranscriptionally. Silenced and non-silenced cells displayed the same transcription of the
target gene but only in the helF disruption strain the levels of steady state mRNA were
dramatically reduced.
Run-on experiments showed that silencing efficiency depended on transcription levels of the
dsRNA trigger. Apparently, dsRNA had to be transcribed at higher levels as the endogenous
mRNA and that a threshold level had to be exceeded to achieve silencing. In addition, we
observed partial silencing at intermediate dsRNA transcription levels. In contrast, HelF- cells
displayed efficient silencing below the threshold that was required in wild type cells.
The hairpin transcripts appeared to be efficiently degraded but surprisingly, siRNAs did not
reflect the quantity of dsRNA transcripts and could therefore not represent primary siRNAs.
Furthermore, siRNAs were only detected when the mRNA was efficiently degraded.
Consequently, the small RNAs seen on the Northern blot have to be secondary siRNAs derived
from dicing of RdRP dependent conversion of the mRNA to a doublestranded RNA. This is in
agreement with the previous report that RNAi in Dictyostelium depends on RdRP activity and
that the vast majority of detected Dicer products is derived from the target (12). This can also
explain the low and equal amounts of siRNAs in all strains that may correspond to the amount of
mRNA. A helF disruption would thus not be expected to increase the amount of siRNAs in
comparison to silenced wild type cells.
In C. elegans, the HelF related drh-1 gene is required for RNAi and a loss-of-function mutant
(14) impairs gene silencing. The authors imply a function of drh-1 in the Dicer complex since the
protein is associated with rde-1 (argonaute), dcr-1 (Dicer) and rde-4 (dsRNA binding protein). In
contrast, HelF acts as a suppressor of RNAi in wild type cells and a gene disruption enhances
silencing. If HelF acted by directly binding to Dicer, an increased Dicer activity would be
expected in the helF knock-out strain. This was clearly not the case and also unlikely due to the
different localization of both proteins in the cell.
We assume that HelF may act as a surveillance system for intramolecular dsRNA formation of
partially complementary RNAs. If HelF functions as a helicase it could unwind short range
double strands with low efficiency. Only when complementary regions are longer and/or dsRNA
levels rise beyond a certain threshold, the capacity of HelF could be exhausted and RNAi
mediated silencing would be initiated. A knock-out of HelF would abolish the surveillance
system and thus improve RNA interference by transgene expressed dsRNA. HelF could also be
involved in nuclear miRNA processing. It was intriguing that the morphological phenotype was
only detectable in later stages of development. This may provide a first indication for
developmental control by RNAi or miRNA pathways in Dictyostelium.
Antisense RNA most likely does not act via direct hybrid formation with the corresponding
mRNA but rather by providing a target for an RdRP that synthesizes the complementary strand
(12, 41). This assumption was supported by the observation that in some cases of inefficient
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silencing, sense and antisense RNAs can both be detected as full length transcripts in the same
cell (42). These have obviously not hybridized since a double strand should be immediately
diced. In agreement with the putative functions of HelF discussed above, antisense mediated gene
silencing would not be affected by a helF gene disruption if the helicase interfered with
intramolecular dsRNA formation but not with the synthesis of dsRNA by an RdRP. Furthermore,
antisense RNA acts in the cytoplasm while HelF is at least predominantly nuclear.
The putative target genes that may be regulated or influenced by HelF are still elusive but their
definition may cast a new light on the mechanisms to control gene expression.
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Figure Legends:
Fig. 1 Protein alignment
Alignment of DEAH-box RNA helicase domains from HelF, RrpA (D. discoideum,
DDB0191515, DictyBase, http://dictybase.org), dcr-1 (C. elegans, NP_498761), DCL1 (A.
thaliana, NP_171612) and drh-1 (C. elegans, NP_501018). Identical residues are marked in dark
grey, similar residues in light grey.
Fig. 2 Analysis of HelF- strain
A. Southern blot of genomic DNA, isolated from wild type cells and from two HelF disruption
clones (No.5 and 6). DNA was digested with EcoRI and XbaI, separated on an agarose gel,
blotted and hybridized with an oligo-labelled probe, resulting in labeled fragments of 7600 bp
and 1037 bp in wild type in the K.O. strains respectively (arrows).
B. RT-PCR of total RNA isolated from wild type and the HelF knock-out strain was carried out
with an oligodT primer. PCR was done on the cDNA using the helF specific primers
5’-CAATAAACTTTTATCAAATGGTG-3’ (5’ primer) and
5’-CTCTAAATTTTTAATTAAATTATAAATT-3’ (3’ primer). The expected product of 1.500
bp was only detected in the wild type. As a control, primers for the thioredoxin gene were used
on the same cDNA. Similar amounts of PCR products were obtained for cDNA of both strains
and only the spliced trx fragment of approx. 300 bp was detected, thus confirming the efficient
removal of DNA contaminants. C1 and C2 are control PCR reactions with helF and trx primers
respectively but without cDNA template.
Fig. 3 HelF- phenotype
Wild type cells (A,B) and HelF- cells (C,D,E) were grown in parallel on a lawn of Klebsiella
aerogenes. Mutant slugs were oversized and aberrant (D,E). After prolonged development, the
plaques formed by the mutant strain were covered with a network of dead stalk (C) originating
from the long slug tails and a reduced number of mature fruiting bodies. Scale bars represent
0.25mm.
Fig. 4 Localization of HelF
A. Fluorescence microscope image of a HelF-GFP cells; (a) GFP, (b) DNA stained with DAPI,
(c) merge of (a) and (b).
B. Subcellulal distribution of non-fusion GFP as a control.
Scale bars represent 5 µm.
Fig. 5 Silencing by RNAi
RNAi mediated silencing of discoidin (disci), coronin (cori), thioredoxin (trxi) and sp96 (sp96i)
is summarized. Bars represent the fraction of clones (in %), showing different silencing
efficiency in wild type and HelF- background on the level of Northern, Western and colony blots.
“Silenced” was defined as 0% to 10%, “partially silenced” as 10% to 50% and “non-silenced” as
more than 50% of the wild type signal. For colony blots, partially silenced clones were not
defined. n = number of clones examined.
Fig. 6 Dicer activity is not enhanced in the helF knock-out strain
Dicer activity in cell free extracts of wild type and helF knock-out strains was examined as
described previously (32). A 600 bp dsRNA generated from in vitro transcripts of the discoidin
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gene was used as a substrate and increasing amounts of extract (1, 5, 10 and 20µg of protein)
were added. Incubation was for 60 min at room temperature. The dsRNA substrate and the 21mer
products are indicated. The marker represents end-labeled DNA fragments (pGEM-3Z digested
with Sau3A).
Fig. 7 Silencing by asRNA
Antisense RNA-mediated silencing of discoidin (discas), coronin (coras) and thioredoxin (trxas)
is summarized. Bars represent the fraction of clones (in %), showing different silencing
efficiency in wild type and HelF- background on the level of Northern, Western and colony blots.
“Silenced” was defined as 0% to 10%, “partially silenced” as 10% to 50% and “non-silenced” as
more than 50% of the wild type signal. For colony blots, partially silenced clones were not
defined. n = number of clones examined.
Fig. 8 Retroactive silencing
A partially silenced clone (Disci9), transformed with the discoidin RNAi vector was
supertransformed with the helF K.O. construct. After selection on blasticidin, the transformants
(Disci9/HelF-) were assayed for discoidin expression on Western blots (A). Expression in the
Disci9 parent clone is shown as a control. Disruption of the helF gene was examined by PCR (B),
the band of 1480bp is indicative for a successful disruption. K- indicates the PCR control without
template.
Fig. 9 Transcriptional analysis of discoidin
A. Northern blot analysis of discoidin steady-state expression in silenced (Disci1, Disci2,
Disci9/HelF-, Disci10/HelF-), partially silenced (Disci9) and non-silenced (Disci10) clones, used
for run-on assays. Ethidiumbromide staining of the large rRNA was used as a loading control.
B. Nuclear run-on assays. The relative ratios of discoidin/actin transcription levels (x100) were
calculated for each individual filter, hybridized to labeled run-on transcripts from the different
clones. The filters were stripped and re-hybridized to wild type run-on transcripts. The relative
ratio of discoidin/actin15 was subtracted from the overall level of run-on transcripts in the mutant
strains. The difference comprised the expression level of the discoidin hairpin construct. This
calculation was required since the discoidin in vitro transcripts, applied on the filter, hybridized
to both endogenous and hairpin run-on transcripts. Relative transcription levels of discoidin in
wild type cells (WT) are shown for a comparison. Silencing levels are indicated (s = silenced, p.s.
= partially silenced, n.s. = non-silenced).
C. Northern blot analysis for discoidin siRNAs. Detection of siRNAs in silenced (s.), partially
silenced (p.s.) and non-silenced (n.s.) clones carrying the discoidin RNAi construct in the wild
type or HelF- background. M: RNA decade marker (Ambion), shown after shorter exposure for
better resolution. U6: hybridization with radioactively labelled U6 snRNA as a loading control.
Fig. 10 Steady-state level of hairpin transcripts
Northern blot of different clones, transformed with the discoidin hairpin construct and showing
different silencing levels (completely silenced: Disci8/HelF-1, Disci8/HelF-4, Disci1/WT,
Disci2/WT, Disci9/HelF-2; partially silenced clones: Disci3/WT and Disci9/WT), probed with a
discoidin sense transcript for detection of steady-state hairpin expression levels. As a positive
control, 0,1ng of in vitro transcribed discoidin dsRNA was applied. Ethidiumbromide staining of
the large rRNA is shown as a loading control.
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Table 1 Retroactive silencing
Total number of clones and their genotypes examined for retroactive silencing.

Table 1 Retroactive Silencing
Strain
Disci9
Disci10

No. of clones No. of clones
tested
silenced

20
24

20
12

HelF
disrupted

silenced &
disrupted

silenced &
undisrupted

non-silenced
& disrupted

20
13

20
12

0
0

0
1
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Supplementary materials
Vector constructs
Cloning of discoidin RNAi construct
The discoidin RNAi was cloned by amplification of a 509 bp discoidin fragment of with
primers:
Forward: AAACTGCAGTCTACCCAAGGTTTAGTTC
Reverse: AAAGTCGACCAGTGTAAATATCTGCACC.
This was cloned into pDneo2 downstream of the actin6 promoter in sense orientation via PstI
and HincII. A second discoidin fragment (768 bp) was amplified by PCR using primers:
Forward: AAGGTACCTCGAGAAGATCTGTAGCAATGTAATCAGCTC
Reverse: AACTCGAGCTAGCCAAGGTTTAGTTCAAC.
and fused to the first one in antisense orientation via Acc65I and XhoI.
Cloning of coronin RNAi construct
The coronin sense (642 bp) fragment was generated by PCR using primers carrying the
endogenous PstI site and SmaI site:
Cor sense 5’ PstI : CTGCAGGTGGTGGTTCATTCGCTGT
Cor sense 3’ SmaI : CCCGGGAAGAGACCAGAGGCAGAAT
The second fragment of the coronin gene (903 bp) was generated by PCR using primers
carrying BamHI and SmaI sites:
Cor as 5’ Bam HI: GGATCCCTGCAGGTGGTGGTTCATT
Cor as 3’ EcoRV: GATATCAGATTTTCTTGGTACACGGAA
The coronin sense PCR product was subcloned in sense orientation into pDneo2 via PstI at the
5’ end and blunt ligation via SmaI (primer designed) and HincII (vector restriction site) at the
3’ end. The pDneo2 vector was linearized with EcoRI, the resulting ends were blunt-ended
using Klenow polymerase, and then digested with BglII, thus generating one blunt and one
sticky end. The second PCR fragment was ligated to the first one in antisense orientation via
BamHI/BglII compatible overhangs at the 5’ end and blunt ligation at the 3’ end.
Cloning of sp96 RNAi construct
The Sp96 fragment of 405 bp was amplified with primers:
Forward: AACTGCAGAGATGAACCAACTCATAGACCA
Reverse: TTGGATCCAGCAATTGAAGCGATGGTTGAG,
and cloned into pDneo2 downstream the Actin6 promoter in sense orientation via PstI and
BamHI. A second Sp96 fragment (656 bp) was amplified by PCR using primers:
Forward: AAGAATTCAGATGAACCAACTCATAGACCA
Reverse: TTGGATCCATGATGATGGTGAAGATGAAGC
and fused to the first one in antisense orientation via EcoRI and BamHI.
Cloning of Trxi
Trxi construct was cloned by amplification of the full length thioredoxin cDNA (trxA) of 321
bp with primers:
Forward: GAACGAGCTCCATGGCCAATAGAGTAATTCATG
Reverse: CGCGGATCCTTATTTGTTTGCTTCTAGAGTACTTC.
The fragment was cloned via BamHI and NcoI in antisense orientation to the Actin6 promoter
into pDneo2. A fragment of the discoidin gene (393 bp) was fused to the first one, thus
forming the loop of the hairpin construct. A second thioredoxin fragment (330 bp) was
amplified by PCR using the primers:

Forward: AAAGTCGACCCAATAGAGTAATTC
Reverse: CTAGCATGCCCTTATTTGTTTGC
and fused downstream in sense orientation via SalI and SphI to the discoidin loop sequence.
Figure Legends:
Fig. S1 HelF disruption enhances gene silencing by RNAi
Comparison of gene silencing in wild type (WT, left) and HelF- background (HelF-, right).
A. Colony blots using a monoclonal anti discoidin antibody (blue staining) were
counterstained with Ponceau (red) to visualize the entire colonies. Western blots on proteins
isolated from wild type cells and four representative clones transformed with a discoidin
RNAi (Disci) construct. A second monoclonal antibody against coronin was used as an
internal control. Northern blots with RNA from the same cell lines were hybridized with a
discoidin specific probe are shown below. Ethidiumbromide staining of the large ribosomal
RNA was used as a loading control.
B. Transformation with a coronin RNAi construct in the wild type (cori/WT) and the HelF(cori/ HelF-) background. Colony blots stained with a monoclonal anti coronin antibody are
shown in the upper part, Western blots using the anti coronin mAb and the anti discoidin mAb
as an internal control are displayed in the lower part.
C. Transformation with a thioredoxin RNAi construct in the wild type (trxi/WT) and the
HelF- (trxi/HelF-) background. Northern blots with RNA from independent clones were
hybridized with a thioredoxin specific probe. Ethidiumbromide staining of the large ribosomal
RNA was used as a loading control.
D. Transformation with a sp96 RNAi construct in the wild type (sp96i/WT) and the HelF(sp96i/HelF-) background. Northern blots with RNA from cells developed for 16 hours on
filters were hybridized with a sp96 specific probe. RNA from vegetative wild type and HelFcells that do not express sp96 are shown for comparison. Ethidiumbromide staining of the
large ribosomal RNA was used as a loading control.
Fig. S2 Antisense RNA mediated gene silencing is not enhanced in HelF- cells
Transformation with discoidin antisense (discas), coronin antisense (coras) and thioredoxin
antisense (trxas) constructs in the wild type and the HelF- background.
A. Colony blots stained with an anti discoidin mAb (top) and an anti coronin mAb (bottom)
are shown. Untransformed wild type and HelF- cells are displayed as controls (right).
B. Western blots of clonal isolates from wild type and HelF- cells transformed with the
discoidin antisense construct and probed with the discoidin mAb and the coronin mAb as a
loading control.
C. Northern blots of RNA prepared from clonal isolates of cells transformed with the
thioredoxin antisense construct and hybridized with a labelled trx antisense probe (detecting
the mRNA). Ethidiumbromide staining of the large rRNA was used as a loading control.
D. Northern blot of RNA from the same strains hybridized with a labelled trx sense probe
(detecting antisense transcripts) to demonstrate expression of the silencing construct.
Fig. S3 Run-on assays of discoidin
Individual filters were hybridized to labeled run-on transcripts from four completely silenced
clones (Disci1/WT, Disci2/WT, Disci9/HelF- and Disci10/HelF-), one partially silenced clone
(Disci9/WT) and one non-silenced clone (Disci10/WT). Discoidin, GFP (NC - negative
control) and Actin15 in vitro transcripts were applied on the filters by slot blotting. The same
filters were stripped and re-hybridized with nuclear run-on transcripts from wild type cells
(WT). Signals were quantitated and are presented in Fig. 9.

Fig. S1 HelF disruption enhances gene silencing by RNAi
Disci/WT

A. Discoidin RNAi

Disci/HelF

Controls

WT

Colony blot

HelF
WT

WT
Coronin

Western blot

Discoidin

mRNA
Northern Blot

rRNA

B. Coronin RNAi

Cori/WT

Cori/HelF

Controls
WT

Colony blot
HelF
WT

HelF WT
Coronin

Western blot

Discoidin

C. Thioredoxin RNAi
WT
mRNA

Trxi/WT

rRNA

WT
mRNA

Trxi/HelF

rRNA

D. SP96 RNAi
WT
veg. 16h

mRNA

sp96i/WT

rRNA
HelF
16 h
sp96i/HelF

HelF
veg.
mRNA

rRNA
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4. 2. Additional experiments to the submitted publication
4. 2. 1. HelF knock-out strain displays developmental phenotype
HelF K.O. strain displayed a mutant phenotype during development which is presented in
details in Popova et al., submitted. The mutants displayed prolonged slug stage and the
migrating slugs left long tails of stalk-like structure behind. A reduced number of fruiting
bodies were observed. In order to evaluate the penetrance of the phenotype, wild type and
HelF- strain were grown in parallel on a lawn of Klebsiella aerogenes and the number of
fruiting bodies per equal area was counted for both strains (Fig. 3). HelF K.O. strain gave rise
to 10 times less fruiting bodies in comparison to the wild type.

A

B

Fig. 3 Wild type (A) and HelF- (B) after prolonged development on KA plates. A
strongly reduced number of fruiting bodies on top of a network of dead stalk are observed in
HelF- (B). The number of fruiting bodies in wild type and HelF- was counted in two
independent experiments.
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4. 2. 2. Expression analysis of HelF
To analyze the expression pattern of HelF in vegetative cells Northern blot analysis with total
RNA and Poly(A) - enriched RNA was performed, using as a probe a 1,5 kb oligolabelled
PCR product from HelF (amplified with primers HelF pet15b BamHI 5' and HdsRBD 5’
HindIII), or an HelF in-vitro transcript (~1 kb). No signal could be detected, probably
because of low expression level of HelF (data not shown).
Another highly sensitive and specific method useful for the detection of low amount of
transcripts is the Reverse Transcription-Polymerase Chain Reaction (RT-PCR). Semiquantitative RT-PCR was performed with cells in vegetative stage and in development to
assess the expression levels of HelF (Fig. 4). Total RNA (or Poly(A) enriched RNA) was
obtained from axenically grown cells and from Dictyostelium cells in different developmental
stages (from 1 to 23 hours of development). For developmental analysis, cells were plated on
Millipore filters laid on phosphate buffer, and harvested at different times of development.
A

M

cDNA cDNA K1 K2
total Poly(A)

1500 bp

.

B

M K- K+ 1

2

3

4

7

10

1 3 15 23

1500 bp

Fig. 4 Expression of HelF in Dictyostelium. (A) RT-PCR with primers HelF pet15b BamHI
5' and HdsRBD 5’ HindIII on total cDNA and Poly(A)-enriched cDNA was made with RNA
from axenically grown cells . K1- the same PCR on total RNA (no RT); K2 – the same PCR
on cDNA from HelF-.M: 1 kb Marker. (B) Expression of HelF during development (1 hour to
23 hours) by RT-PCR. K- (negative control): PCR with HelF-specific primers without
template; K+ (positive control): PCR on genomic DNA.
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Reverse transcription was carried out with 2 µl of RNA, that had been treated with DNase I
(RNase free) to get rid of genomic DNA contaminations. PCR was performed with HelF
specific primers (HelF pet15b BamHI 5' and HdsRBD 5’ HindIII ), resulting in a fragment of
1,5 kb. The negative control reactions were carried out under the same conditions, omitting
the first step (RT). No bands were obtained in the control PCRs. For semi-quantitative RTPCR, the amplification was performed at different cycles in order to determine the
exponential range of the amplification before reaching a plateau, while still getting clearly
visible signals on the agarose gel. Here, the exponential phase has been determined by 30
PCR cycles.
The expression analysis using RT-PCR revealed that HelF is expressed in vegetative stage
and during all developmental stages (Fig. 4) at similar levels.
4. 2. 3. Transformation of pdneo2Disci in Dictyostelium
Dictyostelium cells can be stably transformed with a vector, carrying a resistance cassette to
the antibiotic G418 (Nellen et al., 1984). It has been shown, that the transformation yields
high-copy number of vector DNA, integrated into the genome and arranged in tandem arrays.
When the transformed cells are grown under selective conditions, there is an increase in the
copy number of the vector in the total population of transformants (Nellen and Firtel, 1985).
Dictyostelium cells were transformed with the vector pdneo2Disci carrying the hairpin RNAi
constructs against discoidin. In order to check the transformation efficiency and the copy
number of the vector DNA integrated in the genome of the transformed cells, two approaches
were used.
Genomic DNA was isolated from several clones, which had been stably transformed with
pdneo2Disci and grown under selective conditions (G10). Of this DNA, 4 µg were digested
with PstI, which cuts only once in the vector sequence. Different amounts of the restriction
digestion mixture were subjected to ligation and were transformed in DH 5α E. coli. Tandem
insertion of the vector DNA in Dictyostelium genome would result in religation of the vector
and successful transformation in the bacterial cells. After transformation approximately 30 to
50 clones per plate were obtained and plasmid DNA was prepared from 30 independent
clones. Restriction digestion was done with HindIII for analysis of the obtained plasmids. Gel
electrophoresis revealed that 18,5 % (5 from 27) of the examined plasmids showed the same
restriction pattern as the control digestion of pdneo2Disci (Fig. 5). Clones 4 and 28 showed
additional bands that were due to partial restriction digestion. In three clones one HindIII site
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was missing, but both fragments that contained the hairpin construct and the Actin6 promoter
sequence (1 kb and 1,5 kb respectively) were present. Similar method for evaluation of
tandem insertion copies per genome was used by Barth et al. (Barth et al., 1998)

M

1

2 3 4

5 6

7

8 9

10 11 12 13 14

3000 2000 -

M

K 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

3000 2000 -

Fig. 5 HindIII restriction digestion of pdneo2Disci regained from transformed
Dictyostelium cells. K – control (pdneo2Disci /HindIII, resulting in: 3,9 kb; 1,5 kb; 1,0 kb;
760 bp and 160 bp fragments). Arrows: clones, showing the same restriction pattern as the
control; stars – clones with additional partial restriction digestion fragments. M: 1 kb size
marker
The analysis used provides a quick and reliable method for determination of tandem plasmid
insertions in the Dictyostelium genome. However, for estimation of the vector copy number
per genome, a comparison should be done with relative number of colonies obtained after
transformation of similar amount of genomic DNA from a Dictyostelium strain with known
vector copy number.
The second approach used was Southern blot analysis of several independent transformants
and wild type and HelF K.O. strains as controls. Genomic DNA was prepared and digested
with HindIII. As a hybridization probe a discoidin antisense in-vitro transcript was used. The
restriction digestion with HindIII resulted in four fragments, originating from different
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discoidin genes (dscA – 850 bp, dscB and dscD – 1485, 1486 and 730 bp). The additional
bands, detected with the discoidin antisense probe, originated from the vector sequence (Fig.
6). The copy number of vector DNA, integrated into the genome was evaluated with the
program TINA as the ratio of the intensity (PSL-Bkg)/mm²) of the additional bands, to the
intensity of the band at 730 bp, which corresponded to a single copy discoidin gene. The

M

HelF-

WT

Dieci35

Disci3

DisciM

FD4

FD1

results are presented in Table 1.

Fig. 6 Southern Blot for the analysis
of vector copy numbers. Genomic
DNA from individual clones was
digested with HindIII, blotted and
hybridized to discoidin antisense
probe. FD - Disci/HelF-, clone No.1
and 4, DisciM, Disci3 and Disci35 –
transformants in wild type background,
M – 1 kb marker.

Clone*

Copy number

FD1

17,0

FD4

10,7

DisciM

13,3

Disci3

12,5

Disci35

18,6

Table 1 Vector copy number
integrated in the genome. Clones are
explained in the legend to Fig. 6
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The results obtained from the Southern blot analysis and from the transformation method
described above confirmed the previously published results (Nellen and Firtel, 1985) that
transformation with a vector, carrying the G418 resistance, yields high-copy number of
vector DNA, integrated into the genome and arranged in tandem repeats.

4. 2. 4. HelF overexpression suppresses gene silencing by RNAi
HelF knock-out leads to considerable enhancement of silencing efficiency by RNAi (Popova
et al., submitted). It should be tested, if overexpression of HelF in Dictyostelium would result
in the opposite effect – suppression of gene silencing by RNAi in comparison with that in the
wild type and moreover, if the enhancement of gene silencing in HelF- can be reverted to wild
type levels by overexpression of HelF in the helF disruption strain. For this purpose, an
overexpression vector was constructed, coding for a HelF-c-myc fusion protein. The HelF
coding sequence was amplified with the primers HelF 5' EcoRI and HelF pet15b BamHI 5'
and cloned via EcoRI and BamHI restriction sites in vector pDEX-RX c-myc, creating a Cterminal c-myc fusion (Fig. 7).

Fig. 7 Expression construct pDEX-RX HelF-c-myc. C-myc is fused C-terminally to the
HelF coding sequence.

Dictyostelium wild type cells were transformed with the vector pDEX-RX HelF-c-myc and
the expression of the fusion protein HelF-c-myc in individual clones was detected by Western
blot with c-myc antibody. The full length fusion protein (96,6 kDa) was detected in all tested
clones (Fig. 8).
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Fig. 8 Western blot with c-myc
antibody
on
proteins
from
Dictyostelium clones, transformed with
pDEX-RX HelF-c-myc. The arrow
indicate the signal for HelF-c-myc (96,6
kDa). M denotes a protein marker.

To investigate the effect of HelF overexpression on gene silencing, two genes were chosen –
discoidin and coronin. Wild type cells were co-transformed with the vector pDneo2Disci,
expressing hairpin RNA against discoidin, and pDEX-RX HelF-c-myc, expressing the fusion
protein HelF-c-myc. Alternatively, HelF- cells were co-transformed with the vector
pDneo2Cori, expressing hairpin RNA against coronin, and pDEX-RX HelF-c-myc. The cotransformations were sub-cloned on Klebsiella aerogenes plates and single clones were
examined after growth in axenic medium. The gene silencing of the two corresponding genes
was monitored in Western blot. Fig. 9 shows representative examples of the results.
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pDneo2Disci + pDEX-RX HelF-c-myc / WT

WT 1
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6

7
Coronin
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Fig. 9 HelF overexpression suppresses gene silencing. Western blot on proteins isolated
from wild type and co-transformants, indicated above the blots, with anti discoidin and anti
coronin antibodies for detection of silencing by RNAi for discoidin (A) and coronin (B).
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The efficiency of silencing by RNAi was evaluated as the number of clones in %, showing
silencing for the respective genes in Western blot, and it was compared to the silencing
efficiency in wild type or HelF- (Popova et al., submitted). The results are summarized in
Table 2. Co-transformation of HelF-c-myc with the discoidin RNAi construct in wild type
resulted in almost two fold reduction of silencing efficiency for discoidin (30%) in
comparison with the silencing efficiency by transformation only with the RNAi construct in
wild type (53%).
The co-transformation of Coronin RNAi construct with HelF-c-myc expression construct in
HelF knock-out strain resulted in 0% silencing. Silencing of coronin in wild type by RNAi
was never observed, while silencing in HelF- background was enhanced to 60% (Popova et
al., submitted). Thus, by overexpression of HelF-c-myc, rescue of the RNAi phenotype was
obtained by reverting the silencing efficiency for Coronin to that in wild type background.
However, no rescue of the morphological phenotype was observed (data not shown).
Probably the overexpressed HelF-c-myc protein was only partially functional.

RNAi against
Discoidin
% silenced

WT

HelF-

53% 94%

HelF-c-myc/WT
No. of clones
tested

No. of clones
silenced

% silenced

24

8

30%

HelF-c-myc/HelF-

RNAi against
Coronin

WT

HelF-

% silenced

0%

54%

No. of clones
tested

No. of clones
silenced

% silenced

25

0

0%

Table 2 Silencing by RNAi. Silencing efficiency is calculated as number of clones, showing
silencing in Western blot as a % of the total number of clones tested in different backgrounds.
HelF-c-myc – co-transformants of Discoidin or Coronin RNAi construct with pDEX-RX
HelF-c-myc in wild type or HelF- strain.
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4. 3. Biochemical studies
4. 3. 1. Cloning and expression of recombinant HelF in E. coli
In order to characterize the functions of the HelF protein on a molecular level and to study its
interactions with other RNAi components in vitro, a strategy was developed to obtain a
recombinant HelF protein. As an expression system the plasmid pET15b (Novagen) and the
bacterial strain E. coli BL21(DE) were chosen, which is one of the most powerful systems for
expression of recombinant proteins. Moreover, pET15b contains a His-tag near the multiple
cloning site which can be used for purification of the fusion protein over a His-Trap®
column.
The full length coding sequence of HelF, comprising 2511 bp, was amplified by PCR on
genomic DNA as a template with the primers HelF pet15b NdeI 3' and HelF pet15b BamHI
5', designed with additional restriction sites for directional cloning in pET15b. The PCR
fragment was cloned in pGEM T-Easy and subcloned in pET15b in the same reading frame
as the His-tag using the restriction sites NdeI and BamHI (Fig. 10).

Fig. 10 Expression construct pET15b HelF. His-tag is fused Nterminally to the coding sequence of
HelF.

The vector pET15bHelF was transformed in E. coli BL21 cells and the expression was
induced at OD600 = 0,4 with 1 mM IPTG for 2 to 6 hours at 30oC. Western blot analysis
using an anti-His AB (Fig. 11) showed that the overexpression of the recombinant fusion
protein with expected molecular mass of 96 kDa was successful. As can be seen on Fig. 11,
the expression levels of recombinant HelF were relatively low and the maximum of
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expression could be detected after appr. 2 hours of induction. After 4 hours the recombinant
protein was degraded and no HelF could be detected on a Western blot.
2h
K-

K-

3

4h
3

5

5

M

3

5
- 123

95 kDa

- 77

- 42

Fig. 11 Bacterial overexpression of HelF. Western blot with anti-His antibody on total
protein from two induced BL21 clones (No.3 and 5), transformed with pET15bHelF after 2
hours (in duplicate) and 4 hours of induction is shown. K- (negative control): the same
clones, not induced with IPTG.
After finding positive expression clones, the solubility of the protein was examined by
Western blot assay of the soluble and non-soluble fractions after cell lysis. It turned out, that
the recombinant protein was in so called “inclusion bodies” – insoluble aggregates of
misfolded protein. It is often difficult to obtain soluble and active protein from expression in
bacterial cells. The inclusion bodies can be easily purified, however the solubilization of the
protein can be usually obtained only by strong denaturing conditions and then the major
problem is to achieve a native protein by re-folding in vitro.
In order to study the biochemical properties of the protein in vitro it was of great importance
to get a native (soluble) protein, rather than to try to re-nature the protein after denaturing
purification. That is why many parameters were tested to find appropriate conditions for
overexpression of soluble HelF. Different conditions were used, like:
Concentration of IPTG:

0,1 mM to 1 mM

Temperature of induction:

from 16oC to 37oC

Duration of induction:

from 1 hour to 16 hours

Bacterial media:

LB and TB medium

Bacterial strains:

E. coli BL21(DE3), E. coli TunerTM(DE3),
E. coli TunerTM(DE3) pLacI

Cell lysis:

sonication, French press, enzymatic lysis
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Lysis Buffers:

different salt concentrations, addition of various
detergents (Triton, CHAPS, etc.)

Under all conditions used the recombinant protein was found in the non-soluble fraction (data
not shown).
4. 3. 2. Purification of recombinant HelF
Since soluble HelF could not be obtained directly, a denaturing-renaturation purification of
the protein was done. After induction of a preparative amount of culture (1-2 liters) with 1
mM IPTG for 2 hours at 30oC, the cell pellet was solubilized in lysis buffer containing 8 M
urea and lysed using a French press. The fusion protein was purified on a Hi-Trap® Ni-NTA
column. Under denaturing conditions, the 6xHis-tag of the fusion protein is fully exposed so
that binding to the Ni-NTA matrix is improved and the efficiency of the purification
procedure is maximized by reducing the non-specific binding. As can be seen in Fig. 12, this
resulted in a very pure fraction of the recombinant protein. The His-tagged protein purified
under denaturing conditions was used directly for the production of polyclonal antiserum, or
was renatured by refolding in subsequent steps.
A

F
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W6 M E1
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E3

E4

E5

E6

E7

E8

M
-123 kDa
-77 kDa
- 42 kDa
- 30 kDa

B

Fig. 12 Purification of HelF under denaturing conditions in 8 M Urea. F - Flow through
fraction; W – wash fraction; M – marker, E – elution fractions.
(A) Coomassie stained SDS-PAGE (12%) (B) Western blot with an anti-His-tag antibody.
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4. 3. 3. Production of polyclonal antiserum against HelF
After the successful purification of the recombinant HelF protein, production of polyclonal
antiserum was ordered at the company Eurogentec in Hersal, Belgium. Pre-immune sera
from 5 different rabbits were checked for cross-reactions with proteins from Dictyostelium.
The pre-immune sera from all five rabbits showed background signals on Western blot;
nevertheless rabbit No. 4108 and 4110 were chosen, since the signals in the region of ~100
kDa (the molecular weight of HelF) were the faintest. (Fig. 13)

M

M

M

M

M

- 123
- 77
- 42
- 30
- 25
- 17

Fig. 13 Pre-immune sera from 5 different rabbits. Western blot of total protein isolated
from wild type Dictyostelium cells with the pre-immune sera in a dilution of 1:1000. M –
protein marker.

The two rabbits 4108 and 4110 were immunized and the first, second and last blood were
examined on a Western blot for specific immune reaction with HelF from Dictyostelium wild
type cells. As a negative control, a HelF K.O. strain was used. Multiple Western blots were
done with different dilutions of the sera from the two rabbits. Although a specific signal
could be detected with recombinant and purified HelF with all blood fractions, the immune
sera could not specifically recognize the HelF from Dictyostelium cell extracts (Fig. 14).
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Fig. 14 Western blot with immune antiserum from the second bleeding of rabbits 4108
and 4110. Dilution of the antiserum was 1:100. Different dilutions (1:50 till 1:5000) of the
antiserum did not result in a reduced background or increased specificity to endogenous HelF
(data not shown). r.HelF - recombinant HelF; WT and HelF- - total protein from
Dictyostelium Ax2 and HelF- strains, respectively; M - protein marker
In order to decrease the non-specific signals of the antiserum and to concentrate it, affinity
purification was done with recombinant HelF. The affinity purified antiserum showed less
background, but still no specific detection of HelF in Dictyostelium extracts (data not shown).
Thus it could be concluded that the polyclonal antisera were not specific and/or the
expression level of HelF was very low so that these polyclonal antisera could not be used for
detection of the protein in Dictyostelium.
4. 3. 4. Cloning and expression of GST-HelF fusion protein
To obtain a soluble full length HelF protein, another expression vector was constructed in
which GST was N-terminally fused to HelF, as the GST-tag could enhance the solubility of
the recombinant protein. Moreover, an Anti-GST antibody was available.
The coding sequence of the helF gene was amplified by PCR using the primers HelF-GST 5'
EcoRI and HelF-GST 3' XhoI, carrying additional restriction sites for directional cloning in
the plasmid pGEX-5X-1. After cloning the PCR fragment in pGEM T-Easy, the coding
sequence was subcloned in the vector using the EcoRI and XhoI restriction sites, so that HelF
was in frame with the GST coding sequence (Fig. 15).
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Fig. 15 Expression vector pGEX 5x-1 GSTHelF. The coding sequence of HelF was cloned
using EcoRI and XhoI restriction sites in the
plasmid pGEX-5X-1.

The expression construct pGEX5x-1 GST-HelF was transformed in E. coli BL21 and protein
expression was induced in several independent clones. As can be seen on Fig. 16, no
expression of the fusion protein could be detected (expected molecular weight = 122 kDa).
Explanations for the lack of expression could be either a mutation in the coding sequence,
leading to premature stop codon, or instability of the fusion protein. In order to eliminate the
first possibility, the construct was cloned once again, this time by using the HelF coding
sequence, fused N-terminally to GFP (vector pdDHelF-GFP). Expression of this in
Dictyostelium had resulted in a full length fusion protein (no PCR was used to eliminate
eventual mistakes of the Taq Polymerase). No expression of the GST-HelF fusion protein
could be detected also in transformants of this second construct (data not shown). Thus, it
could be concluded that the recombinant GST-HelF fusion protein was unstable or that some
other factors interfered with the overexpression.
clone No.

1

2

3

4

5

M

GST
122 kDa

26 kDa

Fig. 16 Western blot with an anti-GST-antibody. 1-5: total protein from five induced
BL21 clones, transformed with pGEX 5x-1 GST-HelF after 3 hours of induction. GST
(positive control): induced clone, transformed with vector pGEX 5x-1 GST alone, resulting in
expression of GST (26 kDa).
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4. 3. 5. In vitro experiments with full length recombinant HelF
4. 3. 5. 1. North-Western assay
Since HelF has a putative double stranded RNA-binding domain (dsRBD), the next
experiments focused on developing assays for the characterization of dsRNA binding
activity. The first method used was North-Western assay, where the recombinant full length
His-tagged HelF was run on a SDS-PAGE, blotted on a membrane and re-natured by a series
of washing steps on the membrane. Then the membrane was incubated with radioactive
dsRNA. As a substrate, dsPSV-A probe was used (see Methods). However, binding between
the protein and the probe could not be detected (Fig. 17). This was most probably due to nonfunctional protein as a result of non-efficient re-folding, since HelF is relatively big (96 kDa)
and there was no positive control available for the efficiency of the refolding procedure.

1 µg

2 µg

M

K-

1 µg

2 µg

M

K-

HelF

Western blot : His-Ab

Northern blot: probe: dsPSV-A

Fig. 17 North-Western blot with HelF. Left – Western blot with His-Antibody. The lower
band represents a degradation product of the protein. Right – after renaturation, the
membrane was incubated with the radioactive probe and binding of dsRNAs was analyzed
after exposure to a Phosphoimager. K-: E. coli crude cell extract from induced cells,
transformed with pet15bHelF, but not expressing the recombinant protein. M: Protein marker.
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4. 3. 5. 2. Gel shift assay
Another approach to identify dsRNA-binding activity of a protein is to test its in vitro
capacity to bind directly dsRNA by electrophoretic mobility shift assay (EMSA). This
method can produce information on the affinity of the RNA and protein partners and on the
conditions that favor the interaction (ionic strength, pH, temperature, etc.). EMSA (called
here gel shift assay) experiments can be performed with an in vitro transcribed RNA and
purified recombinant protein. For performing gel shift experiments with HelF the first step
was to obtain an active HelF protein fraction. For this purpose, recombinant His-tagged HelF,
purified by Ni-NTA chromatography under denaturing conditions, was re-natured by dialysis.
The major problem of this approach was how to lower the denaturant concentration to allow
folding while at the same time to prevent aggregation. Two approaches were used – dialysis
against a refolding buffer (Dialysis buffer D, see Methods) and snap-shot dilution of the
protein to prevent the gradual exposure of not yet refolded protein to decreasing denaturant
concentration, which could potentially lead to aggregation.
In both methods used, a large fraction of the protein aggregated. The aggregates were
removed by centrifugation (Fig. 18) and after determination of the concentration of the
soluble protein in the supernatant by a Bio-Rad protein micro assay the protein was used for
gel shift assays. As substrates, dsPSV-A and dsTRX were used, as well as single stranded
PSV-A and Thioredoxin in vitro transcripts. The gel shift retardation assay was performed as
described in Methods. As shown in Fig. 19, no binding could be detected with

pellet

HelF

super

M

123 kDa
77 kDa

Fig. 18 Western blot with His-antibody of
dialyzed recombinant HelF. Protein
concentration in the supernatant = 1 nM
(1 pM/µl)

different amounts of protein neither with dsTRX, nor with ssTRX substrate. The same results
were obtained also with dsPSV-A (data not shown).
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Fig. 19 Gel-shift assay with HelF (0 to 100 pM per lane) and different substrates.
dsTRX-: double stranded thioredoxin RNA with single stranded overhands; dsTRX+: double
stranded thioredoxin RNA with blunt ends (+RNaseA digestion). The additional band by
ssTRX is non-specific, since it appears also in the zero control.
The experiments with the full-length recombinant HelF could not give any information about
the molecular functions of the protein, since it could not be discriminated between the two
possibilities – lack of dsRNA binding activity or impossibility to re-nature the protein. That is
why further experiments were done with a construct, containing only the dsRBD domain
from HelF (following chapter).
4. 3. 6. dsRBD from Dicer and HelF
Both Dictyostelium Dicers – Dicer A (drnA= dicer related nuclease A) and Dicer B (drnB =
dicer related nuclease B) contain a dsRBD at their N-termini. This is a typical domain for
almost all dicer proteins, although the positioning of the conserved domain in Dictyostelium
is unusual (see Introduction, Fig. 1). A comparison of the amino acid sequence of the
dsRBDs from HelF, Dicer A and Dicer B revealed a relatively high similarity. 31% of the
amino acid residues of dsRBD from Dicer A and HelF were identical and 51% - similar, and
the sequence alignment between Dicer B and HelF dsRBDs resulted in 30% identities and
58% similarities (Fig. 20). Moreover, all these proteins are involved in one and the same
pathway of post-transcriptional gene silencing in Dictyostelium (Popova et al., submitted).
Thus, it was of interest to compare the biomolecular characteristics of the dsRBD domains
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from HelF and Dicer, which could give first indications on the molecular functions of the two
proteins and their relative positioning in the RNAi pathway. Beside the HelF-dsRBD, also the
Dicer A–dsRBD was chosen for further biochemical experiments.

Fig. 20 Multiple alignment of the dsRBD of HelF, DrnA (DDB0220441) and DrnB
(DDB0202199). Identical or similar amino acid residues in all three sequences are colored in
red; only in two of the three sequences – in blue.
4. 3. 6. 1. Cloning of two constructs containing the HelF-dsRBD and their expression in
E. coli
To analyze the dsRNA-binding activity of the protein, two expression constructs were
created, containing only the N-terminal part of the HelF coding sequence. Both constructs
encoded for the dsRBD, and varying parts of the HelF protein C-terminally to the dsRBD
(Fig. 21). For cloning of the first construct (pET15bHelF DraIII-HindIII), the initial vector
pET15bHelF was digested with DraIII and HindIII, gel-eluted and ligated after blunting with
T4 DNA Polymerase. The second expression vector (pET15bHelF-ClaI) was obtained after
digestion of the initial vector with ClaI, gel-elution and ligation.
The two expression vectors were transformed in E. coli BL21, 250 ml cell cultures were
grown and induced with 0,5 mM IPTG for 2 hours at 30oC. Only the overexpression of the
second recombinant protein (pET15bHelF-ClaI) was successful. Multiple attempts to
optimize the bacterial expression of the first expression construct were not successful, thus
the following experiments were done with the expression construct pET15bHelF-ClaI.
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DraIII-HindIII deletion
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350 AA

Fig. 21 Cloning of HelF-dsRBD overexpression vectors. (A) The first construct was
created by DraIII-HindIII deletion in the initial vector pET15bHelF; the second one – by ClaI
deletion. (B) Structure of HelF with conserved domains. The two dsRBD overexpression
constructs are coding for the first 177 amino acids and 350 amino acids, respectively.

4. 3. 6. 2. Purification of recombinant HelF-dsRBD and Dicer-dsRBD
The N-terminal sequence from Dicer A (289 aa) containing the dsRBD was cloned in
pET15b by M. Kuhlmann, (vector pET15bDicer-dsRBD). Both expression constructs
(pET15bHelF-ClaI and pET15bDicer-dsRBD) were transformed in E. coli BL21. The
induction of expression of both recombinant proteins was carried out as described above.
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Both recombinant protein domains were found to be soluble and were purified with Ni-NTA
agarose resin under native conditions. The recombinant proteins were dialyzed and their
concentration was determined by a Bio-Rad protein micro assay. Both protein preparations
resulted in the expected full length fusion proteins and additional degradation products.
Several experiments were done for the optimization of the protein induction and purification,
among them addition of different protease inhibitors and protease inhibitor cocktails or
shorter induction times. It thereby was possible to get a relatively pure fraction of HelFdsRBD, but the addition of protease inhibitors could not hinder the degradation of DicerdsRBD (Fig. 22).
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Dicer-dsRBD M Dicer-dsRBD M
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- 42
- 30

- 123
- 77
- 42
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Fig. 22 Bacterial overexpression of dsRBD containing proteins. Coomassie-stained PAGE
(A) and Western blot with His-antibody (B) of dialyzed recombinant HelF-dsRBD and DicerdsRBD. The arrows indicate the two fusion proteins.

4. 3. 6. 3. Gel shifts assays of HelF- dsRBD and Dicer A-dsRBD with long dsRNA
In order to test the ability of the recombinant dsRBDs from HelF and Dicer A to bind directly
dsRNA, gel shift analyses were carried out. Long perfect double stranded RNA (PSV-A) was
used as a substrate, where one of the two strands was radioactively labeled during the in vitro
transcription. Inclusion of purified proteins in the gel shift reaction induced a distinct
mobility shift that increased as more protein was included in the reaction mixture (Fig. 23).
Interestingly, at higher concentrations of the Dicer-dsRBD, an additional, higher complex of
reduced mobility was observed. This could be due to more than one binding site for DicerdsRBD on the long dsRNA substrate. However, this was not the case for HelF-dsRBD, where
only one mobility shift was observed. Moreover, by one and the same protein concentration
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less substrate was bound by the HelF than by the Dicer dsRBD. These data show that both
dsRBDs can directly bind to long dsRNAs and that the binding efficiency differs for the two
proteins.

HelF dsRBD

Dicer dsRBD

0

free dsRNA

0

free dsRNA

Fig. 23 HelF and Dicer dsRBDs interact with long dsRNA in EMSA. Equal amounts of
P-labeled dsRNA (dsPSV-A) were incubated in the absence or presence of increasing
amounts of protein (25 to 50 pmol per lane) and separated on a native polyacrylamide gel.
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To examine the specificity of the binding, the gel shift assays were performed in the presence
of unlabeled competitors at ratios of radioactive substrate to competitor from 1:10 to 1:100
(Fig. 24). Single stranded RNA and dsDNA were not able to compete for binding of DicerdsRBD to long dsRNA, while the same amount of cold dsRNA could fully compete the
mobility shift. Similar results were obtained for HelF-dsRBD (data not shown).
In order to test if the binding activity was influenced by the nature of the substrate, two more
long dsRNAs were used for gel shift analysis. Double stranded thioredoxin substrate (Fig. 24)
did not show any difference in the binding pattern with Dicer-dsRBD in comparison with
dsPSV-A (Fig. 23, binding with dsPSV-A).
The third substrate used was a RNA backbone molecule consisting of a completely doublestranded central part and incompletely paired ends derived from potato spindle tuber viroid
(PSTVd) (Bonin et al., 2001) (Fig. 25A). Interestingly, gel shift assays with PSTVd and

71

Dicer-dsRBD
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0

25 pmol -----------------------------------------50 pmol--------------------------------------------------------dsRNA

ssRNA

DNA

Free dsRNA

dsRNA

Free dsRNA

Fig. 24 Competition assay of Dicer-dsRBD - dsRNA binding with cold competitors.
Radioactive probe: 32P dsTRX RNA. Cold competitors: dsRNA – dsPSV-A; ssRNA – PSV-A
sense transcript (260 nts); dsDNA – discoidin PCR fragment (730 bp). Equal amounts of the
radioactive substrate were incubated in the absence or presence of protein and increasing
amounts of cold competitors, and separated on native polyacrylamide gels.
HelF-dsRBD (Fig. 25B) resulted in much stronger RNA-binding activity compared with the
binding of the protein with long perfect dsRNA (Fig. 23, binding with dsPSV-A). Already by
18 pmol HelF-dsRBD in the reaction mixture the whole amount of free PSTVd probe was
shifted, while 50 pmol of HelF-dsRBD did not result in complete shift of dsPSV-A. The
sample that is retarded in the wells is probably due to a concentration dependant
multimerization of the protein on the RNA or several binding sites on a single RNA
molecule. Different Mg2+ concentrations slightly influenced the RNA-binding activity. For
Dicer-dsRBD, no substantial differences were observed in the binding pattern with PSTVd
(Fig. 25C) compared with the binding with the long perfect dsRNA.
From the results it could be concluded, that both dsRBDs bind to long dsRNA without
sequence specificity, while HelF-dsRBD binds more efficiently to dsRNA with imperfect
matches than to perfect dsRNA. The difference in the binding activity of HelF-dsRBD could
be due to preferential binding of the protein to hairpin regions and imperfect matches, which
was not observed for Dicer-dsRBD.
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Fig. 25 Binding of dsRBDs to imperfect double strands. (A) Secondary structure of
PSTVd-backbone RNA molecule, reproduced from (Bonin et al., 2001). Mismatches and
loops in the right arm are enlarged. (B) Gel shift assay of HelF-dsRBD with PSTVd. RNA is
shifted completely already by 18 pmols of HelF-dsRBD. (C) Gel shift assay of Dicer-dsRBD
with PSTVd at 5mM Mg2+.
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4. 3. 7. Pre-let-7 as a substrate for Dicer A and HelF-dsRBD
Dicer processes two classes of substrates – perfectly complementary dsRNAs and stem-loop
precursors of miRNAs, referred to as pre-miRNA. In mammals, long primary transcripts,
containing the miRNA sequence (pri-miRNA) are first processed in the nucleus by the
RNase-III-like nuclear enzyme Drosha into pre-miRNA, that adopt a hairpin structure of
approximately 70 nts in length. The pre-miRNAs are then processed in the cytoplasm by
Dicer into ~21 bp miRNAs (Lee et al., 2003). The processing of pre-let-7 miRNA has been
studied in vivo and in vitro in different systems (Hutvagner et al., 2001; Ketting et al., 2001),
as well as in vitro by recombinant human Dicer (Zhang et al., 2004). Thus, pre-let-7 was
selected for further studies of the binding activity of the dsRBDs from Dicer A and HelF.
4. 3. 7. 1. Preparation of pre-let-7 RNA
The template for in vitro transcription of pre-let-7 was generously provided by W.Filipowicz.
A double stranded DNA cassette was used as a template, which contains a hammerhead
ribozyme sequence upstream of the pre-let-7 sequence (Fig. 26A). Self-processing of the
ribozyme-containing transcript occurred during the transcription with approximately 70%
efficiency. This additional processing was required, since pre-let-7 RNA contains uridine
residue at its 5’ end, and the T7 RNA Polymerase initiates transcription at two G residues.
The DNA cassette was cloned in pGEM T-Easy and the construct was used as a template for
PCR amplification using the primers pre-let-7 Forward and pre-let-7 Reverse. The PCR
fragment (146 bp) was gel eluted and used as a template for in vitro transcription with T7
RNA Polymerase. The sample was subjected to polyacrylamide gel electrophoresis (Fig.
26B), the pre-let-7 RNA fragment was excised from the gel, gel-eluted and refolded (see
Methods) prior to use (Fig. 26C).
Pre-let-7 was radioactively labelled either internally with 32P-UTP in the course of the in vitro
transcription, or end-labelled. 5’ end-labelling was done with T4 PNK and γ 32P-ATP and 3’
end-labelling was performed with the E. coli CCA-transferase (kind gift from M. Mörl) and α
32

P-ATP.
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.

C
B
T7 transcript (128 nts)
pre-let-7 (70 nts)
ribozym (58 nts)

Fig. 26 Preparation of pre-let-7. (A) RNA sequence of pre-let-7 cassette, reproduced from
(Kolb et al., 2005). The hammerhead ribozyme is in green, pre-let-7 in grey, the position of
hammerhead self-cleavage is indicated with an arrow (B) Self-processed ribozymecontaining transcript (radioactive) separated on 8% polyacrylamide /7 M urea gel. (C)
Secondary structure of pre-let-7 RNA. The arrows indicate the positions of Dicer cleavage as
determined by Zhang et al., 2004.

4. 3. 7. 2. End-labelling of pre-let-7 with E. coli CCA-transferase (tRNA
nucleotidyltransferase)
This enzyme, also called CCA adding enzyme, catalyses the addition of the CCA triplet to
the 3’-end of tRNAs. The integrity of 3'-ends of tRNAs is essential for aminoacylation and
consequently for protein synthesis. The CCA-termini are generated and, if truncated by
exonucleolytic activity, restored by tRNA nucleotidyltransferase (Betat et al., 2004; Schurer
et al., 2001).
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It was of interest to see whether the CCA-transferase could add a single “A” to the 3`end of
the pre-let-7 transcript, since the sequence ends with two CC residues. This could provide a
convenient method for 3`end-labelling of the pre-let-7 transcript and would define a new
substrate for the CCA-adding enzyme. Under the experimental conditions used (see
Methods), the efficiency of 3` end-labelling (addition of α 32P-ATP) was equal to that of 5’
end labelling with T4-PNK (Fig. 27). Thus, the procedure proved to be very efficient and it
was used further for specific 3’ end-labelling of pre-let-7 for Dicer assays and for gel shift
experiments.

K+

T4-PNK CAA-1 CAA-2

Fig. 27 3’ end-labelling of pre-let-7 with CAA-transferase. K+ - internally labelled pre-let7 (positive control); T4-PNK – 5’ end-labelled pre-let-7 with T4-PNK (1/25 in vitro
reaction); CAA-1 – 3’ labelling with CAA enzyme only in the presence of radioactive α 32P
ATP (1/25 in vitro reaction); CAA-2 – labelling reaction in the presence of all four rNTPs
(1/5 in vitro reaction)
4. 3. 7. 3. Gel shifts with pre-let-7
Gel shift assays were performed to test the ability of the two recombinant proteins to bind the
pre-miRNA substrate. Radioactively labeled pre-let-7 was incubated with different amounts
of recombinant HelF-dsRBD and Dicer-dsRBD. As shown in Fig. 28A, a distinct mobility
shift appeared, that increased with the concentration of the protein in the reaction mixture.
Moreover, a second mobility shift was observed for both HelF- and Dicer-dsRBDs at higher
concentrations of the proteins, suggesting binding of two protein molecules to a single prelet-7 substrate. No binding could be detected with small single stranded RNA (20 nts) (Fig.
28B).
In order to examine the specificity of the binding, the gel shift reaction was performed in the
presence of various unlabelled competitors (Fig. 29) with 10 to 100 fold higher
concentrations than that of the substrate. As shown in Fig. 29, ssRNA, ssDNA and dsDNA
were unable to compete for binding of HelF-dsRBD with the pre-let-7, while dsRNA could
successfully compete the mobility shift. Similar results were obtained for the Dicer A
dsRBD.
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Fig. 28 HelF and Dicer dsRBDs interacts with pre-let-7 in EMSA. (A) Equal amounts of
32
P-labeled pre-let-7 were incubated in the absence or presence of increasing amounts of
proteins (0 to 60 pmol per lane) and separated on a native polyacrylamide gel. The two
mobility shifts are indicated with arrows. (B) Gel shift assay with in vitro transcribed and
radioactively labeled ssRNA.
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Fig. 29 Gel shift competition assay of HelF-dsRBD and pre-let-7. 32P-labelled pre-let-7
was incubated in the absence or presence of protein and in the absence or presence of
unlabelled competitors. dsRNA – dsPSV-A; ssRNA – ssPSV-A sense transcript; dsDNA –
discoidin PCR fragment (730 bp); ssDNA – DNA oligo HelF pet15b NdeI 3'.
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From these results it could be concluded, that both HelF-dsRBD and Dicer-dsRBD bind
specifically to pre-let-7 and that most probably there are two binding sites for the proteins on
the pre-miRNA substrate.
4. 3. 8. Gel shift with siRNAs
In order to examine whether the both proteins could bind siRNAs, an internally 32P-labelled
pre-let-7 transcript was processed to siRNAs by a Dictyostelium Dicer extract, the siRNAs
were then gel-eluted, re-natured and used as substrates for a gel shift assay. A faint mobility
shift could be detected only with Dicer-dsRBD (data not shown). The low efficiency of the
binding could be due to the intrinsic molecular characteristics of the two dsRBD but it could
be also a result of low concentration of perfectly matched siRNAs after re-hybridization. That
is why commercially synthesized siRNAs derived from the discoidin coding sequence were
designed according to Reynolds criteria (Reynolds et al., 2004) and used as substrates for
mobility shift assays. As seen in Fig. 30, a distinct mobility shift could be detected for the
Dicer-dsRBD, as well as for the HelF-dsRBD. These data show that both dsRBDs can bind
directly to siRNAs although the affinity of the binding is very low in comparison to the
binding to long perfect dsRNAs or pre-miRNA.

Dicer
pmol 0 18 30 50

HelF
18 30 50

Fig. 30 Gel shift assay of HelF-dsRBD and
Dicer-dsRBD with siRNA. The siRNAs were
radioactively
end-labelled
by
T4-PNK,
incubated with different amount of protein and
the complexes were resolved on a 5% native
polyacrylamide gel.
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4. 3. 9. Relative binding affinity of Dicer-dsRBD to HelF-dsRBD in gel shifts
The results from the different mobility shift experiments were quantified and plotted in a
graph. The shifted radioactivity and that of the free RNA probe were quantified with TINA
Version 2.09g (Raytest). In order to compare the binding affinity of the two dsRBDs, only
results from parallel gel shift experiments were used, that have been conducted under
identical experimental conditions (proteins, incubated with the same amount of radioactive
substrate at one and the same temperature and time of incubation). Fig. 31 provides
representative examples of the results. By comparing the relative binding curves of the two
dsRBDs to different RNA substrates it could be concluded that the Dicer-dsRBD binds long
dsRNA and pre-let-7 with greater affinity than the HelF-dsRBD.
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Fig. 31 Binding activity of HelF-dsRBD and Dicer-dsRBD to long dsRNA (dsPSV-A)
and pre-let-7 as derived from gel shift assays. Increasing amounts of protein were
incubated with constant amount of labeled RNA probe. The shifted fraction is calculated as
radioactivity bound / input radioactivity x 100 and plotted against the amount of protein
added.
4. 3. 10. Biacore measurements of dsRBD – dsRNA interactions
The Biacore system is a novel technology employing surface plasmon resonance. It can be
used to define the characteristics of proteins in terms of their specificity of interaction with
other molecules, the rates at which they interact (binding and dissociation), and their affinity
(how tightly they bind to another molecule) (Herberg and Zimmermann, 1999). Proteinprotein, protein-DNA or protein-RNA interactions can be studied in real time. By this
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technique, the binding of the molecule in the soluble phase (the “analyte”) to a molecule
(“ligand”), immobilized on a sensor surface, is measured directly. The kinetics of an
interaction, i.e. the rates of complex formation (kass) and dissociation (kdiss), can be
determined from the information contained in a sensorgram. If binding occurs as the analyte
passes over the ligand immobilized on the sensor surface, the response signal in the
sensorgram increases. If equilibrium is reached a constant signal will be seen. Replacing the
analyte solution with buffer causes the bound molecules to dissociate and the response signal
decreases.
The affinity of an interaction is determined from the level of binding at equilibrium (seen as
constant signal) as a function of sample concentration. Affinity can also be determined from
kinetic measurements. For a simple 1:1 interaction, the equilibrium constant kD is the ratio of
the kinetic rate constants, kdiss/kass.
The Biacore system has been used for studying the interactions of HelF-dsRBD and DicerdsRBD with different dsRNA substrates. The obvious advantages of the system are that (i) it
can provide accurate determination of kinetic and affinity data rapidly and reproducibly, (ii) a
wide range of experimental conditions can be used, (iii) only low amounts of the interactants
are required.
The Biacore measurements were carried out by Dr.Stephan Drewianka (Biaffin GmbH).
4. 3. 10. 1. 3’ Biotinylation of RNA
A sensor surface with pre-immobilized streptavidin was used for the immobilization of the
ligand. For this purpose, respective RNA molecules had to be biotinylated, making use of the
exceptionally tight binding of biotin to straptavidin, a 60 kDa bacterial protein, or avidin, a
related protein from egg white (KD≈ 10-15 M-1) (Herberg and Zimmermann, 1999). Pre-let-7
and dsPSV-A transcripts were prepared and biotinylated by 3’-label chemical attachment of
biotinamidocaproyl hydrazide, based on selective periodate-mediated oxidation of the RNA
3’-terminal ribose cis-diol. Oxidation results in a dialdehyde which is highly susceptible to
nucleophilic attacks and thus reacts readily with nucleophilic aminocomponents such as
hydrazine derivatives. Finally, the reaction products can be stabilized by borohydride
reduction (Willkomm and Hartmann, 2005). To analyze whether biotinylation was
successful, 0,6 µg of biotinylated RNA were transferred to a nitrocellulose membrane using a
vacuum slot blot device. Subsequently, a Western blot was conducted with an alkaline

80

phosphatase-conjugated Streptavidin antibody. As shown in Fig. 32 for pre-let-7, the
biotinylation by chemical modification was successful.
Since CCA transferase was efficiently recognizing pre-let-7 as a substrate (see End-labelling
of pre-let-7 with E. coli CCA-transferase), it was tested whether E. coli CCA-trasferase could
enzymatically add a single biotin-11-ATP to the 3’ end of pre-let-7. No enzymatic activity
could be detected with biotinylated ATP (Fig. 32), although it was shown, that the enzyme
was not blocked by the substrate (data not shown).

Pre-let-7-biotin (chemical modification)
Pre-let-7-A-biotin (E.coli CCA-transferase)

Fig. 32 Western blot of pre-let-7-biotin with AP-Streptavidin antibody. Equal amounts of
pre-let-7 (0,6 µg), modified by 3’ chemical attachment of biotin or by E. coli CCA
transferase and biotin-11-ATP were transferred on a membrane and probed with APStreptavidin antibody.
4. 3. 10. 2. Determination of the active protein fractions
The purification of HelF-dsRBD and Dicer-dsRBD recombinant proteins did not result in
pure fractions of the fusion proteins, and therefore the actual concentration of the active
proteins had to be determined. This was necessary to enable an accurate determination of the
kD by Biacore analysis, as this depends on knowledge of the concentration of the active
protein. For the determination of the active fraction in HelF-dsRBD and Dicer-dsRBD
protein purifications, the ability of both proteins to bind dsRNA was used.
As mentioned above, Streptavidin binds to biotin with extremely high affinity and the protein
is very stable. Thus, immobilized Streptavidin can be used for affinity purification, since a
protein or RNA that contains biotin can be immobilized on the column and washed under
fairly extreme conditions (biotinylated molecules can be eluted from the immobilized
Streptavidin with 8 M guanidine-HCl, pH 1,5), thus removing >99,7% of unbiotinylated
molecules. The affinity is very strong and binding stable over long periods of time.
An in vitro transcribed PSV-A sense transcript was biotinylated at the 3’ terminus by a
chemical modification (see above), followed by hybridization to an antisense PSV-A
transcript, resulting in a dsPSV-A, that was biotinylated only at one of its ends. To ensure the
81

complete hybridization of the single-stranded biotinylated PSV-A sense transcript, 2-fold
excess of non-biotinylated antisense PSV-A transcripts was added for hybridization. The
RNA was immobilized on a Streptavidin column, washed to remove unbound RNAs, and
purified HelF-dsRBD or Dicer-dsRBD fractions were added to the column. The unbound
protein fraction was collected and after extensive washing the bound protein fraction was
eluted from the column. The active protein fraction, calculated as the percent of the protein,
retained on the column (determined by Bradford) was 40% for HelF-dsRBD and 28% for
Dicer-dsRBD (data not shown). To make sure that the surface of the column was not
saturated with protein the same procedure was done with half of the amount of HelF-dsRBD,
applied originally on the column. The protein activity obtained for HelF-dsRBD from the
second assay was consistent with the first one.
Additionally, the concentration of the two full length recombinant proteins was estimated on
Coomassie-stained PAA gel by calibration to a raw of different protein concentrations of
Ovalbumin. The gels were scanned and the intensity of the bands was evaluated using TINA
Version 2.09g (Raytest). The concentration of the full-length recombinant proteins was
calculated as a percent of the total protein concentration, determined by Bradford. The
calculated concentration for HelF-dsRBD was 50% of the total protein concentration, which
was in a good agreement with the estimated active protein fraction of 40%. For DicerdsRBD, the full length fraction was calculated as 10% of the total protein, while the active
protein fraction, determined by affinity purification was 28%. Most probably the difference is
due to the fact that some of the degradation fractions in the Dicer-dsRBD preparation possess
dsRBD activity. Therefore, for further studies the protein concentration of HelF-dsRBD, as
determined by Bradford, was corrected with a factor of 0,4 and Dicer-dsRBD protein
concentration – with a factor of 0,28, corresponding to the respective active fractions of the
two proteins.
4. 3. 10. 3. Biacore data
Biacore kinetic measurements were carried out under a variety of experimental conditions,
using different protein concentrations (from 1,56 nM to 1,6 µM), different buffers (with 2mM
MgCl2 and without MgCl2) and different substrates (pre-let-7, dsPSV-A). Two representative
sensorgrams are shown in Fig. 33. The association and dissociation kinetics were analyzed
and the calculated values for the two proteins in the presence of 2 mM Mg2+ are shown in
Table 2.
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Fig. 33 Biacore measurements of the dsRBDs. A typical sensorgram for the Dicer-dsRBD
(A) and HelF-dsRBD (B) binding to pre-let-7. The sensorgram represents changes in RU
(resonance units) when ligand and analyte bind and dissociate. The sensorgram (upper right
panel in A and B), where measurements are compared before and after the concentration row,
shows reproducible results. Right bottom panel in A and B: competition of the protein
binding with dsPSV-A.

HelF-dsRBD

Dicer-dsRBD

Kass

(4,69 ±0,96)e4 1/Ms

(2,72 ±1,17)e5 1/Ms

Kdiss

(7,70 ±2,60)e-3 1/s

(4,39 ±2,22)e-3 1/s

KD

(171 ±39) nM

(19,50 ±9,30) nM

Table 3 Kinetic data from Biacore measurements
Both proteins bound with high specificity to pre-let-7 and the binding curves obtained at
different concentrations gave reproducible values for the determined kass and kdiss. The
binding affinity of the Dicer-dsRBD to pre-let-7 was 9-fold higher than that of the HelFdsRBD. These results were in excellent agreement with the observations made by gel shift
experiments. Measurements done without and with 2 mM Mg2+ revealed almost no change in
the binding affinity of Dicer-dsRBD to pre-let-7 (kD = (171 ±39) nM) . For HelF-dsRBD, on
the other hand, the binding affinity to pre-let-7 was found to be higher using buffer without
Mg2+ (kD = (70,6 ±27,1) nM).
Interestingly, almost no binding of proteins could be detected, when dsPSV-A, biotinylated at
both ends, was directly immobilized on the sensor (data not shown) although dsPSV-A could
compete efficiently the binding of pre-let-7 with both dsRBDs (see Fig. 33 above).
4. 3. 11. Interference of dsRBDs from HelF and Dicer A with dsRNase activity
Given their ability to bind dsRNA, we assayed whether HelF-dsRBD and Dicer-dsRBD
interfered with Dicer-mediated cleavage in vitro. Radioactively labeled dsRNA and pre-let-7
substrate were incubated with different amounts of Dictyostelium Dicer extract (Novotny et
al., 2001) for 1 hour at room temperature. Extract from wild type cells resulted in cleavage of
the pre-let-7 substrate into 21-nts RNAs. Addition of recombinant His-dsRBD from HelF
and Dicer A in the reaction mixture prevented dicing of the substrate, as seen by a reduced
production of siRNAs (Fig. 34A). The production of siRNAs was quantified with TINA84

Software and is presented in Fig. 34C. Dicing of pre-let-7 in the presence of recombinant
PPW-domain from agnA (one of the five Argonaute homologues from Dictyostelium) did not
result in any change of the cleavage efficiency (M. Kuhlmann, unpublished results).
A large fraction of radioactivity was retained in the slots (Fig. 34A). The retarded sample was
gel-eluted, extracted with phenol/chloroform and subjected to PAGE. The gel-eluted
fragment comprised an RNA molecule of the size of pre-let-7 (data not shown). Thus it was
shown that the retarded fraction represented a dsRBD-pre-let-7 mobility shift complex.
The results suggested that the effect of reduced production of siRNAs in the presence of
dsRBDs from HelF or Dicer most probably was due to direct in vitro competition between
Dicer and the two dsRBDs for binding on the dsRNA target.
As shown previously (Novotny et al., 2001), the Dicer activity in Dictyostelium is found in
the supernatant of 100 000 g centrifugation. Thus, ultracentrifugation by 100 000 g results in
separation of the crude cell extract from Dictyostelium into two fractions – Dicer extract
(supernatant) and pellet. Ultracentrifugation of crude cells extract from HelF-GFP
overexpression strain (Popova et al., submitted) was performed and Western blot analysis
with anti-GFP antibody of protein samples from both fractions was carried out (Fig. 35). The
HelF-GFP fusion protein was detected in the pellet. Thus, both proteins – HelF-GFP and
Dicer, could be separated from crude extracts into two fractions. To test whether the HelF
protein from Dictyostelium could prevent the dicing of pre-let-7, the ultracentrifugation pellet
from wild type and HelF- cells was added to the reaction mixture and the dicer assay was
carried out as described above. Addition of either extracts lead to a reduced production of
21mers and an accumulation of apparent intermediate products (Fig. 34B). However, the
reduction was two-fold stronger when the pellet from wild type cells that contained the
endogenous HelF protein was added, compared to the control reaction, where pellet from
HelF- cells was added to the Dicer assay. These results indicate that not only the dsRBDs, but
also endogenous HelF can interfere with the Dicer cleavage under the assumption that HelFGFP is in the same fraction as HelF.
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A

B

Marker

rec. dsRBD
DrnA

Pellet

HelF

WT

0 5 10 5 10 5 10

5 10

HelF5 10

Dicer-ex(µl)

Pre-let-7
70nt

80 -

50 -

21mer
17/18 -

C

% 21-mers

Production of 21-mers

K

Dicer extract
(µl)

Fig. 34 The presence of dsRBDs interferes with Dicer activity. (A) Dicer activity in cell
free extracts of wild type strain. Equal amount of radioactively labelled pre-let-7 were
incubated with increasing amounts of dicer extract without or in the presence of recombinant
dsRBDs form HelF and Dicer A. (B) Dicer activity in the presence of pellet extract from WT
and HelF- strain The reactions were resolved on a 15% denaturing PAA.
(C) Production of 21-mers from the dicer assay in (A) and (B), evaluated with TINA Version
2.09g (Raytest). The bars represent the processed radioactivity into 21-mers as a percent of
the input radioactivity (pre-let-7). K - Control reaction, without addition of recombinant
proteins; dsRBD-A – addition of Dicer-dsRBD; dsRBD-F – addition of HelF-dsRBD; AX2 –
addition of pellet extract from WT; HelF-KO – addition of pellet extract from HelF knockout strain.
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Marker

HelF-GFP 20 µl

HelF-GFP 10 µl

Pellet

WT

HelF-GFP 20 µl

HelF-GFP 10 µl

WT

Dicer-Ex.

-245

-123

Fig. 35 Western blot with GFP antibody on Dicer and pellet extracts from wild type
and HelF-GFP overexpression strains.10 µl and 20 µl from each protein extract were
applied on the gel. HelF-GFP fusion protein (MM=126 kDa) could be detected in the pellet
fraction.
The experiments, presented in this chapter, were done in cooperation with M. Kuhlmann,
who performed the Dicer assays and the quantification of siRNA production (Fig. 34), as well
as the Western blot analysis in Fig. 35.
4. 3. 12. Identification of possible interaction partners of HelF
The aim of the following experiments was to identify possible interaction partners of HelF in
vivo. HelF could function alone but it could also work in a complex with other nuclear
proteins, possibly involved in RNA degradation pathways (see Discussion, Model for HelF
functions). One of the most commonly used methods to test whether two proteins are
associated in vivo or to identify unknown interacting partners is coimmunoprecipitation (coIP). In co-IP experiments, the target antigen is precipitated by a specific antibody
(monoclonal or polyclonal) and binding partners from a cell lysate are co-precipitated, i.e.,
the interacting protein is bound to the target antigen. Since the polyclonal antibody against
HelF was non-specific and could not be used for immunoprecipitations, Dictyostelium cells
were transformed with the expression vector pDEX-RX HelF-c-myc, coding for the HelF-cmyc fusion protein (Fig.7) and the co-IPs were performed with anti c-myc antibody.
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4. 3. 12. 1. Coimmunoprecipitations with c-myc antibody
Co-IPs were performed with crude extracts from two clones, expressing the fusion protein
HelF-c-myc (clone 2 and clone 7, Fig. 8). As a negative control, parallel
immunoprecipitations were done with crude extracts from Dictyostelium wild type cells.
As shown in Fig. 36, the HelF-c-myc fusion protein could be successfully
immunoprecipitated from crude extracts with the c-myc antibody. For detection of interaction
partners of HelF, co-immunoprecipitated proteins were separated on SDS-PAGE, followed
by Coommasie or silver staining. In parallel, immunoprecipitations with wild type crude
extracts were carried out to detect non-specific interactions. Several additional bands next to
the bands for the antibody and the HelF-fusion protein (in overexpression strains) were
present in both immunoprecipitates, however no additional bands could be detected in the C2
or C7 immunoprecipitates, that were not present in wild type control (data not shown). Thus,
although the HelF-c-myc fusion protein could be successfully immunoprecipitated, under the
experimental conditions used no interaction partners of HelF could be identified.

WT M
12377-

W2

W7

C2

C7

HelF-c-myc

42-

IgG heavy chain

3025-

IgG light chain

Fig. 36 Western blot with c-myc antibody. C2 and C7: different amounts of
immunoprecipitates from clone 2 and 7. W2 and W7 – washing fractions. The secondary
antibody detects the heavy and light chains of the c-myc antibody, which is present in the
immunoprecipitated fractions. WT – crude extract from wild type (negative control). M –
protein marker.

88

5. Materials
5. 1. Devices
autoclave

Zirbus, Bad Grund

Bio Imaging Analyzer

Raytest, Straubenhardt

BAS cassette 2025

Raytest, Straubenhardt

Biological Workstation (FPLC)

Biorad, München

cell counter (Coulter Counter ZM)

Coulter Electronics, Krefeld

centrifuges:
- Avanti™ 30

Beckmann, München

- Centrifuge 5417 C

Eppendorf, Hamburg

- Rotina 48R

Hettich, Tuttlingen

- ultracentrifuge L3-50

Beckman, München

E.A.S.Y. gel documenting system

Herolab, Wiesloch

elektroporator (Gene PulserII®)

Biorad, München

elektrophoresis chambers:
- agarose gels

mechanical workshop, Uni Kassel

- protein gels (SE 250)

Hoefer Pharmacia, SF, USA

- PAA gels

mechanical workshop, Uni Kassel

Fluorescent microscope (Leica DM IRB)

Leica, Wetzlar

Geiger counter (Mini-Monitor)

Mini-Instruments, GB

gel casting chambers

mechanical workshop, Uni Kassel

gel dryer

Bachofer, Reutlingen

heating block

electronic workshop, U. of Kassel

hybridization oven

Bachofer, Reutlingen

imager: Fuji X Bas 1500

Raytest, Straubenhardt

laminar flow hood

Nunc, Wiesbaden

magnetic stirring plate

Bachofer, Reutlingen

microscope

Zeiss, Jena

microwave oven

Aldi, Essen

PCR-Mastercycler personal

Eppendorf, Hamburg

pH-Meter 320

Bachofer, Reutlingen
®

pipetboy (Accu-Jet )

Brand, Wertheim

pipettes (20µl, 200 µl, 1000 µl)

Gilson, Langenfeld
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Photometer (Ultrospec® 2000)

Pharmacia Biotech, Freiburg

power supplies:
-Power Pac 3000

Bio-Rad, Canada

-EPS

Pharmacia, Freiburg

rocking platfrom

Heidolf, Germany

scale

Mettler, Giessen

scale analytical (BP 210 S)

Sartorius, Göttingen

semidry blotting apparatus

von Kreuz, Reiskirchen

Speed Vac concentrator

Savant, USA

ultra-sonicator UP 200S

Dr. Hielscher GmbH, Stansdorf

UV- table

Bachofer, Reutlingen

Vortex Genie

Bender Hohbein AG, Germany

5. 2. Consumables
3MM paper

Whatman, Göttingen

Becher glasses

Schott, Mainz

Costar-plates

Schütt, Göttingen

Cryo-tubes

Nunc, Wiesbaden

disposable pipette tips

Sarstedt, Nürnbrecht

EP-cuvettes (Gene Pulser® 0,4 cm)

Biorad, München

Falcon-tubes (15 ml, 50 ml)

Sarstedt, Nürnbrecht

glass pipettes

Hirschmann, Germany

Hybond nylon membranes (NX, N+)

Amersham

HisTrap®, Ni-NTA columns

Pharmacia, Freiburg

injection needles

B.Braun, Melsungen

injection syringes

B.Braun, Melsungen

nitrocellulose membrane (porablot™ NCP)

Macherey-Nagel, Düren

parafilm

Schütt, Göttingen

petri-dishes

Sarstedt, Nümbrecht

PCR-tubes

Sarstedt, Nürnbrecht

sterile-filter (0.22 µm, 0.45 µm pores)

Millipore, Eschborn

scalpels

C.Bruno Bayha GmbH, Tuttlingen

tubes (1,5 ml; 2 ml)

Sarstedt, Nürnbrecht
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5. 3. Chemicals and reagents
acetic acid 100%

Fluka, Deisenhofen

acetone

Fluka, Deisenhofen

acrylamide/bis-acrylamide (30%, 40%)

Roth, Karlsruhe

agar-agar

Euler, Frankfurt am Main

agarose

Sigma, Taufkirchen

ammonium peroxodisulfate (APS)

Merck, Darmstadt

ammonium sulphate

Roth, Karlsruhe

bacto-peptone

Difco, Augsburg

bacto-tryptone

Difco, Augsburg

biotin-11-ATP

PerkinElmer

biotinamidocaproyl hydrazide

Sigma-Aldrich

ß-mercaptoethanol

Fluka, Deisenhofen

boric acid

Roth, Karlsruhe

Bradford solution

Bio-Rad

bromphenolblue

Fluka, Deisenhofen

BSA

Roth, Karlsruhe

calcium chloride (CaCl2)

Roth, Karlsruhe

CHAPS

Roth, Karlsruhe

Complete-mini (Protease Inhibitor Tablets)

Roche, Mannheim

Coomassie Brilliant Blue G-250

Serva, Heidelberg

dATP

MBI Fermentas, St. Leon-Rot

dCTP

MBI Fermentas, St. Leon-Rot

dGTP

MBI Fermentas, St. Leon-Rot

dTTP

MBI Fermentas, St. Leon-Rot

DAPI

Roth, Karlsruhe

DMSO

Sigma, Taufkirchen

DTT

Roth, Karlsruhe

EDTA

Roth, Karlsruhe

ethanol 99.8%

Roth, Karlsruhe

ethidium bromide

Fluka, Deisenhofen

formaldehyde 37%

Riedel-de-Haen, Seelze

formamide

Roth, Karlsruhe
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gelvatol

Fisher Scientific, Nidderau

glycerol, 86%

Roth, Karlsruhe

glycine

Roth, Karlsruhe

guanidine thiocyanate

Roth, Karlsruhe

HEPES

Roth, Karlsruhe

IPTG

Roth, Karlsruhe

Imidazol

Roth, Karlsruhe

ImmunoPure Immobilized Streptavidin

Pierce, USA

isopropanol

Roth, Karlsruhe

liquid nitrogen

Messer Griesheim, Krefeld

lithium chloride (LiCl)

Roth, Karlsruhe

magnesium chloride (MgCl2)

Roth, Karlsruhe

magnesium sulphate (Mg2SO4)

Roth, Karlsruhe

methanol

Roth, Karlsruhe

methylene blue

Roth, Karlsruhe

milk powder

TSI, Zeven

MOPS (γ-(morpholino)-propansulfonic acid)

Roth, Karlsruhe

NBT

BTS, St. Leon-Rot

N-lauroylsarcosine

Roth, Karlsruhe

Ni-Sepharose™

Amersham, Freiburg

phenol

Roth, Karlsruhe

phenol/chloroform

Roth, Karlsruhe

Protein A-Sepharose beads

Amersham

polyethylene glycol (PEG) 6000

Roth, Karlsruhe

potassium (meta)periodate (KIO4)

Sigma-Aldrich

potassium acetate (KAc)

Riedel-de-Haen, Seelze

potassium chloride (KCl)

Roth, Karlsruhe

potassium hydrogenphosphate (KH2PO4)

Fluka, Deisenhofen

PMSF (phenylmethylsulfonylfluoride)

Roth, Karlsruhe

rATP

MBI Fermentas, St. Leon-Rot

rCTP

MBI Fermentas, St. Leon-Rot

rGTP

MBI Fermentas, St. Leon-Rot

rUTP

MBI Fermentas, St. Leon-Rot
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sucrose

Roth, Karlsruhe

SDS -sodium dodecyl (lauryl) sulfate

Roth, Karlsruhe

sephadex (G25, G50)

Fluka, Deisenhofen

sodium borohydride (NaBH4)

Sigma-Aldrich

sodium acetate (NaAc)

Fluka, Deisenhofen

sodium azide (NaN3)

Merck, Darmstadt

sodium carbonate (NaCO3)

Roth, Karlsruhe

sodium chloride ( NaCl)

Fluke, Deisenhofen

sodium citrate

Roth, Karlsruhe

sodium dihydrogenphosphate (NaH2PO4)

Fluka, Deisenhofen

disodium hydrogenphosphate (Na2HPO4)

Fluka, Deisenhofen

sodium hydroxide (NaOH)

Fluka, Deisenhofen

TEMED

Roth, Karlsruhe

Tris

Roth, Karlsruhe

Triton-X-100

Roth, Karlsruhe

Tween 20

Roth, Karlsruhe

urea

Roth, Karlsruhe

X-gal

Fermentas, St. Leon-Rot

xylene cyanol FF

Fluka, Deisenhofen

5. 4. Radioactive materials
[ α-32P] dATP (110 TBq/mmol)

Hartmann Analytic, Braunschweig

[ α-32P] ATP (110 TBq/mmol)

Hartmann Analytic, Braunschweig

[ γ-32P] ATP (110 TBq/mmol)

Hartmann Analytic, Braunschweig

[ α-32P] UTP (110 TBq/mmol)

Hartmann Analytic, Braunschweig

5. 5. Antibiotics
ampicillin

Roth, Karlsruhe

amphotericin

PAA, Cölbe

blasticidin

MP Biomedicals, Eschwege

geneticin (G418)

PAA, Cölbe

penicillin/streptomycin

PAA, Cölbe

kanamycin

Sigma, Deisenhofen
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chloramphenicol

Sigma, Deisenhofen

tetracyclin

Serva, Heidelberg

5. 6. Antibodies
coronin antibody (176-3-6)

University of Kassel

discoidinI antibody (80-52-13)

University of Kassel

c-myc antibody (9-E-10)

University of Kassel

His-tag antibody (232-470-5)

University of Kassel

GST antibody (268-44-8)

University of Kassel

GFP antibody (264-449-2)

University of Kassel

IgG, goat-anti-mouse,
alkaline phosphatase-coupled

Dianova, Hamburg

IgG, goat-anti-rabbit
alkaline phosphatase-coupled

Dianova, Hamburg

5. 7. Enzymes, kits and molecular weight standards
DNase I, RNase free

MBI Fermentas, St. Leon-Rot

Klenow DNA polymerase

MBI Fermentas, St. Leon-Rot

proteinase K

Boehringer Mannheim, Mannheim

restriction endonucleases

MBI Fermentas, St. Leon-Rot,
Gibco BRL, Eggenstein
New England Biolabs
Boehringer Mannheim, Mannheim

reverse transcriptase (Mu-MLV)

MBI Fermentas, St. Leon-Rot

RNase A

Merck Biosciences, Bad Soden

RNase-inhibitor (RNasin)

MBI Fermentas, St. Leon-Rot

shrimp alkaline phosphatase (SAP)

USB

SP6 RNA-polymerase

MBI Fermentas, St. Leon-Rot

T4 DNA-ligase

MBI Fermentas, St. Leon-Rot

T4- polynucleotide kinase

MBI Fermentas, St. Leon-Rot

T7 RNA-polymerase

Dept. of Genetics, Uni-Kassel
MBI Fermentas, St. Leon-Rot
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Taq-DNA-polymerase

Dept. of Genetics, Uni-Kassel
MBI Fermentas, St. Leon-Rot

NucleoSpin® ExtractII

Macherey-Nagel, Düren

®

NucleoBond PC 100

Macherey-Nagel, Düren

pGEM -T-easy cloning kit

Promega, USA

Molecular weight standards
Protein marker (Roti-Mark prestained)

Roth, Karlsruhe

1 kb DNA- ladder

MBI Fermentas, St. Leon-Rot

100 bp DNA- ladder

MBI Fermentas, St. Leon-Rot

5. 8. Oligonucleotide primers
HelF primers
For HelF K.O.
LA:
HdsRBD 5' Bsp120I+BpiI

AAGGGCCCGAAGACCATCAACAATGATAAGAATTC

HdsRBD 3' XbaI

AATCTAGATACACTCTGAATGGTATACTGG

RA:
HdsRBD 5' HindIII

AAAAGCTTCAATAAACTTTTATCAAATGGTG

HdsRBD 3' BamHI+BpiI

AAGGATCCGAAGACCAATAGAACCATGACCAACTAC

HelF 5' outer

CCATTATCAAGTGGAAAAATTCAAAGTAG

(for locus integration control)
For pet15bHelF
HelF pet15b BamHI 5'

AAGGATCCCTCTAAATTTTTAATTAAATTATAAATT

HelF pet15b NdeI 3'

AATTAACATATGATGACTAAAAATGATTTACAAACTT

For pGEX-5x-GST-HelF
HelF-GST 5' EcoRI

AAGAATTCATGACTAAAAATGATTTACAAACT

HelF-GST 3' XhoI

TTCTCGAGCTCTAAATTTTTAATTAAATTATAAATT

For pdD HelF-GFP
HelF 5' EcoRI

AAGAATTCAAAATGACTAAAAATGATTTACAAACT
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HelX pet15b BamHI 5'

AAGGATCCCTCTAAATTTTTAATTAAATTATAAATT

For pDEX-RX HelF-c-myc
HelF 5' EcoRI

AAGAATTCAAAATGACTAAAAATGATTTACAAACT

HelF pet15b BamHI 5'

AAGGATCCCTCTAAATTTTTAATTAAATTATAAATT

Pre-let-7 primers
Forward
Reverse

TTAATACGACTCACTATAGGGAGACCTACTACCTCACTGA
GGAAAGACAGTAGATTGTATAGTTATCCCATAGCAGGGCAGAGCC

For pDneo2 Sp96i
Sense
sp96 5' s PstI

AACTGCAGAGATGAACCAACTCATAGACCA

sp96 3' s BamHI

TTGGATCCAGCAATTGAAGCGATGGTTGAG

antisense
sp96 3' as BamHI

TTGGATCCATGATGATGGTGAAGATGAAGC

sp96 5' as EcoRI

AAGAATTCAGATGAACCAACTCATAGACCA

For pDneo2 Trxi
sense
Trx-3F

AAAGTCGACCCAATAGAGTAATTC

Trx-3R

CTAGCATGCCCTTATTTGTTTGC

antisense
Trx-1F

GAACGAGCTCCATGGCCAATAGAGTAATTCATG

Trx-1R

CGCGGATCCTTATTTGTTTGCTTCTAGAGTACTTC

For DrnA K.O.
Contig2 3´ BpiI

GAAGACTAATTCATTTGTTTGATC

Contig2 middle BpiI

GAAGACCAACTTTACCAGTGATTCATG

For pDneo2 DrnAi
Sense
DrnA sense 5' SalI

AAGTCGACATCTTCAATAATTGGTAATTCATCATTAT

DrnAi 3' sense SphI

TTTTGCATGCTGTAGTCGTTGGATTCCCATG
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antisense
DrnA as 5' BamHI

AAGGATCCTGTAGTCGTTGGATTCCCATG

DrnA as 3' SalI

ATGTCGACCACCAATATATGATTCAATATGATCA

BSr primers
BSrG1 5´

CGCTACTTCTACTAATTCTAGA

BSr G1 3'

TCTAGAATTAGTAGAAGTAGCG

Thioredoxin primers
Trx-1F

GAACGAGCTCCATGGCCAATAGAGTAATTCATG

Trx-1R

CGCGGATCCTTATTTGTTTGCTTCTAGAGTACTTC

Sequencing primers
M13 Seq

CGCCAGGGTTTTCCCAGTCACGAC

M13 rev

GAGCGGATAACAATTTCACACAGG

pGEM primers
T7 Primer

TGTAATACGACTCACTATAGGG

SP6-Primer

ATTTAGGTGACACTATAGAATAC

5. 9. Plasmids
5. 9. 1. Commercial plasmids
pET 15b

Novagene, USA

pGEM 3Z

Promega, Mannheim

pGEM 7Z

Promega, Mannheim

pGEM T-easy

Promega, Mannheim

pGEX-5x-1

Amersham

pDneo2

(Witke et al., 1987)

pDEX-RH-c-myc

(Faix et al., 1992)

pdD-GFP
pLPBLP

(Faix et al., 2004)
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5. 9. 2. Newly constructed plasmids
In this chapter vector constructs are described, cloned in the course of the present work, that
are not explained elsewhere in the text. All other vectors are presented in the Results section.
The sequences of all vector constructs can be found in the enclosed CD.

5. 9. 2. 1. Cloning of DrnA K.O 2 BSr reverse
This plasmid was constructed for knock-out of drnA gene by homologous recombination.
Previously, another DrnA K.O. vector was cloned (J. Novotny, unpublished) but multiple
transformations in Dictyostelium did not result in disruption of the drnA gene. Part of the
coding sequence of the drnA gene was amplified previously using primers Contig2 3´ BpiI
and Contig2 middle BpiI (1440 bp) and was cloned into pGEM T-Easy. The BSr cassette was
cloned into the endogenous HindIII site between the two RNasesIII domains (DrnA K.O.
vector).
Here, the BSR cassette was cut out from this vector by restriction digestion with HindIII, the
vector was gel-eluted and religated. The BSr cassette was cut out from plasmid #27 by
restriction digestion with EcoRV and cloned via EcoRV (endogenous restriction site) in the
vector. Thus, a new knock-out vector was constructed (DrnA K.O 2 BSr reverse, Fig. 37),
allowing disruption of the drnA gene before the two RNaseIII domains. Transformation of
this vector in Dictyostelium resulted in successful gene disruption of drnA by homologous
recombination (data not shown).

Fig. 37 Knock-out construct for the
disruption of the drnA gene. The BSr
cassette was inserted into the EcoRV
restriction site. DrnA LA – drnA lelt
arm, DrnA – RA – drnA right arm.
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5. 9. 2. 2. Cloning of DrnA cre-lox K.O.
A new vector for drnA K.O. was constructed, this time carrying the BSr cassette flanked by
loxP recombination sites and translational stop codons in all six frames (Faix et al., 2004).
Transient expression of the Cre recombinase removes the BSr cassette, making the cells
blasticidin-sensitive. Thus, multiple gene disruptions can be achieved by using only one
selection marker (blasticidin).
The BSr cassette was cut out from the vector DrnA K.O. 2 BSr by restriction digestion with
EcoRV and the vector was gel-eluted. Vector pLPBLP, containing the Cre-lox cassette, was
digested with SmaI, the Cre-lox cassette was gel-eluted and cloned blunt in
DrnAK.O.2BSr/EcoRV (Fig. 38). The non-directional ligation resulted in construction of two
vectors with both orientations of the BSr cassette – clones 4 and 5, carrying the cassette in
one orientation, and clone 3 (not shown) – in the reverse.
5. 9. 2. 3. Cloning of DrnB cre-lox K.O.
One vector for knock-out of drnB gene (DrnB K.O. BSr) was cloned before (M. Denissie,
Diploma thesis, 2004). The vector was digested with BamHI and HindIII, thus cutting out the
BSr cassette and creating a deletion of 230 bp in the right arm of the drnB. The resulting ends
were blunt-ended using T4 DNA polymerase and the Cre-lox cassette, cut out by restriction
digestion with SmaI from plasmid pLPBLP, was cloned in the vector by a blunt ligation (Fig.
39).

Fig. 38 Knock-out construct DrnA cre-lox
K.O. The Cre-lox cassette was cloned via
EcoRV-SmaI blunt ligation. DrnA LA –
drnA lelt arm, DrnA – RA – drnA right arm.

Fig. 39 Knock-out construct
drnB K.O. cre-lox BSr.
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5. 9. 2. 4. Cloning of pdneo2 DrnAi construct
This construct is coding for RNAi hairpin against the drnA gene. One 676 bp fragment of the
drnA gene was generated by PCR with the primers DrnAi sense 5' SalI and DrnAi 3' sense
SphI and was cloned downstream the Actin6 promoter of pDneo2 vector in sense orientation
via SalI and SphI. A second drnA fragment of 1053 bp was generated by PCR using the
primers DrnA as 3' SalI and DrnA as 5' BamHI and fused to the first one in antisense
orientation via SalI and BamHI (Fig. 40). Transcription of the construct formed a fold-back
RNA with loop (370 bp) and dsRNA size of 670 bp.
5. 9. 2. 5. Cloning of pdneo2 DrnA as
A fragment of drnA gene of 1053 bp was amplified by PCR using the primers DrnA as 3' SalI
and DrnA as 5' BamHI and was cloned into the vector pdneo2 in antisense orientation to
Actin6 promoter via SalI and BamHI (Fig. 41).

Fig. 40 RNAi hairpin constrict pdneo2
DrnAi. A gene fragment in sense
orientation was fused to the Actin6
promoter, followed by a second longer
fragment in antisense orientation.

Fig. 41 Antisense construct pdneo2
DrnAas. A gene fragment from drnA
was cloned in antisense orientation to
Actin6 promoter.
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5. 10. Buffers and solutions
Buffers and solutions used only for one method are given by the corresponding methods. All
buffers and reagents were prepared using bidestilled water or sterile Millipore water.
Blocking solution

5 % milk pulver in 1 x PBS

BCIP solution

50 mg/ml BCIP-T in DMF

Coomassie solution

10% acetic acid
0.1% Coomassie Brilliant
Blue (CBB) G250

Coomassie destainer

5% methanol
7% acetic acid

Comassie solution (improved protocol)

20 ml 85 % H3PO4
60 g ammonium sulfate
1 g Coomassie Brillant Blue G-250
ad 1000 ml H2O
destaining with H2O

DAPI solution

1 mg/ml DAPI in MP-Wasser

DEPC water

0.1% diethylpyrocarbonate in H2O,
incubated overnight, autoclaved

DNA loading buffer

30% glycerol
50 mM EDTA
20 mM Tris/HCl, pH 8,0
0,1% bromphenolblue
0,1% xylene cyanol

Ethidium bromide solution

10 mg/ml
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2 x Laemmli buffer

62,5 mM Tris HCl (pH 6,8)
2% glycerol
2% SDS
5% ß-mercaptoethanol
0,001% bromphenolblue

9 x Laemmli buffer

3,3 ml glycerol
1,5 ml β-mercaptoethanol
0,69 g SDS
0,228 g Tris
ad 10 ml H2O
adjust pH 6,8
0,3 mg bromphenolblue

Native RNA-loading dye

70 % glycerol
0,1 x TBE
0,1 % xylen cyanol
0,1 % bromphenolblue

10 x NCP buffer

12,1 g Tris/HCl pH 8,0
87 g NaCl
5 g Tween® 20
ad 1000 ml H2O

NBT solution

75 mg/ml NBT in 70% DMF

10 x PBS buffer

160,12 g NaCl
15,3 g Na2HPO4 (2 H2O)
4,02 g KCl
3,82 g KH2PO4
ad 1000 ml H2O, autoclaved

Phosphate buffer, pH 6,7

56,5 ml 1 M NaH2PO4
43,5 ml 1 M Na2H PO4
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SDS- lysis buffer

0,7% SDS
25 mg/ml proteinase K, dissolved in TE
pH 8,0

Solution I (for plasmid preparation)

25 mM Tris-HCl, (pH 7,4)
10 mM EDTA
15% sucrose

Solution II (for plasmid preparation)

200 mM NaOH
1% SDS

Solution III (for plasmid preparation)

3 M sodium acetate, (pH 4,7)
20 x SSC
3 M NaCl
0.3 M sodium citrate

20 x TAE buffer

800 mM Tris-acetate
40 mM EDTA

10 x TBE buffer

900 mM Tris-borate
20 mM EDTA

TE buffer (pH 7,4 or 8,0)

10 mM Tris-HCl
1 mM EDTA

5. 11. Media
5. 11. 1. Dictyostelium media
AX-medium (pH 6.7)

18 g glucose
14,3 g bacto-peptone
7,15 g yeast extract
0,616 g Na2HPO4 x 2 H2O
0,486 g KH2PO4
ad 1000 ml H2O
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DD20-medium, pH 6,5

20 g protease-peptone
8 g glucose
7 g yeast extract
0,47 g Na2HPO4 x 2 H2O
0,33 g NaH2PO4 x 7 H2O
ad 1000 ml H2O

MES-HL5-medium, pH 7,1

10 g Glucose
10 g Protease-Peptone
5 g Hefeextract
1,3 g MOPS
ad 1000 ml H2O

G0- medium

as AX-medium
+ 50 µg/ml ampicillin
+ 10 U/ml penicillin
+ 10 µg/ml streptomycin
+ 0.25 µg/ml amphotericin

G10 medium

as G0-medium
+ 10 µg/ml geneticin

B10 medium

as G0-medium
+ 10µg/ml blasticidin

Soerensen- phosphate buffer (pH 8.7)

2 mM Na2HPO4
15 mM KH2PO4

SM agar plates

15 g bacto-agar
10 g peptone
10 g glucose
1 g yeast-extract
1 g MgSO4
2,2 g KH2PO4
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1 g K2HPO4
ad 1000 ml with H2O, autoclaved;
10 ml 20% maltose, 10 ml MgSO4
20 ml/Petridish
5. 11. 2. Bacterial media
LB medium, pH 7,0

10 g Bacto-Tryptone
5 g yeast-extract
5 g NaCl
ad 1000 ml H2O

LB-agar

LB-medium
+ 13 g/l Agar-Agar

LBamp-plates

as LB-agar,
+ 50 µg/ml ampicillin

5. 12. Biological material
Bacterial strains
Escherichia coli - DH5α™

Invitrogen, Karlsruhe

Escherichia coli - BL21(DE3)pLysS

Promega, Mannheim

Escherichia coli - Tuner™(DE3)

Novagene, Madison, USA

Escherichia coli TunerTM(DE3) pLacI

Novagene, Madison, USA

Klebsiella aerogenes

(Williams and Newell, 1976)

Dictyostelium discoideum
Dictyostelium discoideum

AX2, strain 214
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6. Methods
6. 1. Isolation of nucleic acids
6. 1. 1. Isolation of plasmid DNA from E. coli
6. 1. 1. 1. Plasmid mini-preparation (alkaline lysis)
1,5 ml of a bacterial culture, grown over night at 37oC was used to prepare plasmid DNA by
the alkaline lysis method (Birnboim and Doly, 1979). E. coli cells were collected by
centrifugation at 3500 rpm for 5 min and resuspended in 100 µl solution I by strong
vortexing. After adding 200 µl solution II, the cells were lysed at RT for 5 min, then
neutralized with 150 ml solution III. After 10 min incubation on ice, the samples were
centrifuged at 14000 rpm for 15 min and the supernatant was collected and precipitated with
0,8 ml pure ethanol. The pellet was washed with 70% ethanol, dried and dissolved in 20 µl
water.

6. 1. 1. 2. Plasmid maxi-preparation
For the preparation of bigger amounts of plasmid DNA 50 - 100 ml E. coli cultures were
used. The mini-preparation method was up-scaled respectively. All plasmids, used for
transformation in Dictyostelium or for in vitro transcription, were prepared with the
Nucleobond midi-columns Macherey&Nagel kit, used according to the manual of the
manufacturer.

6. 1. 2. Isolation of nucleic acids from Dictyostelium discoideum
6. 1. 2. 1. Genomic DNA preparation from Dictyostelium discoideum - fast mini
preparation (Barth et al., 1998)
Dictyostelium cells, grown on Costar 24-well plates (5 x 106 cells), were collected by
centrifugation at 4000 rpm for 5 min The cells were resuspended in 300 µl TES buffer (10
mM Tris/HCl, 1 mM EDTA, 0,7% SDS) and 30 µg Proteinase K (in TE buffer) was added,
followed by incubation at 45°C for one hour. The genomic DNA was extracted with
phenol/chloroform and precipitated with ethanol. The genomic DNA, prepared by this
method, was used for PCR experiments
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6. 1. 2. 2. Genomic DNA preparation from Dictyostelium discoideum - maxi preparation
1-2 x 108 cells were collected from axenic culture with high cell density (approximately 4-6 x
106 cells/ml) by centrifugation at 1800 rpm for 10 min at 4oC, washed once with ice-cold
phosphate buffer and resuspended in 50 ml nuclear lysis buffer. The cells were lysed by
addition of NP40 to a final concentration of 1%. The nuclear fraction was obtained by
centrifugation at 4000 rpm for 15 min. The nuclear pellet was carefully resuspended in 5 ml
SDS lysis buffer and incubated with 100 µl Proteinase K solution (25 mg/ml in H2O) at 50oC
for 3 hours. The genomic DNA was extracted twice with phenol/chloroform (1:1 vol/vol) and
precipitated by adding 1/10 vol. 3M sodium acetate and 2 vol. pure ethanol. The DNA
precipitate was washed with 70% ethanol, dried and carefully resuspended in 200-300 µl
water.
Nuclear lysis buffer

SDS lysis buffer

50 mM HEPES, pH 7,5

0,7% SDS in TE-buffer

40 mM MgCl2
20 mM KCl
5% Sucrose
1% NP 40
6. 1. 2. 3. Isolation of total RNA from Dictyostelium discoideum (Maniak et al., 1989)
1–3 x 107 cells were pelleted by 1700 rpm for 10 min at 4oC and lysed in 500 µl solution D.
After adding 50 µl of 3 M sodium acetate (pH 4,7) and 500 µl phenol/chloroform, the sample
was vortexed and centrifuged 15 min at 14000 rpm. The upper phase was collected and
precipitated by adding 1 vol. isopropanol. The RNA was then pelleted, washed with 70%
ethanol, dried in the speed-vac and dissolved in 100 µl DEPC water or formamide.
Solution D (incomplete)
4 mM GTC
25 mM sodium citrate
0,5% sarcosyl
To prepare a complete solution D, immediately before use 360 µl β-mercaptoethanol were
added to 50 ml solution (0,1 M).
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6. 1. 2. 4. Extraction of small RNAs from total cellular RNA
To a total RNA preparation, dissolved in 2 ml DEPC water, PEG (MW=6000) was added to a
final concentration of 5% and NaCl to a final concentration of 0,5 M. The sample was mixed,
incubated on ice for 30 min and then high molecular weight nucleic acids were pelleted at
10000 x g for 10 min. The resulting supernatant, containing tRNA, small rRNAs and siRNAs,
was precipitated with three volumes of ethanol after incubation at –20°C for at least 2 hours.
The RNA was washed with 70% ethanol, dried and dissolved in 200 µl formamide.
6. 2. Molecular biological methods
6. 2. 1. Polymerase chain reaction (PCR)
The polymerase chain reaction (Mullis et al., 1986) was used to amplify DNA in vitro. The
following general protocol was used for amplification on plasmid and genomic DNA
templates:
Reaction mixture
100 ng

template DNA

20 pmol

each primer

5 µl

dNTP mix (2 mM each)

5 µl

10xPCR buffer (100 mM Tris/HCl pH 8; 0, 1% Triton X-100;
50 mM KCl, 10-25 mM MgCl2)

2 µl

Taq polymerase

ad 50 µl H2O
The following typical cycling protocol was used, however modified with respect to the
annealing temperature, the elongation time and/or the elongation temperature depending on
the primer pair used and on the length of the PCR fragment.
1. step

2-5 min 95°C

2. step (30 cycles)

30 s 95°C denaturation
30 s 50°C annealing of primers
30 s 72°C polymerization (elongation)

3. step

5 min 72°C
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6. 2. 2. RT-PCR (Reverse transcription – PCR)
The RT-PCR method is used to produce a cDNA using RNA as a template. The reverse
transcriptase, an RNA-dependant DNA polymerase, was used. As a primer for the first strand
synthesis, an Oligo(dT) primer or a sequence specific primer was used.
In order to prevent DNA contaminations, the RNA, diluted in DEPC water, was precipitated
with 1 vol 8 M LiCl and 2,5 vol ethanol for 30 min at –20oC and then centrifuged at 14000
rpm for 30 min, washed in 70% ethanol, dried and dissolved in DEPC water. Alternatively,
the RNA sample was treated with Dnase I (RNase-free) for 30 min at 37oC.
Reaction mixture for DNase treatment
10 µl RNA in DEPC water (~ 5 µg)
2 µl

10xDNase I buffer

2 µl

DNase I (RNase free) (4 U)

1 µl

RNasin (10 U)

ad 20 µl H2O
Reaction mixture for cDNA synthesis
2 µl

total RNA (~1-2 µg)

2 µl

Oligo(dT) primer or sequence specific primer (5 pmol/µl)

ad 11 µl DEPC H2O
For denaturing of the RNA, the reaction mixture was incubated for 5 min at 70oC and then
immediately placed on ice. Then 4 µl 5xRT buffer (MBI Fermentas) were added, 5 µl dNTPs
(each 2 mM) and 1 µl RNasin (10 U). The reaction was incubated for 5 min at 42oC, allowing
for the annealing of the primer, and after the addition of 1 µl (10-20 U) M-MuLV reverse
transcriptase further incubated for 60 min at 42oC for the first strand synthesis. The reaction
was stopped by heat inactivation of the enzyme at 70oC. 2 µl were used for a standard PCR,
using sequence specific primers.
6. 2. 3. 3`RACE (rapid amplification of cDNA ends) PCR
Reverse transcription was performed on 1 µg of total RNA isolated from axenic cells using
the following protocol for first strand cDNA synthesis:
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1 µg

total RNA

10 µl

10 x reverse transcriptase buffer (MBI)

5 µl

10 mM dNTP

1 µl

reverse transcriptase (M-MuLV, MBI- Fermentas, 20 U/µl)

100 pmol

Oligo(dT)-adapter primer

DEPC treated water was added to a final volume of 100 µl, the reaction was incubated at
37°C for 45 min and then heated to 95°C for 2 min
1st round PCR: 30 pmol of specific primer and Oligo(dT)-adapter primer were used and the
PCR was performed under standard conditions.
2nd round (nested) PCR: 30 pmol of specific (nested) and adapter primer were used; the
products from the first round PCR were used as a template
PCR cycling: 95°C 1 min, 50°C 1 min, 72°C 1 min; 35 cycles.

6. 2. 4. Gelelectrophoresis of nucleic acid samples
Generally, DNA fragments were separated on 0,8 – 1,8 % agarose gels. The corresponding
amount of agarose was dissolved in 1xTBE buffer, melted in a microwave, then ethidium
bromide was added to a final concentration of 0,5 µg/ml and the gel was poured into a
horizontal gel-forming chamber. The gels were run using 1xTBE buffer and were
documented using UV light (256 nm) and the E.A.S.Y. system.
Total RNA was separated on 1,8 – 2 % denaturing GTC (20 mM) agarose gel. The agarose
was melted in 100 ml 1xTBE buffer using a microwave and after cooling to 60°C 500 µl of 1
M guanidium thiocyanate was added (Goda and Minton, 1995). The amount of RNA to be
run on the gel was mixed with 1,5 – 2 volumes of denaturing RNA loading buffer (95%
Formamide, 2 mM EDTA), heated for 5 min at 85oC and put immediately on ice. The gels
were run in the cold room at 90-100 V.
For separation of in vitro transcripts and 32P-labeled or non-labeled nucleic acids (RNA and
DNA), the samples were run on 8 to 15% denaturing polyacrylamide/urea gels, depending on
the length of the nucleic acid fragments. The gels were run in 0,5xTBE buffer by 500 V for 13 hours.
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Polyacrylamide / urea gel:
Urea

14,4 g (8 M)

10xTBE

1,5 ml

40% Polyacrylamide x ml
ad 30 ml H2O
The polymerization of the gel was achieved by the addition of 80 µl TEMED and 80 µl 20%
APS.
6. 2. 5. Gel elution of DNA fragments
For elution of DNA fragment from the agarose gels, the desired band was cut under UV light
(366 nm). The DNA was purified using NucleospinTM (Macherey & Nagel) purification kit
according to the manual of the manufacturer.
Alternatively, the “home” method was used. A small piece of Whatman paper was cut and
was pressed against the walls of a 1,5 ml Eppendorf tube with the upper side of an yellow tip.
The tip was cut shorter, a hole was made at the bottom of the tube and the small “column”
was placed in another Eppendorf tube. The Whatman paper was wetted with 100 µl 1xTBE
buffer and centrifuged for 1 min at 14000 rpm. After discharging the flow-through, the
agarose band was cut into small pieces, placed around the yellow tip and centrifuged for 1
min at 14000 rpm. The DNA containing flow-through was precipitated, washed with 70%
ethanol and diluted in H2O.
6. 2. 6. Gel elution of RNA fragments from polyacrylamide gels
The RNA fragment was subjected to PAGE and the desired band was cut under UV light (for
non-radioactive RNA). When gel elution of radioactively labeled RNA was performed, the
gel was exposed shortly on an imaging plate for analysis in a Fuji Phosphorimager and the
position of the corresponding band was marked by overlapping the gel, packed in a plastic
sheet, and the printed image. The RNA was extracted from the excised band by shacking in
water overnight at room temperature. The RNA was ethanol precipitated, washed with 70%
ethanol, dried and diluted in DEPC H2O.
6. 2. 7. Cloning of DNA fragments
Cloning of DNA fragments was performed by standard molecular biology techniques.
Restriction digestion was made using appropriate buffer and temperature according to the
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supplier (1-2 units of enzyme/ µg of plasmid DNA, 1-2 hours incubation in a total volume of
20 µl). For preparative restriction digestions the reaction was up-scaled respectively.
Religation of linearized plasmid vectors was prevented by removal of the 5` terminal
phosphate group with shrimp alkaline phosphatase (SAP): 1-2 units of SAP were added to the
restriction digestion and the reaction was incubated at 37°C for 30 min The enzyme was
inactivated for 10 min at 85oC and the dephosphorylated DNA was used further for ligation.
The ligation of DNA fragments was performed in 20 µl volume overnight at 16°C using T4
Ligase (2 - 4 U). In a standard ligation reaction a molar ratio of 1:5 between linearized vector
and insert was used. Blunt end ligations were carried out at room temperature for 4-6 hours.
PCR fragments were cloned using T-cloning kit (MBI-Fermentas) and pGEM-T-Easy vector
system.
6. 2. 8. Fill-in reaction to produce blunt ends from 5'-overhangs with KlenowPolymerase
Sticky DNA ends with 5’-overhangs can be filled-in with complementary nucleotides with
the help of Klenow-Polymerase, obtaining blunt-ends, which can be ligated in a following
ligation procedure. The method can also be used to end-label DNA fragments with 5'overhangs.
Klenow reaction
x µl

DNA

2 µl

10xY-Tango buffer (MBI)

1 µl

2 mM dNTP mix

1-2 U Klenow-Polymerase
ad 20 µl H2O
The reaction was incubated at 37oC for 1 h, extracted with phenol and precipitated with ethanol.
6. 2. 9. T4-DNA-Polymerase Reaction
Sticky DNA ends with either 5’ or 3’-overhangs can be blunted using the 3’-5’ exonuclease
activity of T4 DNA polymerase. In presence of high dNTP concentrations the T4 polymerase
stops the degradation of the DNA by reaching the dsDNA region, since the polymerase and
the exonuclease activities of the enzyme are in equilibrium.
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T4-DNA-Polymerase reaction mixture
4 µl

5 x reaction buffer (MBI)

2 µg

DNA

1 µl

2 mM dNTP mix

2U

T4 DNA Polymerase

ad 20 µl H2O
The reaction was incubated for 20 min at 11oC, extracted with phenol/chloroform, the DNA was
precipitated with ethanol, washed with 70% ethanol, dried and diluted in 20 µl H2O.
6. 2. 10. Transformation of competent E. coli cells
Competent E. coli cells were prepared using the CaCl2-method (Dagert and Ehrlich, 1979).
One aliquot (200 µl) was thawed on ice and a ligation mixture (20µl) or 1 µl plasmid DNA
was added by gently stirring the cells while pipetting. After 40 min incubation on ice, a heat
shock was done for 90 s at 42oC and the cells were put on ice for 10 min. Then 1 ml LB
medium was added and the cells were incubated for 30 min at 37oC. After 5 min
centrifugation by 3500 rpm, the cell pellet was resuspended in ~200 µl LB medium, plated on
LB-Amp agar plate and incubated overnight at 37oC.
6. 2. 11. Preparation of radioactively labeled probes
6. 2. 11. 1. Oligolabeling
The ”oligo-labeling” method was used for labeling DNA fragments. 0,1-0,3 µg purified DNA
template was denatured by heating at 95°C for 5 min followed by annealing of random DNA
hexamers. The Klenow fragment elongated the primers, incorporating α32P-dNTPs.
Reaction mixture
10 µl

OLB-mix

2 µl

BSA (10 mg/ml)

5 µg

template DNA

5 µl

α32P-dATP

2 –3 U

Klenow fragment

ad 50 µl H2O
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The reaction was incubated at 37°C for 1 h and then stopped by addition of 100 µl phenol.
Free nucleotides were separated by centrifugation through a Sephadex G50 spin column. The
purified radioactive probe was then denatured by heating at 90°C for 5 min, cooled on ice,
and used for hybridization.
OLB-Mix
200 mM Tris/HCl, pH 7,5
25 mM MgCl2
10 mM ß-mercaptoethanol
1 M HEPES pH 6,6
13,5 U A260 oligos-hexamers (MBI)
0,25 mM dCTP, dGTP, dTTP
6. 2. 11. 2. In vitro transcription
In vitro transcription is used to generate radio-labeled or non-labeled RNA sequences that can
be used as probes for hybridization, antisense RNAs, substrates for studies of RNA-protein
interactions, etc. As templates different vectors can be used (for example pGEM 3Z, pGEM
T-Easy), which possess promoter sequences for T7 or SP6 Polymerases, where the sequence
to be transcribed is cloned after the promoter. The plasmid DNA was cut with an appropriate
restriction enzyme (run-off transcription), separated on an agarose gel and gel eluted.
Alternative, PCR fragments were used as templates for in vitro transcription, where T7 or
SP6 promoter sequence was designed in the primers. The PCR fragments were gel eluted and
precipitated with ethanol.
Reaction mixture
1–5 µg

template DNA

10 µl

5 x transcription buffer (MBI)

5 µl

rNTP mix (5 mM ATP, CTP, GTP, 2 mM UTP)

3-5 µl

α32P-UTP

1 µl

RNase inhibitor RNasin

1-2 µl

T7 /SP6 Polymerase

ad 50 µl H2O
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For non-radioactive in vitro transcriptions, rNTP mixtures were used, where the
concentration of all rNTPs was 5 mM. The reaction was incubated for 1 h at 37oC and
stopped by addition of an equal volume of phenol/chloroform. Non-incorporated nucleotides
were removed by a gel filtration over a Sephadex G-50 column.
6. 2. 11. 4. End labeling with T4 Polynucleotide Kinase (PNK)
T4 PNK is a polynucleotide 5’-hydroxyl kinase that catalyzes the transfer of the γ-phosphate
from ATP to the 5’-OH group of single and double stranded DNA and RNAs. The reaction is
reversible and in the presence of ADP, T4 PNK exhibits 5’-phosphatase activity and
catalyzes the exchange of terminal 5’ phosphate group (exchange reaction).
Labeling of 5’-termini of DNA/RNA by forward reaction
20 pmol

5’-termini dephosphorylated DNA/RNA

2 µl

10 x reaction buffer A (MBI)

3 – 5 µl

γ 32P-ATP

10 U

T4 PNK

ad 20 µl H2O
The reaction was incubated at 37oC for 30 min, extracted with an equal volume of
phenol/chloroform, processed over a Sephadex G-50 spin column and precipitated with ethanol.
For labeling of 5’-protruding termini of DNA by the exchange reaction, the same protocol was
applied. Instead of buffer A, buffer B (MBI) was used, and additionally 4 µl 24% PEG 6000
were added to the reaction mixture.
6. 2. 11. 5. End labeling of pre-let-7 with E. coli CCA-Transferase
Pre-let-7 was labeled at its 3’ end by addition of α

32

P-ATP by the CCA-transferase, which

was a kind gift of M. Mörl, Leipzig.
Reaction mixture
0,3 µg

pre-let-7

2 µl

10 x Assay buffer

3 µl

α-32P-ATP

1 µl

RNase inhibitor RNasin
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1 µl

40 mM DTT

1 µl

CCA-enzyme (4,3 mg/ml)

ad 20 µl H20
The reaction was incubated at 30oC for 1 h and the non-incorporated nucleotides were
removed by gel filtration over a Sephadex G-50 column. Alternatively, the same reaction was
carried out in the presence of an rNTP mix (each 1 mM). Both conditions resulted in equal
labeling efficiency.
10xAssay buffer
300 mM HEPES pH 7,5
300 mM KCl
60 mM MgCl2
6. 2. 12. Hybridization techniques
6. 2. 12. 1. Southern blot analysis (Southern, 1975)
This method enables the identification of a specific DNA fragment from a genomic DNA,
digested with restriction enzymes and hybridized to a radioactively labeled DNA that is
homologous to the DNA fragment to be analyzed.
10 µg of genomic DNA were digested with one or several restriction enzymes and the DNA
fragments were separated on an agarose gel. The gel was photographed with a ruler for
calculation of the length of the DNA fragments in comparison with a DNA marker after the
hybridization. The DNA was denatured by soaking the gel in a denaturing solution (0,5 M
NaOH, 1,5 M NaCl) for 30 min, followed by neutralization for 30 min in a neutralization
solution (1,5 M NaCl, 0,5 M Tris-Cl, pH 7,0). The capillary transfer of the DNA on a nylon
membrane was conducted overnight using 20xSSC in the buffer reservoir and paper towels
placed on the top of the membrane. The membrane was washed in 2xSSC and water, dried
and crosslinked using UV light - crosslinker (256 nm, 0.125 J/cm2). The membrane was
placed in a hybridization tube and incubated in hybridization solution at 42°C
(prehybridization) for at least one hour. Hybridization using radioactively labeled DNA
probes was performed overnight at the same temperature. The membrane was then washed
with 2xSSC, 0,1% SDS for 30 min; subsequently washed two times with 0,2xSSC, 0,1% SDS

116

for 30 min (stringency washes). After that the membrane was exposed on an imaging plate
for analysis in a Fuji X Bas 1500 bioimaging analyzer.
Hybridization solution
50 % formamide
50 mM sodium phosphate (pH 7,2)
5xSSC buffer
0,1% N-lauroylsarcosine
7% SDS
6. 2. 12. 2. Northern blot analysis
Total RNA (~10 µg) was separated by gel-electrophoresis in a denaturing (GTC) agarose gels
at 90 V in the cold room. The gel was photographed under UV light and the capillary transfer
of RNA on a nylon membrane and the hybridization of the membrane were conducted in the
same way as in the Southern blot. The hybridization was performed overnight at 50-58oC for
an RNA radioactive probe and at 42-48oC for a DNA radioactive probe.
6. 2. 12. 3. Northern blot of low molecular weight RNA
Northern blot of small RNAs was carried out as described in (Kuhlmann et al., 2005c).
Alternatively, the following procedure was used:
Twenty µg total RNA from Dictyostelium were mixed 1:1 with 2xRNA dye, denatured for 5
min at 95°C and put on ice for 5 min. The RNA was separated on a 12% polyacrylamide gel,
containing 7M urea in 1xTBE (20x20 cm glass plates) and run at 20-22 W for 1,5 h. The gel
was electroblotted at 20 V at 4°C for 16h (BioRad TransBlot Cell) to Hybond N+ membrane
(Amersham) and the RNA was UV crosslinked at 150 mJ/cm2. As a probe, an end-labeled
oligonucleotide was used.
Oligo labeling reaction
15 pmol oligo
10 µl γ32P-ATP (100 µCi)
2,5 µl buffer A (MBI)
0,5 µl T4 PNK (10 U)
ad 25 µl H2O
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The reaction was incubated at 37°C for 1 h, unincorporated nucleotides were removed by
QIAquick nt removal kit (QIAGEN) and the probe was eluted with 100 µl elution buffer or
H2O.
The membrane was prehybridized with Church buffer (20-30 ml depending on membrane
size) at 42°C for 1 h. The prehybridization buffer was changed with 20-30 ml fresh prewarmed (42°C) Church buffer and the denatured oligo probe was added. The hybridization
was carried out at 42oC overnight. The membrane was washed with pre-warmed (42°C) wash
solutions (same volume as for hybridization):
I. Rinse with 2xSSC / 0,1% SDS
II. Wash 2 x 5 min at 42°C with 2xSSC / 0,1% SDS
III. Wash 2 x 10 min at 42°C with 1xSSC / 0,1% SDS
IV. Wash 2 x 5 min at 42°C with 0,5xSSC / 0,1% SDS
The washing was controlled by monitoring or exposure for a short time in the Phosphor
Imager. The damp membrane was put into a plastic hybridization bag and sealed. The
membrane was then exposed on an imaging plate for analysis in a Fuji X Bas 1500
bioimaging analyzer for 1 – 5 days.
The membranes were stripped for further use by shaking in strip buffer 2-3 x 20 min at 80oC.
Church buffer

2xRNA dye (1 ml)

1% BSA

916 µl formamide

1 mM EDTA

34 µl 0,5 M EDTA

0,5 M NaPO4 buffer pH 7,2

25 µl 1% brome phenol blue

7% SDS

25 µl 1% xylene cyanol

Strip buffer
0,1 x SSC
1% SDS

6. 2. 13. Generation of dsRNA substrates
Substrates for testing dsRNase activity, as well as for gel-shift assays were generated by in
vitro transcription with SP6 and T7 polymerase in pGEM Vectors.
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6. 2. 13. 1. dsPSV-A
The 259 bp PvuII/DraI fragment EB-4-11 of the Dictyostelium PSV-A (EB-4) gene cloned
into the pGEM 3Z vector was used as a standard blunt-ended double stranded RNA substrate
(Hildebrandt and Nellen, 1992) (vector #385). The same fragment has been cloned in the
opposite direction in vector pGEM 3Z (vector #927), thus allowing transcription with T7
polymerase from both vectors (linearized with suitable restriction enzymes) as templates for
the production of two complementary transcripts. The transcripts (sense and antisense) were
combined and denatured for 5 min at 95°C in a heating block. The sample was slowly cooled
down to room temperature, allowing hybridization of the complementary transcripts (usually
overnight). The samples were treated with 1 µl of DNase I (RNase-free) for 10 min at 37°C
to remove the DNA template. After addition of 15 µl of 20xSSC,

residual single stranded

RNA and overhangs were removed by treatment with 10 ng RNase A for 5 min at room
temperature, resulting in a blunt substrate. Samples were extracted with phenol and the RNA
substrates were then precipitated with ethanol, washed with 70% ethanol, dried and
resuspended in DEPC water. For production of radioactively labeled dsRNA, usually one of
the two strands was in vitro transcribed in the presence of α32P-UTP.

6. 2. 13. 2. dsTRX
For the preparation of a dsRNA probe from thioredoxin, the thioredoxin coding sequence
(trxA) (320 bp), cloned in pGEM 3Z (pGEM3Z-Trx-1), was transcribed in sense and
antisense orientation with T7 and SP6 Polymerase by in vitro transcription, after linearization
of the vector with suitable restriction enzymes. The sample was DNaseI-treated and sense and
antisense transcripts were allowed to hybridize. To remove residual single strands and single
stranded overhangs, the hybrids were treated with RNaseA under high salt conditions (see
above).

6. 2. 14. Refolding of pre-let-7
Prior to use, pre-let-7 was refolded in a buffer, containing:
30 mM Tris-HCl, pH 6,8
50 mM NaCl
1 mM MgCl2
0,05% Triton
25% glycerol
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The sample was heat denatured for 1 min at 95oC, placed on ice for 10 min and refolded for
15 min at 25oC.
6. 2. 15. 3’ labeling of RNA with biotin
The reaction mechanism for the 3’ chemical attachment of biotin is based on the selective
periodate-mediated oxidation of the RNA 3’-terminal ribose (Willkomm and Hartmann,
2005).
One to three nmol RNA were incubated in a total volume of 100 µl 40 mM KIO4 for 1 h at
RT in the dark. The reaction was stopped with 100 µl of 50% ethylene glycol, the RNA was
precipitated with ethanol, the pellet was washed with 70% ethanol and dried. The dried pellet
was dissolved in 100 µl of 10 mM biotinamidocaproyl hydrazide and incubated for 2 h at
37oC. 100 µl of 0,2 M NaBH4 and 200 µl of 1 M Tris-HCl, pH 8,2 were added and the
reaction mixture was incubated for 30 min on ice in the dark. The RNA was purified to
remove the salt and free biotin by Sephadex G-50 exclusion chromatography or by gel
purification.
KIO4 was prepared as a 50 mM aqueous solution and the pH was adjusted to 7,0 with 10 N
NaOH (KIO4 dissolves only upon addition of NaOH). Biotinamidocaproyl hydrazide, which
has a low solubility in water, was prepared as 10 mM solution by incubating for 2 min at
95oC. The NaBH4 solution was prepared ex tempora, since the solution sets H2 free.

6. 2. 16. Run-on transcription
Run-on experiments are used to establish the rate of transcription in the nucleus and to
compare it with the accumulation of RNA in the cytoplasm.
RNA probe, complementary to the investigated run-on transcript was prepared by in vitro
transcription. The transcripts were digested for 30 min at 37oC with DNase (RNase free) to
eliminate the DNA template, the reaction mixtures were extracted with phenol/chloroform,
ethanol precipitated and resuspended in DEPC water. After denaturing for 5 min at 95oC, the
transcripts were separated on a 1,8% denaturing GTC agarose gel and were either transferred
on a nylon membrane by Northern blotting, or (after determination of their integrity and
concentration by comparison with a standardized marker) used further for slot-blotting, where
the RNA was transferred on a nitrocellulose membrane using a vacuum slot blot device. The
membranes were carefully cut to minimize their size and UV cross-linked.
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1–2 x 108 Dictyostelium cells were centrifuged by 1700 rpm and washed once with phosphate
buffer. The cells were resuspended in 16 ml nucleus lysis buffer without NP40 containing 2
ml Percoal. The cells were lysed by addition of 2 ml 10 % NP40 and rotated for 15 min on a
roller for complete lysis. The nuclei were pelleted by a centrifugation at 4000 rpm for 15 min
and carefully resuspended in 100 µl storage buffer, aliquoted in 20 µl fractions and
immediately frozen in liquid nitrogen.
For each run-on transcription 20 µl nuclei were used (~2 x 107 nuclei).
Reaction mixture
20 µl 5 x reaction buffer
5 µl

rNTPs (GTP, ATP, CTP, 5 mM each)

1 µl

RNasin

10 µl α32P-UTP
20 µl nuclei
ad 100 µl H2O
The reaction mixture was incubated at RT for 20 min, extracted with phenol and separated
from unincorporated nucleotides on a Sephadex G-50 spin column.
For each experiment, two equal run-on reactions were performed in parallel in order to
double the amount of run-on transcripts and to increase the sensitivity of the experiment. The
reactions were combined after the column purification and the transcripts were denatured for
5 min at 95oC. The slot-blot filters were prehybridized for 1 h at 50oC in prehybridization
buffer EB and the hybridization was performed at 50oC for 48 h in buffer EB. The
hybridization volume was reduced to 800 µl and the hybridization was performed in a 2 ml
cryo-tube. Then the blots were washed for 30-60 min with washing solutions 1 and 2 and
then exposed on an imaging plate for analysis with the Phosphorimager.
Nuclear lysis buffer:

Storage buffer:

5 x reaction buffer:

50 mM HEPES, pH 7,5

40 mM Tris pH 8

200 mM Tris, pH 7,9

40 mM MgCl2

10 mM MgCl2

50 mM MgCl2

20 mM KCl

1 mM EDTA

250 mM KCl

5% Sucrose

50% glycerol

0,5 mM DTT

14 mM β-mercaptoethanol

14 mM β-mercaptoethanol

25% glycerol
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Pre-hybridization buffer EB:

Hybridization buffer EB:

0,5 M NaP04, pH 6,5

50% Formamide

7% SDS

5 x SSPE
50 mM NaP04, pH 6,5

Washing solution 1:

Washing solution 2:

2xSSC

0.2xSSC

0,1% SDS

0,1% SDS

6. 3. Protein biochemical methods
6. 3. 1. Isolation and Assay of dsRNase-activity
Axenically grown Dictyostelium cells (50 ml 1 x 107cells) were collected by 1000 x g
centrifugation, the cells were washed ones in phosphate-buffer and sonicated 2 x for 30
seconds in 1 ml Buffer D.
The disrupted cells were centrifuged at 10 000 x g for 15 min after adding glycerol to a final
concentration of 20%. The supernatant was collected and centrifuged at 100 000 x g for 1 h.
The protein concentration of the supernatant was determined using the BIO-RAD proteinassay and 20 µg of the extract were used for the in vitro assay. For preparation of the dsRNA
probe, a discoidin-fragment, cloned in pGEM 3Z (519bp) was transcribed in sense and
antisense orientation with T7 and SP6 Polymerase by in vitro transcription with α32P-UTP,
DNase treated and the sense and antisense transcripts were allowed to hybridize. To remove
residual single strands and single stranded overhangs, the hybrids were treated with RNaseA
under high salt conditions (7xSSC). For complete dicing of the target-dsRNA, the assay was
allowed to proceed for 1 to 3 h at RT in 1 x dsRNase assay buffer. The products were
separated on an 15% polyacrylamide gel containing 8 M urea and analyzed with a Fuji X
BAS 1500 (Raytest, Straubenhardt, Germany) after overnight exposure.
Buffer D:

2 x dsRNase assay buffer:

50 mM MES

50 mM Tris-HCl pH 7,5

37,5 mM Tris-HCl, pH 8,0

25 mM KCl

2 mM DTT

5 mM MgCl2
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0,5 mM PMSF

10 mM NaCl/ after autoclaving:
200 mM Sucrose
0,25 mg/ml t-RNA
15% Glycerol
2 mM DTT

6. 3. 2. SDS polyacrylamide gelelectrophoresis (SDS-PAGE) of protein samples
(Laemmli, 1970)
Protein samples were separated with the help of discontinuous SDS polyacrylamide
gelelectrophoresis (SDS-PAGE). Depending on the molecular mass of the proteins, different
resolving gels were used (7-12%).
Protein samples were supplemented with 2 x Laemmli buffer, heat-denatured for 5 min at
95oC and then separated on SDS-polyacrylamide gels.
The gels were prepared using glass plates and gel-casting chambers. Electrophoresis was
carried out in 1 x running buffer at 20 – 40 mA. The gels were electro-blotted or stained with
Coomassie brilliant blue G 250.
12% resolving gel
Acrylamide/bis-acrylamide 4,4 ml
30% / 0,8%
2,64 ml
Lower Buffer

Stacking gel
450 µl
1 ml

H2O

3,4 ml

Upper Buffer
2,5 ml

250 mM EDTA

43,2 µl

16 µl

TEMED

6 µl

4 µl

20% APS

120 µl

60 µl

Lower buffer

Upper buffer

5x Running Buffer

1,5 M Tris pH 8,8

0,5 M Tris pH 6,8

151 g Tris

0,4% SDS

0,4% SDS

72 g Glycin
5 g SDS
ad 1000 ml with H2O
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6. 3. 3. Silver staining (Bloom et al., 1987)
With a detection limit down to 1-2 ng, silver staining offers the possibility to detect low
levels of proteins. After SDS-PAGE the gels were shaken gently for 1 h in fixing solution,
then washed with water (3 x 20 s), followed by incubation for exactly 1 min in sodium
thiosulphate solution. The gels were immediately washed with H2O (2 x 30 s) and incubated
for 20 min in silver solution, washed again with H2O (2 x 30 s) and incubated in developing
solution. The developing reaction was stopped by incubating the gels for 20 min in a solution
containing 1% (w/v) glycine. The gels were then washed for at least 30 min in H2O, placed
between 2 plastic foils and sealed.
Fixing solution

Silver solution

40% (v/v) methanol

1. Add 3,5 ml NH4OH (30%) to 42 ml 0,36%

60% H2O

NaOH

0,5 ml 37% formaldehyde/l

ad 200 ml H2O
2. Add 1,6 g AgNO3, diluted in 8 ml H2O

Sodium thiosulphate solution

Developing solution

0,02% Na2S2O3

3 % (w/v) Na2CO3
0.0004 % (w/v) Na2S2O3
0,5 ml 37% formaldehyde/l (0.0185 % (v/v)

6. 3. 4. Colony blotting
Colony blotting can be used to examine the expression of Dictyostelium proteins in different
developmental stages. Dictyostelium colonies, grown on a KA plate, were transferred on a
nitrocellulose membrane. The membrane was placed on a cold metal plate, incubated at 80oC for 20 min and the membrane was washed 3 times with 1xNCP buffer to remove the
bacterial cells. The proteins were denatured by boiling the membrane for 1-2 minutes in 5%
SDS solution in the microwave. After washing the membrane 3 x 5 min with 1xNCP buffer,
it was blocked in 5% milk powder in 1xNCP for 30 min, then the first antibody was added in
appropriate dilution and incubated overnight at 4oC or 2 hours at RT. Not bound antibody
was removed by 3 times washing with 1xNCP. Immunodetection with an alkaline
phosphatase conjugated secondary antibody was carried out as described.
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6. 3. 5. Western blotting (electroblotting, semidry-blotting)
Proteins separated by SDS-PAGE were transferred to nitrocellulose membranes using a semidry blotting system. The transfer was performed with the ”Semi-dry” Blot apparatus at 2
mA/cm2 membrane (max. 40 V) for 1 h in a transfer buffer.
Semi-dry Blot buffer
5,8 g Tris
2,92 g Glycin
0.38 g SDS
200 ml Methanol/Ethanol
ad 1000 ml H2O
6. 3. 6. Immunodetection with enzyme conjugated secondary antibodies
The Western blots were immersed in blocking buffer (1xPBS or 1xNCP + 5% milk), then
incubated with the primary antibody at a proper dilution. The blots were washed 3 x 5 min
each with 1xPBS (or 1xNCP) and incubated with an alkaline phosphatase (AP) conjugated
secondary antibody directed against the primary antibody (e.g. goat anti-mouse, goat antirabbit IgG). Antigens were identified by chromogenic visualization in BCIP substrate
solution (0,2 mg/ml in 0,1 M Na2CO3).
6. 3. 7. Protein quantification using Bradford assay
Protein concentration was determined using the Bradford assay (Bradford, 1976). 5 to 10 µl
protein sample was diluted in 800 µl water and 200 µl Bradford solution (Bio-Rad) was
added. The absorption was measured photometrically at 595 nm. BSA was used as a standard
(1-20 µg/ml) and the concentration of the protein sample was determined according to the
standard calibration curve.
6. 3. 8. Overexpression and purification of His-tagged recombinant proteins
As an expression system, the plasmid pET15b and the bacterial strain E. coli BL21(DE) were
chosen. The gene of interest was cloned after the strong bacteriophage T7 promoter, since the
transcription from this promoter is highly selective after transformation of the vector into an
expression host, containing a chromosomal copy of the T7 RNA Polymerase gene under the
control of lacUV5 promoter. The expression was induced by addition of IPTG to the culture.
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The expression vector was transformed in BL21 competent E. coli strains. One clone was
inoculated in 5–100 ml LB-Amp medium (LB-Amp + chloramphenicol for strains Tuner
DE3 and Tuner pLacI) overnight. On the next day, different amounts of shaking cultures
were inoculated (100 ml – 4 liter) with the pre-culture. The cells were induced at an
OD600=0,4 – 0,5 with 0,5 – 1 mM IPTG usually for 2 hours. Different incubation
temperatures were used (16-30oC). The cells were harvested by centrifugation at 4000 rpm
for 15 min, resuspended in buffer A (1/10 from the initial volume of the culture), and
sonicated 5 x 20 s. Alternatively, the cells were lysed with a French press by two passes of
the cell suspension. The crude extract was centrifuged for 30 min at 10000 rpm and the pellet
and the supernatant were examined for the presence of the recombinant protein by Western
blotting. The supernatant was processed further for purification of the recombinant protein on
a Ni-NTA column (Ni Sepharose 6 Fast Flow, Amersham). Usually 1 ml Ni-Sepharose (for ~
300 ml bacterial culture) was equilibrated with buffer A, mixed with the supernatant and
incubated on a roller at 4oC for 1 h. The lysate-Ni-NTA mixture was loaded into a column.
The column was washed with 8 ml washing buffer and the protein was eluted four times with
0,5 ml Elution buffer. The flow-through, washing and elution fractions were collected for
analysis by SDS-PAGE. The protein was finally dialyzed overnight at 4oC against buffer D.
For denaturing purification of recombinant proteins, the same procedure was used. Buffer U
was used instead of buffer A. The composition of the washing and elution buffers was based
on buffer U with the same concentrations of imidazole as for the native purification.
Buffer A (native purification)

Buffer D

10 mM

Tris pH 8,0

100 mM

NaCl

500 mM

NaCl

50 mM

Tris pH 7,5

10%

Glycerol

2 mM

MgCl2

0,1%

Triton x 100

10%

Glycerol

1 mM

PMSF

0,5 mM

PMSF

1 mM

Benzamidin

10 mM

Imidazole

Washing buffer

Buffer U (denaturing purification)

Buffer A

8 M Urea

20 mM Imidazole

10 mM Tris, pH 8
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Elution buffer

100 mM NaH2PO4

Buffer A
300-500 mM Imidazole

6. 3. 9. Electrophoretic mobility shift assay (EMSA)
Proteins were incubated with the dsRNA substrates in gel-shift binding buffer for 30 min at
RT in a total volume of 20 µl. Typically 0,2 pmol RNA substrate were used pro reaction
(~1000 c.p.m.). After addition of native loading dye, the reactions were immediately loaded
onto a pre-run non-denaturing 5% polyacrylamide gel (5% PAA, 5% glycerol, 1xTBE).
Electrophoresis was performed at 150 V for 2 hours. The gels were sealed in nylon sheets and
the products were detected by autoradiography.
Gel-shift binding buffer

Native loading dye

50 mM Hepes, pH 7,5

70% glycerol

2 mM MgCl2

0,1xTBE

2 mM DTT

0,1% Bromphenolblue

6. 3. 10. North-Western assay
North-Western assays were carried out to investigate the binding of recombinant proteins
containing dsRBD to dsRNA as described previously (St Johnston et al., 1992). The proteins
were separated on a 12% SDS-PAGE and blotted onto a nitrocellulose membrane. The
blotted proteins were denatured on the membrane in denaturing buffer for 10 min at RT and
slowly renatured by incubation in 10 stepwise dilutions of denaturing buffer in TBS (2:3) for
10 min each. Then the membranes were blocked for 1 h in blocking buffer. The binding with
dsRNA was carried out in binging buffer at 4oC over night. After incubation, the membranes
were washed 3 x 10 min in binding buffer and exposed on an imaging plate for analysis with
Phosphorimager. As dsRNA probe, radioactively labeled dsPSV-A was used.
Denaturing buffer

8 M Urea
1 x TBS

Blocking buffer

5% milk powder
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25 mM NaCl
10 mM MgCl2
10 mM HEPES pH 7,5
0,1 mM EDTA
1 mM DTT
Binding buffer

2,5% milk powder
50 mM NaCl
10 mM MgCl2
10 mM HEPES pH 7,5
0,1 mM EDTA
1 mM DTT

6. 3. 11. Immobilization of biotinylated RNA on Streptavidin column
Immobilized Streptavidin can be used for pool immobilization by annealing to columnimmobilized oligos, for isolation of RNA-binding proteins, for affinity purifications and
immunoprecipitations. The following protocol was developed for the immobilization of 3’
biotinylated dsRNA on matrix-immobilized Streptavidin (Pierce) for the determination of the
active protein fraction in purified recombinant proteins, monitored on the basis of their
dsRNA binding properties.
200 µl of the Streptavidin-agarose suspention were places in a disposable drip column and
washed with 3 ml buffer A. The beads, still in the column, were resuspended in 400 µl of
buffer A, 2 µg tRNA was added, the column was closed and the mixture was rotated for 30
min at RT. After adding the biotinylated dsRNA, the suspention was rotated further for 30
min at RT. The column was allowed to settle, washed with 3 ml buffer A and 6 ml binding
buffer and capped again. The slurry was resuspended in 500 µl binding buffer and the protein
probe was added (100 µl), followed by rotation for 30 min at RT. The column was allowed to
settle and washed with 3 ml binding buffer. The wash fractions were controlled with a
Bradford assay for the presence of protein. The protein, bound to the dsRNA, was eluted with
4 x 80 µl elution buffer. The protein concentration in all fractions was determined by
Bradford and they were analyzed by SDS-PAGE.
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Buffer A

Binding buffer

1 M NaCl

50 mM HEPES pH 7,5

20 mM Tris pH 7,2

2 mM DTT

5 mM EDTA

1 mM EDTA
Elution buffer
2 M NaCl
20 mM Tris pH 7,2
5 mM EDTA

6. 3. 12. Immunoprecipitation
1 x 108 Dictyostelium cells were pelleted by 1500 rpm and washed once with phosphate
buffer. The pellet was resuspended in 500 ml buffer B1. Cells were lysed by freezing in
liquid nitrogen and thawing, followed by centrifugation for 30 min at 10000 rpm to pellet the
cell debris. The supernatant was incubated for 1 h with 750 µl c-myc antibody at 4oC on a
tube turner.
Protein A-Sepharose beads (Amersham) (0,2 g) were swollen in 1,5 ml buffer B1 on a roller
for 30 min, centrifuged for 30 s at 500 rpm and washed two times in buffer B1.
Approximately 600 µl from the Protein A-Sepharose slurry were added to the antigencontaining sample and the mixture was incubated overnight at 4oC on a roller. The Sepharose
was centrifuged at 5000 rpm and the pellet was washed two times with buffer B1 and once
with buffer B2. Finally, the pellet was solubilized in equal volume of Laemmli buffer and
boiled for 5 min at 95oC. After short spin down, the supernatant was analyzed by SDSPAGE.
Buffer B1:

Buffer B2:

20 mM Tris, pH 7,6

20 mM Tris, pH 7,6

50 mM KCl

100 mM KCl

400 mM NaCl

0,1 mM EDTA

1 mM EDTA

20% glyceriol

1% Triton

1 µg/ml Aprotinin

20% glycerol

2 mM benzamidine
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39 µl β-mercaptoethanol/100 ml
1 µg/ml Aprotinin
0,5 mM PMSF
2 mM benzamidine

6. 4. Cell biological methods
6. 4. 1. Dictyostelium axenic cell growth
Dictyostelium discoideum AX2 strain and the derived transformants were grown in AX or
selection media. Dictyostelium cells were inoculated at 1 - 5 x 104 cells/ml, shaken at 150
rpm at 22°C and harvested at indicated cell densities.
6. 4. 2. Cloning of Dictyostelium on SM plates
KA suspension was prepared by washing one KA plate with 5 ml phosphate buffer. To obtain
single clones of Dictyostelium, around 50-200 cells were resuspended in 100 µl fresh
prepared KA suspension and plated on SM plates. Plates were grown at 22°C for 3 days until
colony plaques appeared on the bacterial lawn. Single clones were picked up with tooth picks
and grown on 24-well Costar plates.
6. 4. 3. Transformation of Dictyostelium using electroporation
2 x 107 cells, grown to a density of 1 x 106 were collected, washed once with ice-cold
phosphate buffer and once with EP buffer, then resuspended in 800 µl EP buffer. 15-20 µg
DNA was added and the cells were incubated on ice for 10 min. Electroporation was
performed at 1 kV, 25 µF in a 0,4 cm electroporation cuvette (the time constant between 3
and 4 ms). The cells were plated on a Petri dish, mixed with 2 drops (8 µl each) 0,1 M CaCl2
and 0,1 M MgCl2 and incubated at RT for 15 min. Then 10 ml DD20 medium were added for
overnight incubation. On the next day, the medium was replaced by the appropriate selection
medium. The cells were kept under selection until transformants were obtained.
EP buffer, pH 6,1
10 mM Na2HPO4,
50 mM sucrose
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6. 4. 4. Classical transformation of Dictyostelium discoideum (Nellen and Firtel, 1985;
Nellen and Saur, 1988)
10 ml Dictyostelium cells, grown to a density of approx. 1 x 106 were pipetted in a petri dish.
After 30 min the cells have settled down on the bottom and the medium was changed with 10
ml MES-HL5. Simultaneously, the DNA sample was prepared: 20 µg DNA were diluted in
600 µl 1xHBS buffer and 38 µl 2 M CaCl2 were added drop-wise to the solution under
rigorous mixing. The DNA precipitated as micro-crystals during the following 25 min
incubation. The medium from the petri dish was removed and the DNA solution was
distributed drop-wise over the cells. After 20 min incubation, 10 ml MES-HL5 medium were
added and the transformation reaction was incubated for 3 h at 22oC. Then the medium was
changed with 2 ml 18% glycerin in 1xHBS. After 5 min, the glycerin solution was removed
carefully and 10 ml MES-HL5 medium were added. On the next day, the medium was
changed with a selection medium, containing the appropriate antibiotic. For selection of
resistant clones, the medium was changed every 2-3 days.
2 x HBS, pH 7,05

4 g NaCl
0,18 g KCl
0,05 g NaH2PO4
2,5 g HEPES
0,5 g Glucose
ad 250 ml H2O

6. 4. 5. Development of Dictyostelium on nitrocellulose filters
Approximately 5 x 107 Dictyostelium cells were pelleted by 1700 rpm, washed once with
phosphate buffer, resuspended and placed on a black nitrocellulose filter (d=5 cm), which
had been boiled beforehand for 5 min in water. The nitrocellulose filter had been placed over
two layers of Whatman 3MM paper, wetted with phosphate buffer. The development was
done at 22oC in a closed chamber to prevent the drying of the filters. After 16 hours the
development was checked optically and the aggregates were harvested by scratching the
filters with a scalpel. The cells were disaggregated by vortexing in 10 ml phosphate buffer
and the cells were processed further for isolation of total RNA according to the protocol.
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6. 4. 6. Fluorescence Microscopy
Cell were fixed at -20oC in methanol for 20 min, washed three times with 1xPBS and stained
with DAPI (1 mg/ml, diluted 1:15000 in 1xPBS). The fixed cells were imbedded in Gelvatol
and analyzed with a Leica DM IRB inverted fluorescence microscope. For image acquisition,
a Leica DC 350F digital camera and IM50 software were used. Images were processed in
AdobePhotoshop.
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7. Discussion
7. 1. Dictyostelium proteins containing dsRBD
The dsRBD is a rare domain for Dictyostelium proteins and until recently, attempts to
identify proteins with dsRNA binding activity have failed (Schnell, 2000) The completion of
the Dictyostelium genome facilitated the identification of dsRBD-containing proteins by
homology searches. An extensive BLAST search was done using different dsRBD sequences
as query in order to identify dsRBD-containing proteins in Dictyostelium. Only six proteins
were found, these are Dicer A, Dicer B, HelF and three other still not characterized putative
proteins (DDB0190250, DDB0202469, DDB0217640). A typical feature of all these
Dictyostelium proteins is that all of them contain just one single dsRBD, which is, with the
exception of DDB0217640, always localized at the very N-terminus of the protein .
At least three of the six putative dsRBD-containing proteins from Dictyostelium are involved
in RNAi (Dicer A, Dicer B and HelF). Similarly, in Drosophila six (Dcr-1 and Loqs, Drosha
and Pasha, Dcr-2 and R2D2) out of the 12 dsRBD-containing proteins, that are encoded in
the genome (Lasko, 2000), have been shown to be involved in RNAi or miRNA pathways.
Thus, at least half of all proteins containing dsRBDs in both organisms are involved in RNA
silencing.
7. 2. Binding activity of Dicer-dsRBD and HelF-dsRBD to dsRNA
It has been shown that recombinant human Dicer binds dsRNA in vitro (Provost et al., 2002;
Zhang et al., 2002), but lacks the ability to bind siRNAs (Provost et al., 2002). The binding
pattern suggests several binding sites for Dicer on a 100 bp long dsRNA. Binding is
independent of both Mg2+ and ATP. The Dicer-dsRNA complex is also insensitive to
increasing concentration of KCl (up to 1M), which indicates resistance to high ionic strength.
It was shown that not only the whole protein but also the Dicer dsRBD alone binds dsRNA
(Provost et al., 2002).
Similarly to these findings, it was shown here that the dsRBD from Dictyostelium Dicer A
binds to long dsRNAs. The binding is sequence non-specific, as shown by gel-shift assays
with three different long dsRNA substrates. Complexes with shifted mobility could be
competed by incubation with non-radioactively labeled dsRNA, but not with ssRNA or DNA.
Similar to the findings for human Dicer, the dsRNA-binding activity was not dependant on
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the concentration of Mg2+ (0 – 5 mM), as observed in gel-shift assays and Biacore analyses.
The formation of the Dicer-dsRBD-dsRNA complex was also not influenced by increasing
concentration of NaCl (0 – 300 mM, data not shown). The pattern of complex formation
suggested that there might me two binding sites for Dicer-dsRBD on long dsRNA, since two
distinct shifts with different electrophoretic mobilities were observed in gel-shift assays.
A similar behavior was observed also for the binding of Dicer-dsRBD to pre-let-7. It was
shown that the Dicer-dsRBD can bind directly to the pre-miRNA substrate. Again, two
distinct mobility shifts were observed, suggesting binding of two protein molecules to one
RNA hairpin. No binding was observed with short (20 nts) ssRNA, revealing specificity of
the binding to dsRNA substrates.
It was of interest to compare the binding of HelF-dsRBD to long dsRNA and pre-miRNA
with that of Dicer-dsRBD, since both domains showed high sequence similarity and
comparison of their relative binding affinities could give a first indication about their
functions on a molecular level. The HelF-dsRBD bound specifically to long dsRNA and prelet-7. Similarly to Dicer-dsRBD binding to pre-let-7, two distinct complexes of reduced
mobility were observed in gel-shift experiments. However, the analysis of the binding pattern
of HelF-dsRBD to dsRNA showed some differences to that of Dicer-dsRBD. In gel-shift
experiments, the HelF-dsRBD showed a considerably higher affinity to the PSTVd construct,
a dsRNA molecule with imperfect base-pairing, than to a long perfect dsRNA. In contrast,
Dicer-dsRBD bound with almost the same efficiency to long perfect dsRNA and dsRNA with
mismatches. The observed preference of the HelF-dsRBD to imperfectly paired RNA double
strands could be due to the fact that these molecules are energetically easier to unwind, which
could help the protein in its presumed RNA-helicase activity. Dicer-dsRBD, on the other
hand, binds to perfect dsRNA and to imperfect RNA hairpin structures, both of which are
natural substrates for the Dicer protein.
The comparison of the relative binding curves of the Dicer-dsRBD and HelF-dsRBD to long
dsRNA and pre-let-7 in gel-shift experiments revealed different binding activities for the two
dsRBDs to the RNA substrates. The Dicer-dsRBD bound long dsRNA and pre-let-7 with
greater affinity than the HelF-dsRBD. The results, obtained in gel-shift experiments, were in
excellent agreement with the data from Biacore measurements (see below).
The Biacore analysis of the interactions of both dsRBDs to pre-let-7 showed different kinetic
and affinity data. The affinity of the Dicer-dsRBD to pre-let-7 in the absence of Mg2+ was 9fold higher than that of the HelF-dsRBD. The difference in the two equilibrium constants
134

(kD) was mainly due to the different rates of complex association, Dicer-dsRBD having app.
6-fold higher kass than HelF-dsRBD. Interestingly, while the Dicer-dsRBD interaction with
pre-let-7 was not influenced by the presence of Mg2+, HelF-dsRBD-pre-let-7 binding was
impaired in the presence of Mg2+, as shown by an approximately 2,5 fold lower affinity in
2mM Mg2+ compared to 0 mM.
The equilibrium dissociation constant (kD) of the Dicer-dsRBD-pre-let-7 interaction, as
determined by Biacore measurements was in very good agreement with the kD values,
determined for the binding affinity of recombinant human Dicer to long dsRNA: Provost et
al. estimated an apparent kD of ~60 nM from gel-shift assays (Provost et al., 2002) and
Khvorova’s group estimated kD value of ~50 nM by nitrocellulose binding assays for the
same interaction (Vermeulen et al., 2005).
Interestingly, almost no binding of both dsRBDs could be detected by Biacore measurements
to long dsRNA (PSV-A), biotinylated at both 3’ termini for immobilization on the sensor
surface. However, dsPSV-A could compete efficiently the binding of pre-let-7 to both
dsRBDs. One probable explanation for this result is that both proteins bind preferentially or
exclusively at the ends of the dsRNA molecule. Since both ends have been biotinylated and
hence attached to the sensor surface by interactions with the immobilized streptavidin
molecules, there were no free RNA ends available for the interaction with the protein
domains. This observation can be tested further by biotinylation of a dsPSV-A only at one 3’
terminus, which would leave the other end of the double strand free after immobilization on
the sensor surface.
7. 3. Dicer-dsRBD and HelF-dsRBD bind siRNAs
In Drosophila, binding of siRNAs to the Dcr-2/R2D2 dimer is required to initiate RISC
assembly (Lee et al., 2004; Liu et al., 2003; Pham et al., 2004; Tomari et al., 2004a). R2D2
does not affect Dicer activity, but association of the protein with Dcr-2 in a complex (RISC
loading complex - RLC) promotes binding of siRNAs and enhances the sequence-specific
mRNA degradation by RISC, by facilitating the transfer of siRNAs from Dicer to RISC. A
similar role has the Rde-4 protein from C.elegans (Tabara et al., 2002), which interacts with
Dicer and is required for RNAi. Rde-4 interacts also with Rde-1, an Ago2 homologue and
component of RISC.
For human Dicer, two reports stated that it has no siRNA-binding activity in vitro
(Chendrimada et al., 2005; Provost et al., 2002). Recently, Pellino et al. (Pellino et al., 2005)
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characterized the siRNA-binding activity of endogenous human Dicer-containing complexes
and showed direct linking of Dicer to siRNAs in cell extracts. Additionally they found that
recombinant human Dicer alone has siRNA-binding activity. Here, the results obtained from
gel-shift assays indicated direct binding of Dictyostelium Dicer-dsRBD and HelF-dsRBD to
siRNAs. Similarly to recombinant human Dicer, the affinity of the binding was low. This is
in good agreement with the recent notion that siRNAs, produced by Dicer cleavage, are
transferred to another protein complex, such as RISC or RdRP (Kuhlmann et al., 2005b),
which directs the executive step of the silencing mechanism and in addition, protects the
siRNAs from cellular nucleases. An additional factor might be involved also in
Dictyostelium, bridging the initiator step (dicing) with the RdRP activity, similar to the
functions of R2D2 in Drosophila (Liu et al., 2003) and TRBP in mammals (Chendrimada et
al., 2005).
7. 4. HelF does not directly inhibit Dicer activity
The Dicer assays, carried out with protein extract from wild type and helF- cells revealed that
HelF does not directly inhibit Dicer cleavage (Popova et al., submitted). The dsRNase
processing activity in Dicer extracts from both strains was unchanged.

Thus, the

-

enhancement of silencing in the helF strain was not a result of increased Dicer activity.
Therefore, it is unlikely that the two proteins interacted directly since the Dicer activity was
not influenced by the HelF knock out. Moreover, it was shown that Dicer and HelF-GFP
separate into two different fractions by ultracentrifugation at 100 000 g. If they were parts of
one protein complex, they would be found in one and the same fraction. At present, however,
a transient interaction of the two proteins can not be excluded.
7. 5. dsRBD-proteins can inhibit RNAi by depleting dsRNA
It has been shown previously, that the C-terminal dsRBD of human Dicer binds dsRNA
(Provost et al., 2002). Incubation of the Dicer-dsRBD interferes with cleavage of long
dsRNA by Dicer into 21 nt RNA products, most probably by dsRNA substrate sequestration.
Similarly, binding to dsRNA Dicer substrates and products is one of the different
mechanisms by which virus-encoded inhibitors block the RNA interference pathway. This is
the case, for example, for the inhibition of Dicer-mediated cleavage by the B2 protein from
Nodamura virus (NoV) in mammals (Sullivan and Ganem, 2005). In the cells, NoV B2 binds
to Dicer substrates and inhibits the Dicer-mediated RNA cleavage. In vitro, NoV B2
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associates directly with dsRNA, Dicer precursors and Dicer products. It has been proposed
that NoV B2 may block the access of Dicer and RISC components to the RNA. Several RNA
plant viruses encode inhibitors of RNAi, but the ability of NoV B2 to bind both Dicer
substrates and products is unique.
Recently it has been shown that heterologous dsRBDs can efficiently suppress RNAi in N.
benthamiana, most probably by sequestering dsRNAs (Lichner et al., 2003). Expression of
mutant E. coli RNase III (Rnc70), lacking RNA cleavage activity, and reovirus F3 proteins,
both able to bind long dsRNA, lead to inhibition of silencing-mediated degradation of
dsRNA.
Similarly to the ability of the dsRBD of human Dicer to interfere with the cleavage of dsRNA
into siRNAs (Provost et al., 2002), it was shown here that the dsRBD from both HelF and
Dicer A can prevent the processing of dsRNA into siRNAs. Most probably the effect of the
reduced production of siRNAs was due to direct in vitro competition between Dicer and the
dsRBDs for binding on the dsRNA target. This implies that addition of recombinant dsRBD
from HelF and Dicer inhibits dicing by depletion of the dsRNA.
As shown for other organisms, the components of the RNAi machinery are mainly, but not
exclusively, cytoplasmic. Mammalian Dicer is found in the cytoplasm (Billy et al., 2001;
Provost et al., 2002). However, DCL1, one of the four Arabidopsis Dicer-like proteins, which
contains two putative nuclear localization signals and is required for miRNA production, is
localized to the nucleus, as well as DCL-4, responsible for processing of trans-acting siRNAs
(Hiraguri et al., 2005; Papp et al., 2003). Dictyostelium Dicer A contains two putative nuclear
localization signals and although the RNase III activity was found to be mainly cytosolic
(Moehrle, 1989), some nuclear localization cannot be excluded. HelF was found to be
localized in the nucleus (Popova et al., submitted). Thus, if HelF and Dicer are acting in one
and the same cellular compartment, they might directly compete for dsRNA targets. In this
scenario, HelF would prevent them from entering the RNAi pathway.
The affinity data from Biaffin measurements showed that Dicer-dsRBD binds to pre-let-7
with higher affinity than HelF-dsRBD. This, as well as the higher rate of complex formation
for Dicer-dsRBD-pre-let-7, contradicts the speculation for direct competition of the two
proteins for one and the same substrate. However, it is currently not clear, what is the
contribution of the rest of the protein molecules to the binding properties. Recently, it has
been shown that two distinct proteins form the DExH/D superfamily of RNA helicases can
disrupt RNA-protein interactions by protein displacement independently of duplex unwinding
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(Fairman et al., 2004). Similarly, the helicase domain of HelF might also disrupt the DicerdsRNA complex and thus inhibit the initiator step of the RNAi pathway.
7. 6. HelF is a nuclear protein
The cellular localization of HelF was examined by constructing a HelF-GFP fusion gene and
its expression in Dictyostelium (Popova et al., submitted). The fusion protein was found to be
localized in distinct foci in the nucleus. Approximately 10 to 20 foci per nucleus were found
by confocal microscopy. The nature of these foci is not clear. However, their localization was
different from that of other overexpressed nuclear proteins in Dictyostelium like DnmA
(Kuhlmann et al., 2005a), HcpA and HcpB (M. Kaller et al., submitted). Moreover, the
expression of GFP alone in Dictyostelium resulted in staining of the entire cell. Thus,
localization artefact due to the GFP fusion was unlikely, although an overexpression effect
cannot be excluded.
The number of the observed foci excluded co-localization within the nuclear speckles, which
represent accumulation of factors of the splicing apparatus, typically organized in a pattern of
20-40 distinct structures in the nucleus (Eils et al., 2000). The HelF localization pattern did
not match to that of Cajal bodies either. Cajal bodies are subnuclear domains, consisting of
small nuclear ribonucleoprotein particles (snRNPs) and small nucleolar ribonucleoprotein
particles (snoRNPs), as well as some polymerase II transcription factor, numbering 0-10 per
nucleus (Ogg and Lamond, 2002).
It has been shown that besides DNA methylation, components of the RNAi machinery in
Dictyostelium are involved in silencing of the retrotransposon Skipper (Kuhlmann et al.,
2005a). The HelF might localize at sites of gene transcription or accumulation of transcripts,
taking part in the retrotransposon silencing. However, the role of the RNAi mechanism and
its intersection with DNA methylation in Dictyostelium still has to be elucidated.
7. 7. The enhancement of silencing in HelF- is a post-transcriptional event
It was shown that HelF is a negative regulator of RNAi mechanism (Popova et al.,
submitted). Knock-out of HelF resulted in considerable enhancement of gene silencing by
RNAi for four tested genes.
Run-on experiments revealed that after transformation of wild type strain with a discoidin
RNAi construct, different levels of hairpin expression were detected in individual clones
(Popova et al., submitted). The level of hairpin expression corresponded to the level of
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silencing of discoidin gene in the wild type background. In two independent clones, that were
completely silenced (Disci1 and Disci2), the level of hairpin expression was approximately
16 fold higher than the level of endogenous discoidin mRNA. A partially silenced clone
(Disci9) revealed an intermediate level of hairpin expression (~7 fold higher than the
endogenous genes), and a non-silenced clone (Disci10) a low, only 2 fold higher level of
hairpin expression than that of mRNA. Thus, there was a correlation between the level of
hairpin transcription and the silencing efficiency in the wild type background. One
explanation for these observations is that there might be a threshold for silencing: a certain
level of dsRNA trigger would be required for initiating the silencing mechanism. Low
expression levels of hairpin constructs, due to a lower plasmid copy number or insertion into
a different genomic locus may prevent the initiation of silencing. This is supported by
retrosilencing and run-on experiments, performed with the retrosilenced clones, by which
substantial insight in RNAi efficiency and the function of HelF in the RNAi pathway could
be gained.
First, it was confirmed that the enhancement of gene silencing by disruption of HelF was a
post-transcriptional event. The relative transcription levels of discoidin were the same in one
clone (Disci10/WT), not silenced for discoidin in wild type background, and the respective
retrosilenced clone (Disci10/HelF-), where the HelF was disrupted in a second
transformation, thus demonstrating that the transcription of discoidin was not impaired by
the knock-out of the helF gene. This was confirmed by detection of specific siRNAs in a
Northern blot in clones that were silenced for discoidin in wild type and HelF- but not in nonsilenced clones or wild type.
Most importantly, one and the same transcription level of hairpin construct in the nonsilenced strain in wild type background and in HelF- background resulted in completely
different silencing efficiency. As already shown, a low level of hairpin transcription did not
result in silencing in wild type cells. However, the same level of hairpin transcription became
effective in silencing in the HelF- background, implying that a required threshold level of
functional silencing triggers was reached by knocking out HelF.
As discussed above, the hairpin constructs were transcribed at different levels in silenced and
in non-silenced clones and the level of expression was from 2 fold (as in Disci10/WT) up to
16 fold higher (as in Disci1 and Disci2) than the expression level of endogenous discoidin
mRNA. Northern blot analysis of the steady-state level of hairpin RNA did not show any
detectable amounts neither in silenced, nor in non-silenced clones. A probable explanation for
this is that the hairpins were immediately processed by Dicer to siRNAs, or non-specifically
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degraded by another nuclease activity. Indeed, siRNAs were detected in a Northern blot on
small RNAs only in those clones, in which discoidin was silenced. However, the levels of
siRNAs, detected in the different clones in wild type and HelF- background, were relatively
low and most importantly, they did not differ between the various silenced clones. Although
different amounts of hairpin RNAs had been transcribed in these clones, the level of siRNAs
stayed unchanged. If the detected siRNAs originated from dicing of the initial dsRNA than
the level of these "primary siRNAs" should depend on the amount of the transcribed hairpin.
Since this was not the case, it is most likely that the observed siRNAs are "secondary
siRNAs" that are derived by the action of an RdRP on the target RNA. The RdRP would use
the primary siRNAs as primers for the generation of dsRNA on the mRNA template. Dicing
of the double strand would generate secondary siRNAs. Most importantly, the amount of the
secondary siRNAs would depend exclusively on the amount of mRNA present, thus
explaining the identical levels of observed siRNAs in Northern Blot analysis.
The primary siRNAs were obviously not stable and were partially degraded, so that detection
of siRNAs required amplification by RdRP (Martens et al., 2002). The conclusion that the
vast majority of siRNAs did not originate from the hairpin but rather from amplification of
the target mRNA is supported by the finding that no siRNAs could be detected in hairpinexpressing strains, that lacked a silencing target (Martens et al., 2002).
7. 8. Model for HelF functions
The available data suggests that HelF acts in the nucleus by recognition and binding of
dsRNA substrates (Fig. 42). If the protein acts as a helicase, it might unwind the dsRNAs,
thus targeting them to a “default” RNA degradation pathway. Only when the capacity of the
protein is exhausted, e.g. when the dsRNA levels reach a certain threshold, RNAi silencing
would be initiated. Thus, HelF might have a regulatory role in the natural RNAi pathway by
preventing initiation of the silencing pathway by a single dsRNA molecule, which would
impose a serious problem to the cell. Indeed, low expression levels of hairpin transcripts
could not trigger silencing in wild type, but when the HelF was knocked-out, the same
transcription levels initiated efficiently the silencing mechanism. Then the dsRNAs would be
exported into the cytoplasm, where they would be processed by Dicer to siRNAs.
Alternatively, HelF can serve as an RNA chaperone, unwinding misfolded RNAs or
interfering with the folding of the hairpin transcripts and their export in the cytoplasm.
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In C.elegans, Eri-1 acts as an endogenous inhibitor of RNAi (Kennedy et al., 2004). It is
implied in the turnover of siRNAs in the cytoplasm. Eri-1 mutants accumulate more siRNAs
than wild type animals and show enhancement of silencing. A homologue of the eri-1 gene
has been identified in Dictyostelium (eriA). The expression pattern of the protein has been
compared in different RNAi K.O. mutants by Northern blot analysis (M. Kuhlmann,
unpublished results) and it was shown that the expression of eriA is substantially upregulated in HelF- . Although the function of the protein is still elusive, it may function as a
siRNase, similar to its homologue in C.elegans. EriA could be responsible for the degradation
of the pool of siRNAs, which would down-regulate them to a certain level. EriA would thus
be acting as a second endogenous RNAi inhibitor, next to HelF. EriA could target part of the
primary siRNAs, so that only accumulation above a certain threshold would lead to efficient
silencing. Alternatively, EriA might degrade all siRNAs that are not protected in a protein
complex. This could explain the equal levels of siRNAs that were observed independent of
the expression level of dsRNA trigger. If secondary siRNAs are in a complex with RdRP
and/or Dicer, they should be protected and could not serve as EriA targets. Similarly, in
mammals and Drosophila only one strand of the siRNAs (the antisense guide strand) is
loaded into RISC according to the rule of functional asymmetry ((Khvorova et al., 2003;
Schwarz et al., 2003). The other strand of each siRNA duplex that does not enter RISC, is
quickly degraded (Schwarz et al., 2003).
The proposed model implies an involvement of two endogenous suppressors of the RNAi
pathway in Dictyostelium – one (HelF), acting in the nucleus and the other, EriA, in the
cytoplasm. HelF would represent a surveillance system to avoid RNAi initiation by fortuitous
dsRNA formation or low abundance of dsRNA trigger. By knocking out HelF, even low
levels of dsRNA could become functional, would be exported into the cytoplasm and
processed by Dicer. EriA, as the second endogenous RNAi inhibitor, might act by reducing
the levels of siRNAs and by preventing accumulation of primary siRNAs. The model predicts
that a double knock-out of HelF and EriA should lead to a strong accumulation of siRNAs in
the cytoplasm and thus offers experimental approaches for its validation.
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Fig. 42 Model for HelF function. (A) HelF acts as a nuclear suppressor of RNAi in wild
type cells. The dashed curve outlines the cell nucleus. (B) HelF K.O. leads to enhancement of
RNAi efficiency. The model is explained in details in the text.

7. 9. HelF in the miRNA pathway
miRNAs are one of the key regulators of development and control gene expression by
binding to complementary sequences in the 3’ untranslated region (UTR) of their target gene
mRNA. The founding members of the miRNA family – lin-4 and let-7, regulate the timing of
developmental events in C. elegans via regulation of translation of downstream target genes
(Lee et al., 1993; Reinhart et al., 2000). Both are temporally expressed during development
and are conserved in higher eukaryotes. Since then, hundreds of miRNAs have been
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identified in many genomes, including worms, flies, plants and mammals. Although still there
is no sufficient evidence, it appears that miRNAs are also present in Dictyostelium (F.
Söderbom, personal communication). Since HelF- showed a distinct mutant phenotype in late
development (Popova et al., submitted), it cannot be excluded that the disruption strain has an
indirect effect on the expression of other genes. HelF might be involved in miRNA pathway,
thus interfering with the regulatory role of miRNAs in development. Moreover, it was shown
that HelF-dsRBD can bind in vitro to pre-let-7, a pre-miRNA. This suggests an additional,
speculative model about the HelF functions (Fig. 43). Besides its function as a nuclear
suppressor of RNAi, HelF might bind and eventually unwind the primary miRNAs (primiRNAs) and/or the precursor-miRNAs (pre-miRNAs) in the nucleus thus regulating the
level of miRNA precursors. By knocking-out the HelF, the levels of pre-miRNAs,
respectively miRNAs, would be up-regulated which could lead to developmental defects.
This hypothesis can be experimentally examined by overexpression of EriA in HelF-, which
might compensate the higher levels of miRNA duplexes in HelF- in comparison with the wild
type and rescue the HelF- phenotype.
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Fig. 43 HelF in miRNA pathway. Pri-miRNAs are processed in the nucleus by Drosha-like
endonuclease into pre-miRNAs, which are exported into the cytoplasm and processed further
by Dicer to miRNA. The model is explained in the text.
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7. 10. Perspectives
HelF- can be used as a standard strain to increase the silencing efficiency by RNAi in
Dictyostelium, or to silence genes that are refractive to silencing. Similarly, the enhanced
RNAi strains eri-1 and rrf-3 were used for genome-wide screen of proteins, involved in RNAi
in C. elegans (Kim et al., 2005).
HelF is a novel protein involved in the RNAi mechanism. The exact molecular functions of
the protein, as well as its interaction with other components of the RNAi machinery, still
have to be elucidated. Since genes similar to HelF have been identified in other organisms
(the yeast S. pombe (NP_593348), H. sapiens (NP_055129), the protein has most likely a
general function in RNAi. Knock-out of one of the proteins with high similarity to HelF may
give an answer to this question.
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